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Introduction 

HISTORY 

Well Logging 
Electrical well logging was introduced to the oil industry over 
a half century ago. The first log was recorded on September 
5, 1927, in a well in the small oil field of Pechelbronn, in 
Alsace, a province of northeastern France. This log, a sin- 
gle graph of the electrical resistivity of the rock formations 
cut by the borehole, was recorded by the “station” method. 
The downhole tool (called a sonde) was stopped at periodic 
intervals in the borehole, measurements were made, and the 
calculated resistivity was hand-plotted on a graph. This 
procedure was repeated from station to station until the en- 
tire log was recorded. 

In 1929, electrical resistivity logging was introduced on 
a commercial basis in Venezuela, the United States, and Rus- 
sia, and soon afterwards in the Dutch East Indies. The use- 
fulness of the resistivity measurement for correlation pur- 
poses and for identification of potential hydrocarbon-bearing 
strata was quickly recognized by the oil industry. 

It was a natural move for the Schlumberger brothers to 
extend their experience and expertise from openhole opera- 
tions into the cased hole wireline service area that evolved 
a decade later. 

Cementing 
The procedure of cementing a casing string in the wellbore 
to isolate the productive interval was introduced in Oklaho- 
ma in 1920 by E. P. Halliburton. Cementing soon became 
the standard completion technique and the need for a method 
to evaluate the cement quality became obvious. In 1933 
Schlumberger offered the continuous thermometer log and 
one of the primary applications was to pick the cement top 
by recording the heat anomalies from the curing cement. 
Other cement evaluation techniques were tried later but were 
found to be unsuccessful, until the development of the sonic 
tool which led to the Cement Bond Log (CBL*) introduced 
in 196 1, Cementing techniques have evolved from the early 
simple efforts into highly scientific operations, Cement 

evaluation services have evolved in a similar manner with 
the Cement Bond Log and Cement Evaluation Tool (CET*) 
coupled with digital recording and processing techniques. 

Perforating 
Success with early cementing operations required the de- 
velopment of a method to perforate the casing for produc- 
tion. Wireline bullet guns were introduced in the mid 1930s 
to allow the casing to be set through the producing interval 
and later perforated. Wireline perforating soon became the 
standard. Shaped charge guns, based on explosive techniques 
developed during World War II, were introduced by Welex 
in 1947, with Schlumberger entering the field in 1949. These 
shaped charge perforators were so much more effective than 
the bullet guns that by 1960 the large majority of perforat- 
ing operations were performed with shaped charge guns. A 
wireline perforating setup is shown in Fig. l-l. 

Schlumberger introduced the through-tubing perforating 
gun system and high-pressure wireline wellhead control 
equipment in 1950. This allowed zones to be perforated safe- 
ly with a pressure differential into the wellbore and for a 
well to be recompleted without shutting the well in. A 
schematic of a wireline pressure control system is depicted 
in Fig. l-2. 

The need for underbalanced perforating operations for 
more effective completions was recognized early on. John- 
ston Testers promoted this technique in the early 1940s with 
a shoot-and-test, tubing-conveyed bullet gun, but, due 
primarily to operational and safety considerations, the pro- 
motion was relatively unsuccessful. The tubing-conveyed 
technique didn’t really catch on until the 1970s after Roy 
Vann reintroduced the system using large, shaped charge 
guns. Today, tubing-conveyed perforating is a popular sys- 
tem for large intervals or multiple zones and is easily com- 
bined with well testing. 

Correlation Logs 
Success with the perforated completion method led to several 
attempts to eliminate depth control problems associated with 
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Fig. l-l-Wireline perforating operation 

Hydrauforacking 
Hydraulic Hand 

Pump 

II 1’1 ,-Control Flow Tube (1 or more) 

Grease 
Injection Tube 

-l-Way Control Valve 

High Pressure 
Flowline 

Ball Check Valve 

Fig. l-2-Wireline pressure control equipment 

the operation. This resulted in sensors that could “see” 
through casing for correlation with the electrical logs record- 
ed in open hole. Worth Wells introduced the gamma ray log 
in the United States in 1939 and the neutron log in 1941. 

The gamma ray and neutron tools represented the first use 
of radioactive properties in well logging and the first use of 
downhole electronics. Unlike resistivity tools, gamma ray and 
neutron tools are used to log formations through steel casing, 
as well as in air- or gas-filled holes or in oil-based muds. 

One significant early Schlumberger contribution to good 
depth control was the development of the magnetic casing 
collar locator. When combined with a gamma ray and/or neu- 
tron log, this tool provided a technique to tie the casing col- 
lars to specific depths in relation to the formations. This 
provided positive depth control for subsequent wireline oper- 
ations such as perforating. The magnetic casing collar loca- 
tor quickly made the mechanical type locators obsolete and 
today is part of the wireline tool string in virtually every trip 
into a cased hole. The development of the gamma ray scin- 
tillation detector in the late 1950s was another major break- 
through for better correlation with openhole logs and there- 
fore better depth control. 

l-2 



Formation Evaluation 
In combination with the gamma ray log, a neutron log en- 
hances lithological interpretations and well-to-well strati- 
graphic correlations. After about 1949, attention was given 
to the neutron log as a porosity indicator. This was the first 
serious attempt to evaluate formations through casing. 
However, the early neutron logs were greatly influenced by 
the casing and wellbore environment. It was not until the 
introduction of the Compensated Neutron Log (CNL*) in 
1970 that the neutron gained wide acceptance as a porosity 
measurement. 

The pulsed neutron log was introduced by Lane Wells in 
1964 and Schlumberger followed with the Thermal Decay 
Time (TDT*) tool soon after. These 35/s-in. tools had limit- 
ed success due to size limitations, and it wasn’t until the 
lr/ra-in. TDT-K through-tubing tool was available and in- 
terpretation techniques developed that the service became 
popular to evaluate reservoirs behind casing. The tool records 
the rate of decay of thermal neutrons in the formation. The 
decay rate responds primarily to the amount of chlorine 
present in the formation water. The log, therefore, resem- 
bles the openhole resistivity log and is used in a similar man- 
ner. The tool provides a good estimate of porosity and fluid 
saturations through casing in reservoirs where resistivity 
techniques work well and when borehole environmental con- 
ditions are reasonable. The Dual-Burst Thermal Decay Time 
(TDT*-P) tool was introduced in 1986 to minimize the well- 
bore environmental effects. 

The Gamma Ray Spectrometry Tool (GST*) was in- 
troduced in the late 1970s and makes a measurement of oil 
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saturation in zones where conditions are not favorable for 
the TDT tool. 

Other Developments 
Many other types of cased hole wireline services, both 
mechanical and electrical, were developed throughout the 
years. A system for setting bridge plugs and packers on wire- 
line was developed in the late 1940s. Sophisticated tools for 
setting plugs below tubing are now available. 

In 1957 a complete series of production logging tools was 
introduced to measure the nature and behavior of downhole 
fluids. Today, these sensors can be combined into one tool 
and recorded simultaneously. 

This historical sketch has not, by any means, covered all 
of the cased hole wireline developments. Other measurements 
include testing, corrosion evaluation, directional informa- 
tion, borehole seismic, and many other special purpose 
devices. 

THE FIELD OPERATION 
Wireline cased hole operations are performed from a produc- 
tion services unit (Fig. l-3). The truck carries the downhole 
tools, the electrical cable and winches needed to lower the 
instruments into the borehole, the surface instrumentation 
needed to power the downhole tools and to receive and 
process their signals, and the equipment needed to make a 
permanent recording of the “log”. 

The downhole tool string is usually composed of two or 
more components. One component, called the sonde, con- 
tains the sensors used in making the measurement. The type 

- 

Fig. l-3-A typical CSU cased hole truck. The large winch contains up to 30,000 ft of 7-conductor cable for casing operations 
and the small winch contains up to 24,000 ft of slim monoconductor cable for work in producing wells under pressure. For 
offshore/remote locations, the cab and winch assemblies are mounted on a skid. 
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of sensor used depends, of course, upon the nature of the 
measurement. Acoustic sensors use transducers; radioactivity 
sensors use detectors sensitive to radioactivity. 

Another component of the downhole tool string is the car- 
tridge. The cartridge contains the electronics that power the 
sensors, process the resulting measurement signals, and 
transmit the signals up the cable to the truck. The cartridge 
may be a separate component screwed to the sonde to form 
the total tool, or it may be combined with the sensors in the 
sonde to form a single tool. A collar locator tool is almost 
always included in any tool string regardless of the operation. 

Today, most wireline tools are readily combinable. In other 
words, the sensors of several tools can be connected to form 
one tool and thereby make many measurements and logs on 
a single descent into and ascent from the well. The Produc- 
tion Logging Tool (PLT*) may combine eight or more sen- 
sors depending on the answers needed. 

The production services logging unit usually carries a main 
winch and an auxiliary winch to lower and retrieve wireline 
tools from the well. The main winch usually contains 
7-conductor cable that is required for some logging tools. 
The small winch contains small monoconductor cable for ser- 
vicing producing wells under pressure. 

Well depths are measured with a calibrated measuring 
wheel system. Logs are normally recorded during the as- 
cent from the well to assure a taut cable and better depth 
control. Both up and down logging passes are usually record- 
ed with production logs. 

Signal transmission over the cable may be in analog or 
digital form; modern trends favor digital. The cable is also 
used, of course, to transmit the electrical power from the 
surface to the downhole tools. 

The surface instrumentation (Fig. l-4) provides electrical 
power to downhole tools. More importantly, the surface in- 
strumentation receives the signals from the downhole tools, 
processes and/or analyzes those signals, and responds ac- 
cordingly. The desired signals are output to magnetic tape 
in digital form and to a cathode-ray tube and photographic 
film in analog form. 

The photographic film is processed on the logging unit, 
and paper prints are made from the film. This continuous 
recording of the downhole measurement signals is referred 
to as the log. 

Log Data Acquisition 
Wireline-logging technology is being changed by the rapid 
advancements in digital electronics and data-handling 
methods. These new technologies have changed our think- 
ing about existing logging techniques and remolded our ideas 
about the direction of future developments. Affected are the 
sensors, the downhole electronics, the cable, the cable telem- 
etry, and the signal processing at the surface. 

Fig. 1-4-The CSU wellsite unit is a computer-based integrat- 
ed data acquisition and processing system. 

Basic logging measurements may contain large amounts 
of information. In the past, some of this data was not recorded 
because of the lack of high data-rate sensors and electronics 
downhole, the inability to transmit the data up the cable, and 
the inability to record it in the logging unit. Similarly, those 
limitations have prevented or delayed the introduction of 
some new logging measurements and tools. With digital 
telemetry, there has been a tremendous increase in the data 
rate that can be handled by the logging cable. Digital record- 
ing techniques within the logging unit provide a substantial 
increase in recording capability. The use of digitized sig- 
nals also facilitates the transmission of log signals by radio, 
satellite, or telephone line to computer centers or base offices. 

Data Processing 
Signal processing can be performed on at least three levels: 
downhole in the tool, uphole?n the truck, and at a central 
computing center. Where the processing is done depends on 
where the desired results can most efficiently be produced, 
where the extracted information is first needed, where the 
background expertise exists, or where technological consider- 
ations dictate. 

Whenever it seems desirable, the logging tool is designed 
so that the data are processed downhole and the processed 
signal is transmitted to the surface. This is the case when 
little future use is envisioned for the raw data or when the 
amount of raw data precludes its transmission. In most cases, 
however, it is desirable to bring measured raw data to the 
surface for recording and processing. The original data are 
thus available for any further processing or display purposes 
and are permanently preserved for future use. 
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A wellsite digital computer system, called Schlumber- 
ger’s Cyber Service unit (CSU*), is now standard on most 
Schlumberger wireline units throughout the world (Fig. l-4). 
The system provides the capability to handle large amounts 
of data. It overcomes many of the past limitations of combi- 
nation tool systems (the stacking or combination of many 
measurement sensors into a single logging tool string). It also 
expedites field operations. Tool calibration is performed 
much more quickly and accurately, and tool operation is more 
efficiently and effectively controlled. 

The CSU system provides the obvious benefit of wellsite 
processing of data. Processing of sonic waveforms for com- 
pressional and shear velocities is already being done, as is 
the processing of nuclear energy spectra for elemental com- 
position and, then, chemical composition. More sophisticated 
deconvolution and signal filtering schemes are practical with 
the CSU system. 

Nearly all the common log interpretation models and equa- 
tions can be executed on the CSU unit. Although not quite 
as sophisticated as the log interpretation programs available 
in computer centers, the wellsite programs significantly ex- 
ceed what can be accomplished manually. Wellsite programs 
exist to determine porosity and saturations in simple and com- 
plex lithology , to identify lithology, to calculate downbole 
flow rates, to calculate perforator performance, to analyze 
well tests, and to determine the quality of cement jobs. In 
addition, data (whether recorded, processed, or computed) 
can be reformatted in the form most appropriate for the user. 
The demand for wellsite formation evaluation processing will 
undoubtedly increase and programs will become more 
sophisticated. 

The computer center offers a more powerful computer, 
expert log analysts, more time, and the integration of more 
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data. Schlumberger computer centers are located in major 
oil centers throughout the world. They provide more sophisti- 
cated signal processing and formation analysis than the well- 
site CSU system. Evaluation programs range in scope from 
single-well evaluation programs to reservoir description ser- 
vices that evaluate entire fields. Statistical techniques can be 
employed more extensively, both in the selection of 
parameters and in the actual computations. 

Log processing seems to be moving more and more toward 
the simultaneous integration of all log measurements. Pro- 
grams are being designed to recognize that the log parameters 
of a given volume of rock are interrelated in predictable 
ways, and these relationships are given attention during 
processing. New programs can now use data from more 
sources, such as cores, pressure and production testing, and 
reservoir modeling. 

Data Transmission 
The CSU system is able to transmit logs from the wellsite 
with a suitable communication link. The receiving station 
can be another CSU system, a transmission terminal, or a 
central computer center. Data can be edited or reformatted 
before transmission to reduce the transmission time or to 
tailor the data to the recipient. Built-in checks on the trans- 
mission quality ensure the reliability and security of the trans- 
mitted information. 

With the LOGNET* communications network, graphic 
data or log tapes can be transmitted via satellite from the 
wellsite to multiple locations (Fig. l-5). This service is avail- 
able in the continental United States and Canada, onshore 
and offshore. Virtually any telephone is a possible receiv- 
ing station. 

Wellsite Hub 

Fig. l-5--Schematic of LOGNET communications system 
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A small transportable communications antenna at the well- 
site permits transmission of the well log data via satellite to 
a Schlumberger computing center and then by telephone to 
the client’s office or home. Since the system is 2-way, off- 
set logs or computed logs can be transmitted back to the well- 
site. The system also provides normal 2-way voice commu- 
nication. There are several receiving station options: 

A standard digital FAX machine will receive log graphic 
data directly at the office. 
A Pilot 50* portable telecopier plugged into a standard 
telephone outlet at the office or at home allows clients 
to take advantage of the 24-hr service. 
A Pilot lOO* log station can be installed in the client’s 
office to receive tape and log graphics and to make mul- 
tiple copies of the log graphics. Since this station is auto- 
matic, it can receive data unattended. 
An ELITE 1000” workstation can be installed in the 
client’s office to receive data from the LOGNET com- 
munications network. A complete library of environmen- 
tal corrections as well as the entire range of Schlumber- 
ger advanced answer products are available with this new 
workstation. 
A Elite 2000* computer center, staffed with a Schlum- 
berger log analyst and log data processor, can be installed 
in the client’s office for onsite computer interpretation of 
well log data. This center has access to all of the stan- 
dard Schlumberger log interpretation programs. 

Encrypted data provides security during transmission. 
Other local transmission systems exist elsewhere in the 

world using telephone, radio, and/or satellite communica- 
tions. In some instances, transmission from the wellsite is 
possible. In others, transmission must originate from a more 
permanent communication station. With some preplanning, 
it is possible to transmit log data to and from nearly any point 
in the world. 
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2 
Fundamentals of Quantitative 
Log Interpretation 

LOG INTERPRETATION 
Almost all oil and gas produced today comes from accumu- 
lations in the pore spaces of reservoir rocks-usually sand- 
stones, limestones, or dolomites. The amount of oil or gas 
contained in a unit volume of the reservoir is the product 
of its porosity by the hydrocarbon saturation. 

In addition to the porosity and the hydrocarbon saturation, 
the volume of the formation containing hydrocarbons is need- 
ed in order to estimate total reserves and to determine if the 
accumulation is commercial. Knowledge of the thickness and 
the area of the reservoir is needed for computation of its 
volume. 

To evaluate the producibility of a reservoir, it is neces- 
sary to know how easily fluid can flow through the pore sys- 
tem. This property of the formation rock, which depends on 
the manner in which the pores are interconnected, is its 
permeability. 

The main petrophysical parameters needed to evaluate a 
reservoir, then, are its porosity, hydrocarbon saturation, 
thickness, area, and permeability. In addition, the reservoir 
geometry, formation temperature and pressure, and litholo- 
gy can play important roles in the evaluation, completion, 
and production of a reservoir. 

Porosity 
Porosity is the pore volume per unit volume of formation; 
it is the fraction of the total volume of a sample that is oc- 
cupied by pores or voids. The symbol for porosity is 6. A 
dense, uniform substance, such as a piece of glass, has almost 
zero porosity; a sponge, on the other hand, has a very high 
porosity. 

Porosities of subsurface formations can vary widely. Dense 
carbonates (limestones and dolomites) and evaporites (salt, 
anhydrite, gypsum, sylvite) may show practically zero 
porosity; well-consolidated sandstones may have 10 to 15 % 
porosity; unconsolidated sands may have 30%) or more, 
porosity. Shales or clays may contain over 40 % water-filled 
porosity, but the individual pores are usually so small that 
the rock is impervious to the flow of fluids. 

Porosities are classified according to the physical arrange- 
ment of the material that surrounds the pores and to the dis- 
tribution and shape of the pores. In a clean sand, the rock 
matrix is made up of individual sand grains, more or less 
spherical in shape, packed together in some manner where 
the pores exist between the grains. Such porosity is called 
intergranular, sucrosic, or matrix porosity. Generally, it has 
existed in the formations since the time they were deposit- 
ed. For this reason, it is also referred to as primary porosity. 

Depending on how they were actually deposited, lime- 
stones and dolomite may also exhibit intergranular porosi- 
ty. They may also have secondary porosity in the form of 
vugs or small caves. Secondary porosity is caused by the 
action of the formation waters or tectonic forces on the rock 
matrix after deposition. For instance, slightly acidic percolat- 
ing waters may create and enlarge the pore spaces while mov- 
ing through the interconnecting channels in limestone for- 
mations, and shells of small crustaceans trapped therein may 
be dissolved and form vugs. Conversely, percolating waters 
rich in minerals may form deposits that partially seal off some 
of the pores or channels in a formation, thereby reducing 
its porosity and/or altering the pore geometry. Waters rich 
in magnesium salts can seep through calcite with a gradual 
replacement of the calcium by magnesium. Since the replace- 
ment is atom for atom, mole for mole, and the volume of 
one mole of dolomite is 12% less than that of calcite, the 
result is a reduced matrix volume and corresponding increase 
in pore volume. 

Stresses in the formation may also occur and cause net- 
works of cracks, fissures, or fractures, which add to the pore 
volume. In general, however, the actual volume of the frac- 
tures is usually relatively small. They do not normally in- 
crease the porosity of the rock significantly, although they 
may significantly increase its permeability. 

Saturation 
The saturation of a formation is the fraction of its pore 
volume occupied by the fluid considered. Water saturation, 
then, is the fraction (or percentage) of the pore volume that 
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contains formation water. If nothing but water exists in the 
pores, a formation has a water saturation of 100%. The sym- 
bol for saturation is S; various subscripts are used to denote 
saturation of a particular fluid (S, for water saturation, S, 
for oil saturation, S,, for hydrocarbon saturation, Ss for gas 
saturation). 

Oil, or gas, saturation is the fraction of the pore volume 
that contains oil or gas. The pores must be saturated with 
some fluid. Thus, the summation of all saturations in a given 
formation rock must total 100%. Although there are some 
rare instances of saturating fluids other than water, oil, and 
hydrocarbon gas (such as carbon dioxide or simply air), the 
existence of a water saturation less than 100% generally im- 
plies a hydrocarbon saturation equal to 100% less the water 
saturation (or 1 - S,) . 

The water saturation of a formation can vary from 100% 
to a quite small value, but it is seldom, if ever, zero. No 
matter how “rich” the oil or gas reservoir rock may be, there 
is always a small amount of capillary water that cannot be 
displaced by the oil; this saturation is generally referred to 
as irreducible or connate water saturation. 

Similarly, for an oil- or gas-bearing reservoir rock, it is 
impossible to remove all the hydrocarbons by ordinary fluid 
drives or recovery techniques. Some hydrocarbons remain 
trapped in parts of the pore volume; this hydrocarbon satu- 
ration is called the residual hydrocarbon saturation. 

In a reservoir that contains water in the bottom and oil in 
the top, the demarcation between the two is not always sharp; 
there is a more or less gradual transition from 100% water 
to mostly oil. If the oil-bearing interval is thick enough, water 
saturation at the top approaches a minimum value, the ir- 
reducible water saturation, S,,. Because of capillary forces, 
some water clings to the grains of the rock and cannot be 
displaced. A formation at irreducible water saturation will 
produce water-free hydrocarbons. Within the transition in- 
terval some water will be produced with the oil, the amount 
increasing as S,,, increases. Below the transition interval, 
water saturation is 100%. In general, the lower the permea- 
bility of the reservoir rock the longer the transition interval. 
Conversely, if the transition interval is short, permeability 
will usually be high. 

Permeability 
Permeability is a measure of the ease with which fluids can 
flow through a formation. For a given sample of rock and 
for any homogeneous fluid, the permeability will be a con- 
stant provided the fluid does not interact with the rock itself. 

The unit of permeability is the darcy (which is very large), 
so the thousandth part or the millidarcy (md) is generally 
used. The symbol for permeability is k. 

In order to be permeable, a rock must have some inter- 
connected pores, capillaries, or fractures. Therefore some 

rough relationship between porosity and permeability exists. 
Greater permeability, in general, corresponds to greater 
porosity, but this is far from being an absolute rule. 

Shales and some sands have high porosities, but the grains 
are so small that the paths available for the movement of fluid 
are quite restricted and tortuous; thus, their permeabilities 
may be very low. 

Other formations, such as limestone, may be composed 
of a dense rock broken by a few small fissures or fractures 
of great extent. The porosity of such a formation can be low, 
but the permeability of a fracture can be enormous. There- 
fore, fractured limestones may have low porosities but ex- 
tremely high permeabilities. 

Reservoir Geometry 
Producing formations (reservoirs) occur in an almost limit- 
less variety of shapes, sizes, and orientations. Figure 2-l 
shows some of the major reservoir types; almost any com- 
bination of these is also possible. 

Anticline Piercement Salt Dome 

~~ 

Pinnacle Reef Low-Permeability Barrier 

I I 1 
Channel Fill Lenticular Traps 

Fig. 2-l--Some typical reservoir shapes and orientations 
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The physical shape and orientation of a reservoir can bear 
heavily on its producibility. Reservoirs can be wide or nar- 
row, thick or thin, large or small. Giant reservoirs, such as 
some in the Middle East, can cover hundreds of square miles 
and be thousands of feet thick. Others are tiny, far too small 
for a well completion. Configurations vary from a simple 
lens shape to tortuously complex shapes. 

Most reservoir-forming rocks were supposedly laid down 
in layers like blankets or pancakes. Their physical charac- 
teristics thus tend to be quite varied in different directions, 
a condition called anisotropy. This nonuniformity is a very 
important consideration in reservoir engineering and com- 
pletion design. 

Normally, the permeability of such formations is much 
higher parallel to rather than perpendicular to the layering, 
and the permeabilities of the various layers can also vary 
widely. 

Reservoirs that did not originate as deposited layers of 
grains do not conform to this laminar model of anisotropy. 
Carbonate rocks that originated as reefs, rocks subjected to 
extensive fracturing, or rocks with vuggy porosity are 
examples. 

Temperature and Pressure 
Temperature and pressure also affect hydrocarbon produc- 
tion in several ways. In the reservoir rock, temperature and 
pressure control the viscosities and mutual solubilities of the 
three fluids-oil, gas, and water. As a result, the phase rela- 
tionship of the oil/gas solution may be subject to highly sig- 
nificant variations in response to temperature and pressure 
changes. For example, as pressure drops gas tends to come 
out of solution. If this happens in the reservoir rock, the gas 
bubbles can cause a very substantial decrease in the effec- 
tive permeability to oil. 

The relationships between pressure, temperature, and the 
phase of hydrocarbon mixtures are extremely variable, de- 
pending on the specific types and proportions of the hydrocar- 
bons present. Figure 2-2 is a simple, 2-component phase di- 
agram that illustrates those relationships. 

Ordinarily, the temperature of a producing reservoir does 
not vary much, although certain enhanced-recovery tech- 
niques (such as steam flood or fire flood) create conspicu- 
ous exceptions to this rule. However, some pressure drop 
between the undisturbed reservoir and the wellbore is inevita- 
ble. This pressure drop is called the pressure drawdown; it 
can vary from a few pounds per square inch (psi) up to full 
reservoir pressure. These relationships will be addressed in 
Chapter 4. 

Log Interpretation 
Unfortunately, few petrophysical parameters can be mea- 
sured directly. Instead, they must be derived or inferred from 

Critical Point 

Temperature - 

Fig. 2-2-2-component diagram 

the measurement of other physical parameters of the forma- 
tions. A large number of these physical parameters can now 
be measured through casing. They include, among others, 
the thermal decay time, the natural radioactivity, the hydro- 
gen content, the elemental yields, and in some cases the in- 
terval transit time of the rock. 

Log interpretation is the process by which these measura- 
ble parameters are translated into the desired petrophysical 
parameters of porosity, hydrocarbon saturation, producibil- 
ity, lithology, and mechanical rock properties. 

Since the petrophysical parameters of the virgin forma- 
tion are usually needed, the well logging tool must be able 
to “see” beyond the casing and cement into the virgin for- 
mation, or the interpretation techniques must be able to com- 
pensate for these environmental effects. An elaborate en- 
vironmental test facility and computer modeling programs 
are used to design correction algorithms for these environ- 
mental effects. 

It is the purpose of the various well logging tools to pro- 
vide measurements from which the petrophysical characteris- 
tics of the reservoir rocks can be derived or inferred. It is 
the purpose of quantitative log interpretation to provide the 
equations and techniques with which these translations can 
be accomplished. 
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Determination of Saturation 
Determining water and hydrocarbon saturation is one of the 
basic objectives of well logging. Most of the cased hole water 
saturation equations are based on proven openhole interpre- 
tation models. In open hole, the models use resistivity values 
while sigma measurements are used in most cased hole 
evaluations. 

Actually, the basic fundamental premises of cased hole log 
interpretation are few in number and simple in concept. These 
will be covered in Chapter 3. 
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Formation Evaluation 
in Cased Holes 

LOGS FOR CASED HOLE 
FORMATION EVALUATION 
Cased hole logs for formation evaluation are principally those 
from the radiation-measuring tools; e.g., the Thermal De- 
cay Time (TDT), Gamma Ray Spectrometry (GST), Com- 
pensated Neutron (CNL), standard gamma ray (GR), and 
Natural Gamma Ray Spectrometry (NGS*) tools. In addi- 
tion the Array-Sonic* or Long-Spaced Sonic (LSS*) tools 
provide porosity data in well-cemented casings and the den- 
sity log is also useful in special cases. 

The standard gamma ray log is the basic log used for corre- 
lation and gives lithology control; in particular it provides 
an estimate of shaliness. In many old wells where the 
produced waters contain dissolved radioactive salts the use 
of the gamma ray log may be unreliable for this purpose 
because of the accumulation of radioactive deposits on the 
casing, particularly in the perforated interval. In these sit- 
uations the NGS log or openhole log data are required. 
The NGS tool can be used to help identify clay type and 
to calculate clay volumes. The thorium and potassium 
responses are usually much better shale indicators than the 
total gamma ray log. The NGS log combined with the GST 
log permits the volumetric mineral analysis of complex 
lithological mixtures. 
The CNL neutron log provides a porosity index which de- 
pends primarily on the hydrogen content of the formation. 
When cementation conditions permit, the Array-Sonic log 
combined with the CNL log can be used to detect gas zones 
through casing. Under ideal conditions, the density/neu- 
tron log combination can also be used. 
In well-bonded casing the Array-Sonic log provides for- 
mation compressional and shear travel times for porosity 
information and data for mechanical rock property 
calculations. 
The TDT log provides water saturation through discrimi- 
nation between saline water and hydrocarbon. Additional 
measurements also provide information for calculating ap- 
parent porosity and apparent formation water salinity. In 

some cases the presence of gas may be detected. The TDT 
log is also an excellent shale indicator. 

l The GST tool provides a measurement of the gamma ray 
yields of common minerals corresponding to the fluids, 
porosity, and lithology of the formation. The water/oil 
saturation determination is independent of formation water 
salinity so the tool is applicable in formations of unknown 
water salinity or zones with formation water too fresh for 
TDT logs. 

The principles, characteristics, and interpretation of these 
logs will be covered in this chapter. Porosity, lithology, and 
shaliness information from openhole logs or core data are 
always helpful for interpretation of cased hole logs. 

NATURAL GAMMA RAY LOGS 
The natural gamma ray (GR) log is a recording of the natur- 
al radioactivity of the formations. There are two types of 
GR logs. One, the standard GR log, measures only the total 
radioactivity. The other, the NGS (Natural Gamma Ray 
Spectrometry) log, measures the total radioactivity and the 
concentrations of potassium, thorium, and uranium produc- 
ing the radioactivity. 

The GR log is generally recorded in track 1 (left track) 
of the log. It is usually recorded in conjunction with some 
other log-such as the cement evaluation log or thermal de- 
cay time log. Indeed, nearly every cased hole log now in- 
cludes a recording of the GR log. 

Among the GR and NGS uses are the following: 
l differentiate potentially porous and permeable reservoir 

rocks (sandstone, limestone, dolomite) from nonpermea- 
ble clays and shales 

l define bed boundaries 
l tie cased hole to openhole logs 
l give a qualitative indication of shaliness 
l monitor radioactive tracers 
l aid in lithology (mineral) identification 
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l in the case of the NGS log, detect and evaluate deposits 
of radioactive minerals 

l in the case of the NGS log, define the concentrations of 
potassium, thorium, and uranium 

l in the cases of the NGS log, monitor multiple isotope 
tracers. 

In sedimentary formations the GR log normally reflects 
the shale content of the formations. This is because the radi- 
oactive elements tend to concentrate in clays and shales. 
Clean formations have a low level of radioactivity, unless 
radioactive contaminant such as volcanic ash or granite wash 
is present or the formation waters contain dissolved radioac- 
tive salts. An example of the standard gamma ray log is 
shown in Fig. 3-1. 

Properties of Gamma Rays 
Gamma rays are bursts of high-energy electromagnetic waves 
that are emitted spontaneously by some radioactive elements. 
Nearly all of the gamma radiation encountered in the earth 
is emitted by the radioactive potassium isotope of atomic 
weight 40 (K40) and by the radioactive elements of the ura- 
nium and thorium series. 

The number and energies of the emitted gamma rays are 
distinctive of each element (Fig. 3-2): potassium (KM) emits 
gamma rays of a single energy at 1.46 MeV, whereas the 
uranium and thorium series emit gamma rays of various 
energies. 

In passing through matter, gamma rays experience suc- 
cessive Compton-scattering collisions with atoms of the for- 
mation material, losing energy with each collision. After the 
gamma ray has lost enough energy, it is absorbed via the 
photoelectric effect by an atom of the formation. Thus, natur- 
al gamma rays are gradually absorbed and their energies 
degraded (reduced) as they pass through the formation. 

The rate of absorption varies with formation density. Two 
formations having the same amount of radioactive material 
per unit volume but having different densities will show 
different radioactivity levels; the less dense formations will 
appear to be slightly more radioactive. The GR log response, 
after appropriate corrections for borehole environments, is 
proportional to the weight concentrations of the radioactive 
material in the formation: 

where: 

GR = 
C pi Vi Ai 

4 ’ 
ml. 3-l) 

pi = the densities of the radioactive minerals 
Vi = the bulk volume factors of the minerals 
Ai = proportionality factors corresponding to the radioac- 

tivity of the mineral Fig. 3-l-Standard gamma ray log 
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Fig. 3-2-Gamma ray emission spectra of radioactive 
minerals 

&, = the bulk density of the formation. 

In sedimentary formations, the depth of investigation of 
the GR log is about 1 ft. 

Equipment 
The GR sonde contains a detector to measure the gamma 
radiation originating in the volume of formation near the 
sonde. Scintillation counters are now generally used for this 
measurement. They are much more efficient than the Geiger- 
Mueller counters used in the past. Because of its higher ef- 
ficiency, a scintillation counter need only be a few inches 
in length; therefore, good vertical formation detail is ob- 
tained. The GR log may be, and usually is, run in combina- 
tion with most cased hole services. 

Calibration 
The primary calibration standard for GR tools is set at the 
American Petroleum Institute (API) test facility in Houston. 
A field calibration standard (radioactive source) is used to 
normalize each tool to the API standard and the logs are 
calibrated in API units. The radioactivities in sedimentary 
formations generally range from a few API units in anhy- 
drite or salt to 200 or more in shales. 

Prior to the API calibration procedure, GR logs were 
scaled in micrograms of radium equivalent per ton of 

/ Equipment 

I 

1 Old Unit !(idi 

GNT-F or G Gamma Ray 
GNT-J, K Gamma Ray, GLD-K I 

1 rgm Ra-eqlton 16.5 
1 pgm Ra-eqlton I I 11.7 

1 I I I 

Table 3-l-Conversion from old units to API units for Schlum- 
berger GR logs 

formation. Conversions from these units to API units are 
shown in Table 3-l. 

The NGS Log 
Like the GR log, the NGS log measures the natural radioac- 
tivity of the formations. Unlike the GR log, which mea- 
sures only the total radioactivity, this log measures both the 
number of gamma rays and the energy level of each and per- 
mits the determination of the concentrations of radioactive 
potassium, thorium, and uranium in formation rocks. 

Physical Principle 
Most of the gamma ray radiation in the earth originates from 
the decay of three radioactive isotopes: potassium 40 (K40), 
with a half-life of 1.3 x lo9 years; uranium 238 (U23*), with 
a half-life of 4.4 X lo9 years; and thorium 232 (Th232), with 
a half-life of 1.4 x lOlo years. 

Potassium 40 decays directly to stable argon 40 with the 
emission of a 1.46-MeV gamma ray. However, uranium 238 
and thorium 232 decay sequentially through various daugh- 
ter isotopes before arriving at stable lead isotopes. As a result, 
gamma rays of many different energies are emitted and fairly 
complex energy spectra are obtained, as Fig. 3-2 shows. The 
characteristic peaks in the thorium series at 2.62 MeV and 
the uranium series at 1.76 MeV are caused by the decay of 
thallium 208 and bismuth 214, respectively. 

It is generally assumed that formations are in secular 
equilibrium; that is, the daughter isotopes decay at the same 
rate as they are produced from the parent isotope. This means 
that the relative proportions of parent and daughter elements 
in a particular series remain fairly constant; so, by looking 
at the gamma ray population in a particular part of the spec- 
trum it is possible to infer the population at any other point. 
In this way, the amount of parent isotope present can be 
determined. 

Once the parent isotope population is known, the amount 
of nonradioactive isotope can also be found. The ratio of 
potassium 40 to total potassium is very stable and constant 
on the earth Apart from thorium 232, the thorium isotopes 
are very rare and so can be neglected. The relative propor- 
tions of the uranium isotopes depend somewhat on their 
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environment, and there is also a gradual change because of 
their different half-lives; at present, the ratio of uranium 238 
to uranium 235 is about 137. 

Measurement Principle 
The NGS tool uses a sodium iodide scintillation detector. 
Gamma rays emitted by the formation rarely reach the de- 
tector directly. Instead, they are scattered and lose energy 
through three possible interactions with the formation: the 
photoelectric effect, Compton scattering, and pair produc- 
tion. Because of these interactions and the response of the 
sodium iodide scintillation detector, the original spectra of 
Fig. 3-2 are degraded to the rather “smeared” spectra shown 
in Fig. 3-3. 

The high-energy part of the detected spectrum is divided 

into three energy windows, Wl, W2, and W3, each cover- 
ing a characteristic peak of the three radioactivity series (Fig. 
3-3). Knowing the response of the tool and the number of 
counts in each window, it is possible to determine the 
amounts of thorium 232, uranium 238, and potassium 40 in 
the formation. 

There are relatively few counts in the high-energy range 
where peak discrimination is best; therefore, measurements 
are subject to large statistical variations, even at low log- 
ging speeds. By including a contribution from the high-count 
rate, low-energy part of the spectrum (windows W 1 and W2), 
these high statistical variations in the high-energy windows 
can be reduced by a factor of 1.5 to 2. The statistics are fur- 
ther reduced by another factor of 1.5 to 2 by using a filtering 
technique that compares the counts at a particular depth with 

dN 

dE 
,Th+U+K 

Energy (M&V) 

1 Wl I w2 1 w3 1 w4 1 w5 I 

Fig. 3-3-Potassium, thorium, and uranium response curves (Nal crystal detector) 

the previous values in such a way that spurious changes are 
eliminated while the effects of formation changes are retained. 
Normally, only the final filtered data are presented on film, 
but the unfiltered raw data are always recorded on tape. 

Lug Presentation 
The NGS log provides a recording of the amounts (concen- 
trations) of potassium, thorium, and uranium in the forma- 
tion. These are usually presented in tracks 2 and 3 of the 
log (Fig. 3-4). The thorium and uranium concentrations are 
presented in parts per million (ppm) and the potassium con- 
centration in percent (X). 

In addition to the concentrations of the three individual 

radioactive elements, a total (standard) GR curve is record- 
ed and presented in track 1. The total response is determined 
by a linear combination of the potassium, thorium, and ura- 
nium concentrations. This standard curve is expressed in API 
units. If desired, a “uranium-free” measurement (CGR) can 
also be provided. It is simply the summation of gamma rays 
from thorium and potassium only. 

Interpretation 
The major occurrences of the three radioactive families are 
as follows: 
l potassium: micas, feldspars, micaceous clays (illite), radio- 

active evaporites 
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Fig. 3-4-Natural gamma ray spectrometry log 
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FORMATION EVALUATION IN CASED HOLES 

l thorium: shales, heavy minerals 
l uranium: phosphates, organic matter. 

The significance of the type of radiation depends on the for- 
mation in which it is found. In carbonates, uranium usually 
indicates organic matter, phosphates, and stylolites. The tho- 
rium and potassium levels are representative of clay content. 
In sandstones, the thorium level is determined by heavy 
minerals and clay content, and the potassium is usually con- 
tained in micas and feldspars. In shales, the potassium con- 
tent indicates clay type and mica, and the thorium level de- 
pends on the amount of detrital material or the degree of 
shaliness . 

High uranium concentrations in a shale suggest that the 
shale is a hydrocarbon source rock. In igneous rock the rela- 
tive proportions of the three radioactive families are a guide 
to the type of rock, and the ratios Th/K and Th/U are par- 
ticularly significant. 

The radioactive minerals found in a formation are, to some 
extent, dependent on the mode of sedimentation or deposi- 
tion. The mode of transportation and degree of reworking 
and alteration are also factors. As an example, because tho- 
rium has very low solubility, it has limited mobility and tends 
to accumulate with the heavy minerals. On the other hand, 
uranium has a greater solubility and mobility, and so high 
uranium concentrations are found in fault planes, fractures, 
and formations where water flow has occurred. Similarly, 
high concentrations of uranium can build up in the permea- 
ble beds and on the tubing and casing of producing oil wells. 
Marine deposits are characterized by their extremely low 
radioactive content, with none of the three families making 
any significant contribution. Weathered zones are often in- 
dicated by pronounced changes in the thorium and potassi- 
um content of the formation but a more or less constant Th/K 
ratio. 

Applications 
The NGS log can be used to detect, identify, and evaluate 
radioactive minerals. It also can be used to help identify clay 
type and to calculate clay volumes. This, in turn, can pro- 
vide insight into the source, the depositional environment, 
the diagenetic history, and the petrophysical characteristics 
(such as surface area, pore structure) of the rock. 

The thorium and potassium response or the thorium-only 
response of the NGS log is often a much better shale indica- 
tor than the simple GR log or other shale indicators. Shaly- 
sand interpretation programs can thereby benefit from its 
availability. The NGS log can also be used for correlation 
where beds of thorium and potassium content exist. 

The combination of the NGS log with other lithology- 
sensitive measurements (such as the GST and neutron logs) 
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permits the volumetric mineral analysis of very complex 
lithological mixtures. In less complex mixtures, it allows the 
minerals to be identified with greater certainty and volumes 
to be calculated with greater accuracy. 

NEUTRON LOGS 
Cased hole neutron logs are used principally for the deline- 
ation of porous formations and the determination of their 
porosity. They respond primarily to the amount of hydro- 
gen in the formation. Thus, in clean formations whose pores 
are filled with water or oil, the neutron log reflects the 
amount of liquid-filled porosity. The neutron log is also use- 
ful for correlation with openhole logs in areas where the gam- 
ma ray log does not give good definition (i.e., thick, clean 
carbonate zones as shown in Fig. 3-5). 

Gas zones can often be identified by comparing the neu- 
tron log with a sonic porosity log or core porosity. 

Principle 
Neutrons are electrically neutral particles, each having a mass 
almost identical to the mass of a hydrogen atom. High-energy 
(fast) neutrons are continuously emitted from a radioactive 
source in the sonde. These neutrons collide with nuclei of 
the formation materials in what may be thought of as elastic 
“billiard-ball’ ’ collisions, With each collision, the neutron 
loses some of its energy. 

The amount of energy lost per collision depends on the 
relative mass of the nucleus with which the neutron collides. 
The greater energy loss occurs when the neutron strikes a 
nucleus of practically equal mass-i.e., a hydrogen nucleus. 
Collisions with heavy nuclei do not slow the neutron very 
much. Thus, the slowing of neutrons depends largely on the 
amount of hydrogen in the formation. 

Within a few microseconds these epithermal neutrons have 
been slowed by successive collisions to thermal velocities, 
corresponding to energies of around 0.025 eV. They then 
diffuse randomly, without losing more energy, until they are 
captured by the nuclei of atoms such as chlorine, hydrogen, 
or silicon. 

The capturing nucleus becomes intensely excited and emits 
a high-energy gamma ray of capture. Depending on the type 
of neutron tool, either these capture gamma rays or the neu- 
trons themselves are counted by a detector in the sonde. 

When the hydrogen concentration of the material surround- 
ing the neutron source is large, most of the neutrons are 
slowed and captured within a short distance of the source. 
On the contrary, if the hydrogen concentration is small, the 
neutrons travel farther from the source before being captured. 
Accordingly, the counting rate at the detector increases for 
decreased hydrogen concentration, and vice versa. 

Fig. 3d-Neutron Log 
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Equipment 
Neutron logging tools run in casing include the neutron 
(GNT) tool series (no longer in use) and the CNL tool. The 
current tools use Americium-Beryllium (AmBe) sources to 
provide neutrons with initial energies of 4.2 MeV electron 
volts. 

The GNT tools were nondirectional devices that employed 
a single detector sensitive to both high-energy capture gam- 
ma rays and thermal neutrons. Although the GNT tools 
responded primarily to porosity, their readings were great- 
ly influenced by fluid salinity, temperature, pressure, and 
by the casing and cement. 

The CNL tool is a mandrel-type tool especially designed 
for combination with any of several other tools to provide 
a simultaneous neutron log (Fig. 3-6). The CNL tool is a 
dual-spacing, thermal neutron-detection instrument. The ratio 
of counting rates from the two detectors is processed by the 
surface equipment to produce a linearly scaled recording of 

Fig. 3-6-CNT tool configuration 

FORMATION EVALJJATION IN CASED HOLES 

neutron porosity index. The effects of wellbore parameters 
are greatly reduced by taking the ratio of two counting rates 
similarly affected by these perturbations. The CNL tool can 
be run in liquid-filled holes but cannot be used in gas-filled 
holes. 

Since thermal neutrons are measured in the CNL tool, the 
response is affected by elements having a high thermal neu- 
tron capture cross section. Also the tool is sensitive to shale 
in the formation because of the hydroxyls associated with 
the clay mineral structure. The large apparent porosity values 
are due largely to the hydrogen concentration associated with 
the shale matrix. This effect can mask the tool response to 
gas in shaly formations. 

Log Presentation 
The CNL neutron log is recorded in linear porosity units for 
a particular matrix lithology. Figure 3-7 is an example of 
a combination CNL-GR log. 

Calibration 
The primary calibration standard for GNT neutron logs was 
the API neutron pit in Houston. The response of the logging 
tool in a 19% porosity, water-filled limestone was defined 
as 1000 API units. Secondary calibrating devices (radioac- 
tive source), accurately related to the API pit, were used for 
the field calibration. 

Prior to the API calibration procedure, neutron logs were 
scaled in counts per second. Conversion factors are provid- 
ed in Table 3-2 to rescale them for comparison with neutron 
logs scaled in API units. At present, neutron logs are scaled 
directly in porosity units. 

The primary calibration standard for CNL tools is a ser- 
ies of water-filled laboratory formations. The porosities of 
these controlled formations are known within f0.5 porosi- 
ty units. The secondary (shop) standard is a water-filled 
calibrating tank. A wellsite check is made by using a fixture 
that reproduces the count rate ratio obtained in the tank. 

Investigation Characteristics 
The typical vertical resolution of the CNL tool is 2 ft. 
However, a new method of processing the count rates is now 
available. This method improves the vertical resolution to 
1 ft by exploiting the better vertical resolution of the near 
detector. 

The radial investigation depends on the porosity of the for- 
mation. Very roughly, at zero porosity the depth of investi- 
gation is about 1 ft. At higher porosity the depth of investi- 
gation is less because neutrons are slowed and captured closer 
to the borehole. For average conditions, the depth of inves- 
tigation is about 10 in. for the CNL tool. 
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Fig. 3-7-Compensated neutron log 

Tool Type 
Source: 

PuBe or AmBe 

GNT-F, G, H 15.5 1.55 
GNT-F, H 19.5 5.50 
GNT-G 19.5 5.70 
GNTJ, K 16 2.70 

Spacing 
(in.) 

API Units 
per 

Std. CPS 

Table 3-P-Conversion from standard CPS units to API units 
for old Schlumberger neutron logs 

Tool Response 
As already stated, the responses of the neutron tools primarily 
reflect the amount of hydrogen in the formation. Since oil 
and water contain practically the same amount of hydrogen 
per unit volume, the responses reflect the liquid-filled porosi- 
ty in clean formations. However, the tools respond to all the 
hydrogen atoms in the formation, including those chemical- 
ly combined in formation matrix minerals. Thus, the neu- 
tron reading depends mostly on the hydrogen index of the 
formation. The hydrogen index is proportional to the quan- 
tity of hydrogen per unit volume, with the hydrogen index 
of fresh water at surface conditions taken as unity. 

Hydrogen Index of Salt Water 
Dissolved sodium chloride (NaCl) takes up space and there- 
by reduces the hydrogen density. An approximate formula 
for the hydrogen index of a saline solution at 75 ’ F is: 

H, = 1 - 0.4P ) (Eq. 3-2a) 

where P is the NaCl concentration in parts per million. More 
generally, independent of temperatures, 

El, = pw (1 - P) . (Eq. 3-2b) 

In openhole logging, formations are generally invaded and 
the water in the zone investigated by the neutron logs is con- 
sidered to have the same salinity as the borehole fluid. For 
cased holes, the invaded zone usually disappears with time, 
and the water salinity is that of the formation water. The cor- 
rection to the CNL log is provided by Chart Por-14a in the 
Log Interpretation Charts book. 

Response to Hydrocarbons 
Liquid hydrocarbons have hydrogen indices close to that of 
water. Gas, however, usually has a considerably lower 
hydrogen concentration that varies with temperature and 
pressure. Therefore, when gas is present near enough to the 
wellbore to be within the tool’s zone of investigation, a neu- 
tron log reads too low a porosity. This characteristic allows 
the neutron log to be used with other porosity logs to detect 
gas zones and identify gas/liquid contacts. 
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The quantitative response of the neutron tool to gas or light 
hydrocarbon depends primarily on the hydrogen index and 
another factor--the “excavation effect”. The hydrogen in- 
dex can be estimated from the composition and density of 
the hydrocarbon. The hydrogen index of heavier hydrocar- 
bons (oils) can be approximated by the equation: 

Ho = (M/14) p. = 1.28 p. . (Eq. 3-3) 

This equation assumes the chemical composition of the oil 
is n (CH$. Ho is derived from the comparison of the hydro- 
gen density and molecular weight of water to those of oil. 

Another set of equations can be used to estimate the hydro- 
gen index of hydrocarbon fluids: 

For light hydrocarbons (ph < 0.25) , 

Hh = 2.2 p,, . (Eq. 3-4a) 

For heavy hydrocarbons (ph > 0.25) , 

Hh = p,, + 0.3 . (Eq. 3-4b) 

Still another proposal suggests the equation 

H,,=9 (,::;:;;;)P~ . (%3-5) 

Physics indicate that the effect of gas in the formation near 
the borehole is greater than would be expected by taking into 
account only its smaller hydrogen density. Previous calcu- 
lations had been made as if the gas-filled portion of the 

porosity were replaced by rock matrix. The new calculations 
show that when this additional rock matrix is “excavated” 
and replaced with gas, the formation has a smaller neutron- 
slowing characteristic. The calculated difference in the neu- 
tron log readings has been termed the excavation effect. If 
this effect is ignored, too-high values of flushed-zone gas 
saturation and too-low values of porosity are given. In cased 
holes, this excavation effect is exaggerated since there are 
no invasion fluids present to flush the gas away from the 
borehole. 

Figure 3-8 shows the corrections needed for excavation 
effect. The values of porosity for sandstone, limestone, and 
dolomite lithologies are plotted. Intermediate porosity values 
can be interpolated. The ordinate scale is used to correct neu- 
tron log porosities. An additional ordinate scale is provided 
for correcting porosities derived from a neutron-density 
crossplot that does not contain the excavation effect correc- 
tion. Excavation effect corrections have already been incor- 
porated into Chart CP-5 in the Log Interpretation Charts book. 

The corrections for excavation effect given by Fig. 3-8 
can be approximated by the formula: 

A@NtX = K[2@ s,, + 0.04 r)](l - SW,> , (Eq. 3-6) 

where A4N,,, 4, and S,,,H are in fractional units. For sand- 
stone the coefficient, K, is 1; for limestone it is about 1.046, 
and for dolomite it is about 1.173. Note that the second term 
of this equation is rather small and can often be disregarded. 

8 
1 - Dolomite 
1-1 Limestone /I, +=300/o 

4, ;-I 

Fig. 3-B-Neutron correction for excavation effect 
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Shales, Bound Water 
Neutron tools see all hydrogen in the formation even if some 
is not associated with the liquids saturating the formation 
porosity. For example, it sees bound water associated with 
the shales. Shales in general have an appreciable hydrogen 
index; in shaly formations the apparent porosity derived from 
the neutron response will be greater than the actual effec- 
tive porosity of the reservoir rock. Also, the neutron tool 
measures water of crystallization. For example, nonporous 
gypsum (CaSO, + 2H,O) has a large apparent porosity be- 
cause of its significant hydrogen content. 

Effect of Lithology 
The readings of all neutron logs are affected to some extent 
by the lithology of the matrix rock. CNL logs are usually 
scaled for a limestone matrix. Porosities for other litholo- 
gies are obtained from Chart Por-13 (Fig. 3-9). 

&NPcOr, Apparent Limestone Neutron Porosity (pll) 

&NLcOr, Apparent hISStOnS Neutron Porosity (PU) 

Fig. 3-g--Neutron porosity equivalence curves 

Determining Porosity from Neutron Logs 
Subject to the variou$ assumptions and corrections, values 
of apparent porosity can be derived from any neutron log. 
However, certain effects, such as lithology, clay content, and 
amount and type of hydrocarbon, can be recognized and cor- 
rected for only if additional porosity information-from sonic 
and/or openhole porosity logs-is available. Any interpre- 
tation of a neutron log alone should be undertaken with a 
realization of the uncertainties involved. 

Thermal Neutron Measurement 
Neutron tools are designed to minimize the environmental 

effects on the thermal neutron measurement. The standard 
conditions for calibration are: 
l 8% -in. borehole diameter, 
l casing thickness, 0.304 in., 
l cement thickness, 1.62 in., 
l fresh water in borehole and formation, 
l no standoff, 
l 75 “F temperature, 
l atmospheric pressure, and 
l tool eccentered in hole. 

If there are departures from these conditions, the logs will 
require corrections. The combined correction for all factors, 
usually small, yields a value of corrected neutron porosity 
index. Chart Por-14 provides the corrections to the neutron 
measurements. 

SONIC LOGS 
In a well-bonded, fluid-filled, cased hole, rock acoustic travel 
times can be obtained with the Array-Sonic tool or the Long- 
Spaced Sonic (LSS) tool. When the casing and formation are 
acoustically coupled the casing signal attenuates rapidly and 
the formation signals dominate. 

In its simplest form, a sonic tool consists of a transmitter 
that emits a sound pulse and a receiver that picks up and 
records the pulse as it passes the receiver. The sonic log is 
simply a recording versus depth of the time, t, required for 
a sound wave to traverse 1 ft of formation. Known as the 
interval transit time, transit time, At, or slowness, k is the 
reciprocal of the velocity of the sound wave. The interval 
transit time for a given formation depends upon its lithology, 
porosity, and texture. This dependence upon porosity makes 
the sonic log very useful as a porosity log. 

Principle 
The propagation of sound in a borehole is a complex 
phenomenon. It is governed by the mechanical properties 
of several separate acoustical domains. These include the for- 
mation, the borehole fluid column, and the logging tool itself. 

The sound emanated from the transmitter impinges on the 
borehole wall. This establishes compressional and shear 
waves within the formation, surface waves along the bore- 
hole wall, and guided waves within the fluid column. 

In the case of well logging, the borehole wall, formation 
bedding, borehole rugosity, and fractures can all represent 
significant acoustic discontinuities. Therefore, the phenome- 
na of wave refraction, reflection, and conversion lead to the 
presence of many acoustic waves in the borehole when a 
sonic log is being run. It is not surprising, in view of these 
considerations, that many acoustic energy arrivals are seen 
by the receivers of a sonic logging tool. The more usual 
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energy arrivals in well-bonded casing are shown in the acous- 
tic waveform displays of Fig. 3- 10. These waveforms were 
recorded with an array of eight receivers located 8 to 11% 
fi from the transmitter. The various wave packets have been 
labeled. Although the wave packets are not totally separat- 
ed in time at this spacing, the distinct changes correspond- 
ing to the onset of the formation compressional and shear 
arrivals and the Stoneley arrival can be observed. 

CASED HOLE, BONDED 

Shear 

2 Compressional 

,7 

0 
I I I I I I I I 

1000 2000 3000 4000 5000 

Time (hs) 

Fig. 3-1 O-Sonic waveforms in cased hole with good cement 
bonding 

The compressional wave is one that has traveled from the 
transmitter to the formation as a fluid pressure wave, has 
been refracted at the borehole wall, has traveled within the 
formation at the compressional wave velocity of the forma- 
tion, and has traveled back to the receiver as a fluid pres- 
sure wave. 

The shear wave is one that has traveled from the trans- 
mitter to the formation as a fluid pressure wave, has traveled 
within the formation at the shear wave velocity of the for- 
mation, and has traveled back to the receiver as a fluid pres- 
sure wave. 

The Stoneley wave is one of large amplitude that has 
traveled from transmitter to receiver with a velocity less than 
that of the compressional waves in the borehole fluid. The 
velocity of the Stoneley wave is dependent upon the frequen- 
cy of the sound pulse, hole diameter, formation shear ve- 
locity, densities of the formation, and fluid and fluid com- 
pressional wave velocity. Casing also affects the Stoneley 

wave, but it has virtually no effect on the compressional and 
shear waves. 

The casing arrival is the first component on the acoustic 
waveform so the first energy detection cannot be used to mea- 
sure formation arrival times. Therefore, a sonic tool with long 
spacing is required to provide a correct measurement of the 
velocity through casing. The 8, 10, or 124 spacing separates 
the arrival times of the components of the acoustic waveform 
and permits their identification as shown in Fig. 3-10. 

LSS sonic tools, with transmitter-receiver spacings of 8 
ft and 10 ft or 10 ft and 12 ft, are available, although the 
Array-Sonic tool is preferable. Using the standard BHC sys- 
tem for borehole compensation with an LSS sonde would 
make the tool excessively long. Therefore, an alternate so- 
lution called “depth-derived” borehole compensation is used. 

The LSS sonde has two transmitters and two receivers ar- 
ranged as shown in Fig. 3-11. Readings are taken at two 
different depth positions of the sonde: once when the two 
receivers straddle the measure point depth and once when 
the two transmitters straddle the measure point depth. 

Rlrn 

Rzm.. 
Sequences: ? Sequence: 

T,--R, = T, 
T,--R2 = T, 

1 T,-R, = T, 
I T,-Rp = T4 
I 
I 
I I 

BHC Measure 

4’ 
.’ 

LT n 

(a) Conventional 
BHC Measurement 

(b) Depth-Derived BHC Measurement 
for 8.ft to IO-ft Spacing 

= (T, - TP) + (Ta - Td 

4 

Fig. 3-1 l-Depth-derived borehole compensation for long- 
spaced sonic tools 

First k reading = T, - R, - Tt - R, 

Second h reading = T, - R, - T, - R, 
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The first t reading is memorized until the sonde has reached 
the position to make the second t reading, then both are aver- 
aged to obtain the borehole-compensated measurement. 

k= 
memorized first k reading + second k reading 

2 X span 3 

where span is the distance (2 ft) between a pair of receivers. 
Assuming that the two sonde position depths are accurately 

known and the sonde tilting is similar for the two positions, 
the depth-derived borehole compensated system is equiva- 
lent to the standard BHC system. Use of the upper transmit- 
ter and receiver yields an 8 to IO-ft sonic t measurement, 
and use of the lower transmitter and receiver yields a 10 to 
12-ft sonic k measurement. 

The Array-Sonic service is the preferred tool for cased hole 
velocity measurements. The tool contains two broadband (5 
to 18 kHz) piezoelectric transmitters spaced 2 ft apart. Two 
piezoelectric receivers are located 3 ft and 5 ft from the up- 
per transmitter. In cased wells, these receivers are used to 
make standard 3-ft Cement Bond Logs (CBL) and 5-ft Vari- 
able Density* logs (VDL). Figure 3-12 shows the Array- 
Sonic tool in the cement bond mode. 

The Array-Sonic tool also contains an array of eight wide- 
band piezoelectric receivers. The receivers are spaced 6 in. 
apart with the closest receiver 8 ft from the upper transmit- 
ter. Two of these receivers, receivers 1 and 5, spaced 2 ft 
apart, can be used for making standard long-spaced, 8 to lo-ft 
and 10 to 12-t?, depth-derived, borehole-compensated k logs. 
Measurement hardware consisting of a closely spaced 
transmitter-receiver pair also exists to make a continuous mud 
k log. Borehole fluid is drawn through this measurement sec- 
tion as the tool is moved during logging. 

The 8-array receiver outputs and the two from the sonic 
sonde are multiplexed with the mud l receiver output and 
transmitted to the surface in either analog or digital form. 
The array waveforms are processed at the wellsite with the 
CSU* surface instrumentation and array processor or at the 
computing center using a true full-waveform technique. A 
signal processing algorithm follows the components as they 
sweep past the array and calculates speeds and equivalent 
travel times. 

Log Presentation 
Sonic velocities in common formation lithologies range from 
about 6000 to 23,000 ft/sec. To avoid small decimal frac- 
tions, the reciprocal of velocity, k, is recorded (English scale) 
in microseconds per foot (pslft) over a range from about 44 
,&ft for zero-porosity dense dolomite to about 190 &ft for 
water. The interval transit time is usually recorded on a linear 
scale in tracks 2 and 3 of the log (Fig. 3-13). 

Section I 
3.5 11 

I 

Eight 
Wideband 
Ceramic 
Receivers 

TWO 
Ceramic 
Receivers 

TWO 
Ceramic 
Transmitters 

CBL-VDL Mode 

Fig. 3-12-Array-Sonic tool in cement bond log mode 

Sonic Velocities in Formations 
In sedimentary formations the speed of sound depends on 
many parameters; principally, it depends on the rock matrix 
material (sandstone, limestone, dolomite) and on the dis- 
tributed porosity. Ranges of values of sonic velocity and tran- 
sit time for common rock matrix materials and casing are 
listed in Table 3-3. 

The values listed are for nonporous substances. Porosity 
decreases the velocity of sound through the rock material 
and, correspondingly, increases the interval transit time. 

Porosity Determination 
(Wyllie Time-Average Equation) 

Consolidated and Compacted Sandstones 
After numerous laboratory determinations, Wyllie proposed, 
for clean and consolidated formations with uniformly dis- 
tributed small pores, a linear time-average or weighted- 
average relationship between porosity and compressional 
transit time: 
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Fig. 3-13-Sonic log presentation 

v,,(ft/sec) 
At,,Wft) 
(commonly 

used) 

Sandstones 18,000-l 9,500 55.5-51 .o 55.5 or 51.0 
Limestones 21 ,OOO-23,000 47.8-43.5 47.5 
Dolomites 23,000 43.5 43.5 
Anhydrite 20,000 50.0 50.0 
Salt 15,000 66.7 67.0 
Casing (iron) 17,500 57.0 57.0 

Table 3-3-Sonic velocities in formations 

LLOG = 6 9 + (l -6) km (Eq. 3-7a) 

or 

hv = 
.tLOG - ha 

tf-km ’ 

where: 

k LOG = reading on the sonic log in I.cs/ft 

h = transit time of the matrix material 

!f = is the transit time of the saturating fluid (about 189 
pslft for freshwater mud systems). 

Generally, consolidated and compacted sandstones have 
porosities from 15 to 25 % . In such formations, the response 
of the sonic log seems to be relatively independent of the 
exact contents of the pores: water, oil, gas, or even dissemi- 
nated shale. However, in some higher porosity sandstones 
(30% or greater) that have very low water saturation, high 
hydrocarbon saturation, and very shallow invasion, the k 
values may be somewhat greater than those in the same for- 
mations when water saturated. 

If any shale laminae exist within the sandstone, the appar- 
ent sonic porosity values are increased by an amount propor- 
tional to the bulk volume fraction of laminae. The t read- 
ings are increased because .tSh is generally greater than & 
of the sandstone matrix. 

Carbonates 
In carbonates having intergranular porosity the time-average 
formula still applies, but, sometimes, pore structure and pore 
size distribution are quite different from that of sandstones. 
There is often some secondary porosity consisting of vugs 
and/or fractures with much larger dimensions than the pores 
of the primary porosity. In vuggy formations, the velocity 
of sound seems to depend mostly on the primary intergranular 
porosity, and the porosity derived from the sonic reading 
through the time-average formula will tend to be too low by 
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an amount approaching the secondary porosity. Thus, if the 
total porosity (&) of a formation exhibiting primary and 
secondary porosity is available (from a neutron and/or den- 
sity log, for example), the amount of secondary porosity can 
be estimated: 

$2 = 4, - 4s” * (Eq. 3-8) 

Uncompacted Sands 
Direct application of the time-average equation gives values 
of porosity that are too high in unconsolidated and insuffi- 
ciently compacted sands. Uncompacted sands are most preva- 
lent in the geologically younger formations, particularly at 
shallow depths. However, even at deeper depths these young- 
er sands are often uncompacted when the overburden-to- 
formation fluid pressure differentials are less than about 4000 
to 5000 psi. Such lack of compaction may be indicated when 
adjacent shales exhibit k values greater than 100 &ft. 

When the formations are not sufficiently compacted, the 
observed ,t values are greater than those that correspond to 
the porosity according to the time-average formula, but the 
4 versus -t relationship is still approximately linear. In these 
cases, an empirical correction factor, Bcp, is applied to Eq. 
3-7 to give a corrected porosity, tiSVco,.: 

k - km 1 
9 SVcor = kf _ k ma ‘B;’ (Eq. 3-9) 

The value of B, is given approximately by dividing the 
sonic velocity in nearby shale beds by 100. However, the 
compaction correction factor is best determined by compar- 
ing 4sv as obtained from Eq. 3-7, with the true porosity ob- 
tained from another source. 

Neutron Method: The previous two methods require a 
clean sand. If the sands are shaly , neither method can be safe- 
ly used. If a CNL neutron log is available, $$v may be com- 
pared with &v (or -t) using Chart Por-3. Differences between 
4N and &v in water-filled sands are due to lack of compac- 
tion. For such sands, BCp = c&&&. 

In some shallowly invaded, high-porosity rocks with high 
hydrocarbon saturation, sonic-derived porosity may be too 
high because of fluid effect. Both oil and gas transmit sound 
at lower velocities (higher transit times) than does water. 
Therefore, the transit time-to-porosity transform, which as- 
sumes water as the saturating pore fluid, sometimes over- 
states rock porosity. In these cases, the time-average-derived 
porosity is multiplied by 0.9 in oil-bearing formations and 
by 0.7 in gas-bearing formations. These fluid corrections are 
applied only when the time average-derived porosity is ob- 
viously too high. 

Empirical Equation Based on Field Observations 
The long-standing problems with using the time-average 

equation, coupled with numerous comparisons of sonic transit 
time versus porosity, led to the proposal of an empirical tran- 
sit time-to-porosity transform. The transform is also shown 
in Chart Par3. The transform is empirical, being based en- 
tirely on comparisons of sonic transit time versus an indepen- 
dent porosity measurement. 

The empirical transform exhibits several salient features. 
First, it appears that all pure quartz sandstones may be 
characterized by a unique matrix velocity, slightly less than 
18,000 ft/sec. A value of 17,850 ft/sec (or & = 56 &ft) 
is suggested. Limestone and dolomite also seem to exhibit 
unique matrix velocities: 20,500 ft/sec (or kma = 49 pslft) 
for limestone and 22,750 ft/sec (or kma = 44 &ft) for 
dolomite. 

In sandstone, the transform yields slightly greater porosi- 
ty values over the low-to-medium-porosity range (i.e., the 
5 to 25 % range) than does the time-average equation using 
an 18,000 ft/sec matrix velocity. In fact, at 15 % porosity 
the transform indicates a porosity similar to that given by 
the time-average equation using a matrix velocity of 19,500 
ft/sec. Thus, it appears that the higher matrix velocities used 
in sonic interpretation in the past have been selected to force 
the time-average equation to yield a truer porosity over the 
low-to-medium range; this is true for both carbonates and 
sandstones. 

For moderately high porosity sands (30%), the proposed 
empirical transform generally corresponds to the time- 
average equation using vma = 18,000 ft/sec. Above 35 % 
porosity, however, sonic transit time increases much more 
rapidly than porosity, and its response quickly departs from 
that predicted by the time-average equation. This is the region 
in which the time-average equation would require a “lack 
of compaction” correction. The new transform eliminates 
the need for the correction factor and yields porosity directly. 

This empirical transform can be approximated over the 
range of normally encountered porosities by the following 
equation: 

(Eq. 3-10) 

The value of the constant C has a range of 0.625 to 0.7 de- 
pending upon the investigator. Chart Por-3 uses the origi- 
nally proposed value of 0.7 for C. However, more recent 
transit time-to-porosity comparisons indicate the value 0.67 
is more appropriate. 

For the case of a gas-saturated reservoir rock, C becomes 
0.6. It should be used when the rock investigated by the sonic 
tool contains an appreciable amount of hydrocarbon in the 
gassy (vapor) phase. Because of the very shallow depth of 
investigation, this condition normally exists only in higher 
porosity sandstones (greater than 30%). 
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Correlations with k Curve 
Variations of velocity in different types of rock produce a 
sonic curve with a correlatable character. In addition, the 
very good vertical definition of the sonic log and the reduced 
hole effect because of borehole compensation make this log 
excellent for correlation. It is very helpful in some cases 
where other logs give poor results (thick shale sections and 
evaporites) . Moreover, some types of formations, evaporites 
in particular, can be easily identified from their t values. 

Shear- Wave Interpretation 
All of the preceding discussion has concerned compression- 
al transit time interpretation. With the Array-Sonic tool and 
full-waveform recording, it is now possible to obtain shear- 
wave transit time measurements on a more routine basis. Ap- 
plication of the shear wave in formation evaluation is only 
now beginning to be explored. It is obvious that shear-wave 
velocity data will be useful in calculating rock elastic or in- 
elastic properties and as an adjunct to shear seismic data. 

Shear-wave transit time data are also useful in identifying 
matrix minerals and pore fluids (Fig. 3-14). For example, 
a crossplot of compressional transit time, $, and shear transit 
time, &, can be used to identify the mineral content of the 
various rocks traversed by the wellbore. The technique is 
similar to other porosity log crossplotting techniques (e.g., 
sonic-neutron). 

401 

I 

100 120 140 160 

&hear 

Fig. 314-Sonic-derived compressional and shear crossplots 

There is evidence that the shear-wave transit time may be 
useful for fluid identification. Laboratory observations sug- 
gest that light hydrocarbon saturation decreases the velocity 
of the compressional wave (relative to brine saturation) 
through the porous rock and increases the velocity of the 
shear wave. 

A relationship between porosity and shear velocity (or in- 
terval transit time) has also been noted. Indeed, the time- 
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average relationship (Eq. 3-7) and the empirical relationship 
(Eq. 3-10) that relate compressional transit time to porosity 
appear to apply to shear transit time as well. Of course, ap- 
propriate matrix and fluid parameters must be used. For 
shear-wave propagation, the parameters are approximately: 

sandstone, &,a = 86 pslft 
limestone, t, i5: 90 pslft 
dolomite, km 5: 76 pslft 
anhydrite, t, = 100 &ft 
water, t, = 350 &ft. 

These values are tentative. Further experience with the shear 
transit time may lead to some refinement. Also, the listing 
of a shear transit time value for water is somewhat imagi- 
nary since water does not support shear-wave propagation. 
However, the use of the listed value for water in the time- 
average equation does seem to yield acceptable porosity 
values. 

Log Quality 
The log quality of sonic logs through casing depends on the 
acoustic coupling of the casing and formation. In zones with 
no cement bond, the acoustic energy is trapped in the casing 
and no formation parameters are measured. But even mar- 
ginal bonding can produce enough acoustic coupling for relia- 
ble formation measurements. 

Figure 3-15 shows a comparison of a BHC log run in open 
hole with an Array-Sonic log run after the well was cased 
with 7-in. casing. Cement bond was evaluated with the Ce- 
ment Evaluation Tool (CET). The cement map, a picture of 
the cement bond as if the casing were split vertically and 
flattened, shows a good bond as black and no bond as white. 

The top interval has a good bond, so the openhole and 
cased hole sonics agree as expected. The middle interval 
shows a fairly severe cement channel, yet there is enough 
cement bond to transfer acoustic energy and the two com- 
pressional measurements agree. The bottom interval shows 
a zone with no bonding and the cased hole log is not mea- 
suring formation parameters. 

The openhole and cased hole sonic logs in Fig. 3- 16 agree 
very well even though the Variable Density log, run with 
the Array-Sonic tool, shows some zones with poor and in- 
termediate bonding. 

Applications 
Sonic logs in cased holes provide the same information as 
in open holes so the applications are similar. Compression- 
al travel times are converted to porosity and integrated for 
correlation with borehole seismic measurements. 

When combined with a CNL neutron log, a through-casing 
sonic log can reveal lithology and the presence of gas. Figure 
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Open Hole 
_--------- 

Cased Hole 

Interval Transit Time 

Cement 
Map 

Fig. 315-Comparison of openhole and cased hole sonic logs 
with “cement map” from CET tool 

3-17 shows cased hole sonic/CNL porosity logs run through 
a gas-bearing formation. The zone from 3424 to 3432 ft was 
perforated and produced 2 million ft3/D of gas. 

THERMAL DECAY TIME LOGS 

Introduction 
There are two thermal decay time tools currently in use. The 
new Dual-Burst TDT* tool and the TDT-K tool which has 
been the industry standard for many years. Both tools have 
1 1%6-in. diameters for through-tubing operations. The Dual- 
Burst TDT tool uses a diffusion model to analyze the decay 
of a burst of fast neutrons in the downhole environment. This 
method uses a better approximate solution to the neutron 
diffusion equation than the exponential decay model used by 

, 

Variable 
Density 

Fig. 3-16-Comparison of openhole and cased hole sonic I( 
with a VDL display of the acoustic waveforms 
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Fig. 3-17-Cased hole sonic and CNL logs showing an 8-ft 
thick gas zone 

the TDT-K tool. The principle of operation for both tools 
will be covered later. 

The Thermal Decay Time (TDT) log records the thermal 
neutron capture cross section of the formation by measur- 
ing the thermal neutrons’ rate of decay. Because chlorine 
is by far the strongest neutron absorber of the common earth 
elements, the response of the TDT log is determined primar- 
ily by the chlorine present (as sodium chloride) in the for- 
mation water. Since the effects of water salinity, porosity, 
and shaliness on the thermal neutron decay rate are similar 
to those on resistivity logs, the TDT log resembles the usual 
openhole resistivity logs and is easily correlated with them. 
But the TDT differs in that it can be run in cased holes. Con- 
sequently, when formation water salinity permits, TDT log- 
ging provides the means to recognize the presence of 
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hydrocarbons in formations which have been cased, and to 
detect changes in water saturation during the production life 
of the well. The TDT log is thus useful for the evaluation 
of old wells, for diagnosing production problems, and for 
monitoring reservoir performance. 

As in the case of the resistivity log, the most important 
parameter values needed for quantitative interpretation are 
porosity and water salinity. Information is also required on 
shaliness, lithology, and the nature of the hydrocarbon. 
Modern openhole logging programs and crossplot techniques 
usually provide such information. 

Principle 
A neutron generator in the TDT sonde repeatedly emits 
pulses of high-energy neutrons. Following each burst the neu- 
trons are rapidly slowed down in the borehole and forma- 
tion to thermal velocities. They are then captured by nuclei 
with a corresponding emission of gamma rays. Relative 
changes in the thermal neutron population in the media are 
sampled by gamma ray detectors placed at a short distance 
from the source. During the period of measurement the ther- 
mal neutron population decreases exponentially. This 
decrease is due to either neutron capture or neutron migra- 
tion (diffusion). 

At every point in the formation, a certain fraction of the 
thermal neutrons locally present is absorbed per unit time. 
This fraction is vCabs, where v is the neutron velocity and 
Cabs is the macroscopic absorption (capture) cross section 
in the medium. Cabs is the summation of the cross sections 
of all the individual atomic nuclei in a unit volume of for- 
mation for a mean thermal neutron velocity of 2200 m/s (cor- 
responding to a temperature of 77°F). For most chemical 
elements of interest in logging, C,, is inversely proportional 
to the neutron velocity. Thus, the quantity vCclbs is a con- 
stant which characterizes the formation. Since C varies in- 
versely, and v varies directly with the square root of tem- 
perature, the quantity VC is independent of temperature (as 
is also the intrinsic decay time, 7i,). 

Consider, now, the thermal neutron density at a point in 
a formation. Let NO be the thermal neutron density after a 
delay time, to, following the neutron burst. Let to be long 
enough to permit the neutrons to reach thermal equilibrium. 
Then if neutron capture is the only process occurring, the 
neutron density, N, decays according to the equation: 

N = Noe-t’Tinr , (Eq. 3-11) 

where t is the time measured from to. 

If capture were the only process by which neutrons disap- 
pear, the measured decay time would be equal to the intrin- 
sic decay time, 7int. The 7int of a formation is related to its 
capture properties by: 
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4.545 
‘int 

=-, 
c abs 

(Eq. 3-12) 

However, neutron capture is not the only process occurring. 
The neutron diffusion effect is an important aspect in the ac- 
tual measurement. In a homogeneous medium, the diffusion 
of neutrons arises from spatial variation in the neutron den- 
sity. Therefore, the apparent decay time of the local neu- 
tron population contains both intrinsic decay time and diffu- 
sion time components. Without correction, the measured de- 
cay time is shortened below rinr. This effect will be greater 
at low porosities. The methods used to handle the diffusion 
component will be covered under the tool sections. 

Figure 3-18 shows schematically how the gamma ray count 
rate might typically vary with time after a fast neutron burst. 
At the extreme left, there is a rapid decay due to high ab- 
sorption rates in the borehole fluid and casing. Next, there 
is a practically straight line position corresponding to the 
region of formation decay of the neutron density. Finally, 
at the right, the curve flattens out; the readings here correspond 
to induced radioactivity in the formation and the sonde. 

1 1 1 I 1 
0 1000 2000 

Time (us) after Neutron Burst 

Fig. 3-18-Decay of capture gamma ray counting rate 

The TDT-K Tool 
The TDT-K tool provides values of thermal decay time and 
a ratio curve derived from the count rates of the two detec- 
tors. After the end of a tau-wide neutron burst the tool has 
a hardware delay of twice tau-formation to allow the bore- 
hole signal to decay, and an updated value of tau is deter- 
mined using the mainly borehole free count rates after delay. 

In Fig. 3-18, the “straight-line” part of the curve cor- 
responds primarily to exponential decay of the neutron den- 
sity. This part of the curve represents formation response, 
and it is here that the decay time must be measured. 

Figure 3-19 shows the thermal neutron decay for a 38% 
porous quartz sand containing water with 95,000 ppm sa- 
linity. Time zero represents the end of the neutron burst. 
The initial rapid decay is due to borehole effects. When the 
background counting rate is subtracted from the values of 
curve A, curve B with extended straight-line portion results. 

Borehole 
Effects 

I 
‘O 0 

I II I I I I I 
500 1000 1500 2000 

Time (ps) after Neutron Burst 

Fig. 3-19-Background counts are subtracted from total to 
give true exponential decay curve 

To measure the decay rate, the gamma rays detected at 
the sonde are counted over two discrete time intervals, or 
gates, which are chosen to fall within the exponential decay 
time. These detection gates are variable in time (after the 
neutron burst) and in duration. A third and later gate pro- 
vides the background count rate which is automatically sub- 
tracted from the counts of curve A. 

Log Presentation 
An illustrative log from this tool is shown in Fig. 3-20. Some 
of the data provided for formation evaluation are: 
l C, which is the thermal neutron capture cross section. The 

measurement is derived from the count rates of the near 
detector: 

c _ 4.545 
~, 

LoG - TLOG 

l a Ratio curve, which is computed from near (N) and far 
(F) count rates of the two detectors: 
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Ratio = 
N, - !A N, 

F,+F,-F, ’ 

The TDT-K ratio and C data can be used in charts such 
as those in Fig. 3-21 (Tcor-3, -4 or -5) to obtain an ap- 
parent porosity (4K) and an apparent water salinity. 

l a count rate display, which is a recording of the counting 
rates, N, and F,, from Gate 1 of near and far detectors. 
N, and Ft are uncorrected for background. The two 
curves are scaled to facilitate direct comparison. In some 
cases, as will be discussed, this display is useful for de- 
tecting gas. 

Sandstone, 7.in. Casing, IO-in. Borehole, Fresh Water Cement, Tool Eccentered 

I 
250K 

’ Y/ Apparent Water 

Fig. 3-21-Chart to derive apparent porosity and apparent 
water salinity from sigma and ratio values 

Factors Influencing TDT-K 7 Measurements 
With the TDT-K tool the recorded values, rLOG, may differ 
from ‘T~,~ because of the borehole environment, diffusion, 
and the geometry of the formation. The limitations imposed 
by these factors are discussed below. 

DifSusion Effect 
The detector of the TDT-K tool is located within the zone 
where, for homogeneous media, diffusion contributes to 
some decrease in neutron density during the measuring peri- 
od. Accordingly the measured decay time is shortened be- 
1OW Tint. 

Fig. 3-20-A typical TDT-K log presentation 

3-19 



CASED HOLE LOG INTERPRETATION PRINCIPLES/APPLICATIONS 

For practical TDT-K interpretation, the effect of diffusion 
must be compensated by using an apparent capture cross sec- 
tion equal to 1.6 times the true value for the rock matrix. 
This empirical rule results from the study of many logs. 

Efsects of Inhomogeneity and Borehole Environment 
A formation appears homogeneous to the TDT tool whenever 
the size of its heterogeneities is less than 1 in. (i.e., small 
compared to the distance the thermal neutrons travel before 
being captured). This is typically the case of rocks with in- 
tergranular porosity. 

However, the zone investigated by the tool also includes 
large-size heterogeneities (borehole fluid, cement sheath, cas- 
ing) . These all have some effect on the TDT-K measurement. 

When salt water is in the casing, the formation decay time 
is always much longer than the casing-fluid decay time. In 
this case, little borehole effect on the measured decay time 
is expected. When the saltwater-filled casing is large (9 in. 
or more), the counting rate is low, and the statistical varia- 
tions may be large. 

Freshwater and oil muds have long decay times, but not 
long enough to affect the measurement of hydrocarbon- 
bearing formations. On the other hand, the decay time of 
shales and saltwater-bearing formations may be significant- 
ly lengthened, particularly in a large sized hole. 

Oil wells logged while producing have less borehole ef- 
fect, probably as a result of the presence of either formation 
water (short r) or large amounts of gas (weak signal) in the 
oil column, and, at times, centralization of the tool by the 
tubing. 

It is difficult to set a practical limit on hole sizes required 
for reliable r measurements with the TDT-K tool because 
hole size is dependent on both the casing size and the nature 
of borehole fluid. 

Dual-Burst (TDT) Tool 
The Dual-Burst Thermal Decay Time tool uses a new method 
of analyzing the decay of a burst of fast neutrons in the down- 
hole environment. This method, called the diffusion model, 
uses a better approximate solution to the neutron diffusion 
equation than the exponential decay model. The benefit of 
this approach is that the algorithm solves for the actual for- 
mation sigma and the measurement is independent of the 
borehole fluid without the need for Log Interpretation Charts 
book corrections. This capability is of obvious benefit in time 
lapse logging where the composition of the borehole fluid 
can change over time and in a log-inject-log program where 
the borehole fluid is changed deliberately. In addition to the 
correct formation sigma, the Dual-Burst TDT tool also pro- 
vides a measure of the thermal neutron diffusion coefficient 
plus a neutron porosity measurement. 

The Dual-Burst TDT tool has an improved neutron gener- 
ator with doubled neutron output. The dual burst neutron 
generator system provides a short neutron burst and a long 
neutron burst to optimize the counting of capture gamma 
rays. The count rate after the short burst is low enough to 
permit counting gates to be placed very near to it in order 
to obtain a maximum borehole-to-formation-signal contrast. 
The count rate from the long burst remains high long after- 
wards so there is good statistical precision for the long for- 
mation decay component. This system permits high neutron 
output while controlling the effects of counting losses result- 
ing from dead time. The Dual-Burst TDT tool also provides 
improved formation-to-borehole signal ratio and vice-versa. 

The dual-burst timing is shown in Fig. 3-22. It illustrates 
the arrangement of the neutron burst and counting gates. The 
neutron bursts are shown by the cross hatch and the gates 
are shown in the dotted areas. The tool has 16 time gates 
for each detector, and a full measurement cycle includes 128 
repetitions of the dual burst plus a background check. 

I 
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Fig. 3-22-Dual-Burst TDT timing 

Diffusion Model 
The standard model describes the decay of thermal neutrons 
following a burst of fast neutrons in a borehole and surround- 
ing formation. The time-dependent neutron diffusion 
equation, 

-D v2 $(F;t) + C,+ = -; 2 + S(<t), (Eq. 3-13) 

where: 
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D = 
v2 = 

6 (‘3 = 

q& = 

thermal diffusion constant 
the LaPlacian operator 
neutron flux 
macroscopic absorption cross section of the 
medium 

V = speed of a thermal neutron 
S (rft) = thermal neutron source, 

is an approximation to the Boltzmann transport equation. This 
relationship can not be solved analytically in the logging en- 
vironment without several approximations. 

An analytical form of the solutions of the diffusion equa- 
tion was developed by solving it in a spherical geometry for 
two regions and two groups of neutrons-an adequate ap- 
proximation as proven by the results. The purpose of this 
calculation was to establish a trend for interpretation of mea- 
surements in laboratory formations. The time-dependent part 
of the solutions has the form: 

dct) - Ab t-Yb e-‘irb, Af t-Yf e-t/7f ; 

rf ?b 

(Eq. 3-14) 

where d(t) is the count rate in a gamma ray detector at time 
t, the impulse amplitudes Af and A, are functions only of the 
neutron slowing properties of the borehole and formation 
materials, the borehole geometry, and the neutron source in- 
tensity. rf and yb are diffusion parameters. Diffusion 
parameters are included in database measurements. In the 
Dual-Burst TDT tool software there are different parameters 
in the diffusion functions for the near- and far-spaced detec- 
tors. Diffusion effects are smaller in the response of the far 
detector than in the near. 

For the full 2-component processing, the interpolated diffu- 
sion coefficients from the data base are used as a starting 
point for a level-by-level interactive fine tuning of these 
coefficients in order to obtain the best fit between measured 
count rates and count rates reconstructed from the diffusion 
model. This approach, although slow and computer inten- 
sive, provides an actual measure of the thermal neutron diffu- 
sion coefficient which is beneficial for unknown or unusual 
borehole geometries and/or formation lithologies. 

The real-time wellsite computation uses a single compo- 
nent diffusion model. A correction is applied to compensate 
for any remaining contribution from the second component. 
The parameters that determine yfand yb in Eq. 3-14 for the 
near- and far-spaced detectors are interpolated from results 
obtained in laboratory test formations for different borehole 
geometries, for various formation lithologies , porosities , and 
contrast between formation and borehole cross sections. 
These database results were obtained by fitting the diffusion 
model to laboratory test formation data characterized in terms 
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of matrix cross sections, porosities, and formation fluid 
salinities. 

Data Base 
A data base was developed from laboratory measurements 
to test the diffusion model and to develop its parameteriza- 
tion for the Dual-Burst TDT tool. Currently, the data base 
consists of over 2500 measurements that covers 6-in., &in., 
lo-in., and 12-in. boreholes for sandstone, limestone, and 
dolomite formations. There are porous formations of 15, 33, 
and zero pu for each borehole size. The 6-in. borehole had 
a 4.5-in., 9.5 lb/ft casing. Two casing sizes were used for 
the 8-in. borehole formations: 6% in., 24 lb/ft and 5.5 in., 
14 lb/ft. One casing size was used for the lo-in. boreholes, 
7% in., 26.4 lb/ft and for 12-in. boreholes, 9 5/8 in., 40 
lb& There are five formation salinities and six borehole sa- 
linities for each of the porous test formations. In each bore- 
hole, measurements were made at four angles around the cir- 
cumference and one measurement was made with a l-in. 
standoff. The circumferential measurements were made so 
that azimuthal inhomogeneities in the test formations could 
be averaged. Over one million counts were acquired in the 
far detector in each measurement. At this level, biases in 
the parameter estimates are much less than the uncertainties 
in the formation characteristics. 

Analysis shows the results of the diffusion model to be 
independent of the value of the delay time after the neutron 
burst and it is possible to simultaneously use the data from 
all gates, even the ones following the short burst, to com- 
pute the formation capture cross section. An immediate 
benefit of this is the improved statistics of the measurement 
since the count rates from more gates can be used. This al- 
lows the Dual-Burst TDT answer to be derived from the far 
detector, less influenced by borehole effects, without the need 
for heavy vertical averaging detrimental to the vertical reso- 
lution of the measurement. Another benefit of the indepen- 
dence of the formation sigma measurement to the tool tim- 
ing system lies in the stability of the answer regardless of 
possible hardware design improvements modifying the tim- 
ing of the measurement. This is particularly important in the 
case of reservoir monitoring projects spanning over several 
years, where consistency over the complete duration of the 
project is required. 

The full 2-component processing, with its fine tuning of 
the diffusion coefficients to fit the measured data, is also in- 
dependent of the source-detector spacing. This independence 
of the diffusion model upon the spacing offers a valuable 
redundancy of the system; if one of the near or far measuring 
devices fails during logging, the data obtained by the second 
system is still valid. Usually, with both systems operational, 
comparison of the answers provided by the near and the far 
spacing detectors is a valuable log quality control tool. 
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Tests with varying borehole salinities of zero to 220,000 
ppm show a maximum borehole fluid effect of 5% of the 
true value with the diffusion model independent of the de- 
tector spacing (Fig. 3-23). The independence to borehole 
fluid of the formation sigma from the diffusion model is a 
large improvement over previous techniques and is particu- 
larly beneficial to log-inject-log and reservoir monitoring ap- 
plications, where differences of formation sigma are moni- 
tored under varying borehole fluid conditions. 

60 
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Fig. 3.23-Z-component diffusion model, sensitivity to bore- 
hole fluid 

Log Presentation 
A typical log presentation for the Dual-Burst TDT tool is 
shown in Fig. 3-24. The curves presented are as follows: 

track 1 GR Gamma Ray 
CCL Casing Collar Locator 
SIBH Corrected Borehole Sigma 

track 2 TPHI Porosity from the Dual-Burst TDT 

track 3 TSCF Total Selected Counts Far Detector 
TSCN Total Selected Counts Near Detector 
INFD Inelastic Counts Far Detector 

tracks 
2-3 SIGM Borehole Corrected Formation Sigma. 

The corrected borehole sigma (SIBH) is derived from the 
intermediate values of near borehole sigma (SBHN), which 
are from a tit to the early gate counts following the short burst. 

The porosity (TPHI) is derived from a ratio of formation 
gate counts and sigma; a borehole salinity correction has been 
made. 

r5p SIBH 
S! 
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Fig. 524-Typical Dual-Burst TDT log presentation 

TSCF and TSCN are gate counts that respond similarly 
to the overlay used in the TDT-K to show gas in the formation. 

INFD is the inelastic count gate during the long burst of 
the far detector. It will be affected by borehole environment, 
gas in the formation, and gas in the boreholc. It should be 
reasonably independent of the formation sigma and porosi- 
ty INFD helps to distinguish gas-tilled formations from tight 
porosity. 

The corrected formation sigma (SIGM) is derived from 
near formation sigma, far formation sigma, and borehole sig- 
ma. The near and far sigmas, SFND and SFFD respective- 
ly, are diffusion model tits to the late gates following the 
long burst. 

Quality Control 
Data from a second film is used for quality control. A typi- 
cal display is shown on Fig. 3-25 and the output is identi- 
tied as follows: 
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track 1 GR Gamma Ray 
FBAC Far Detector Background Counts 
MMOFt Minitron Monitor Far Detector 

depth 
track ISHU Shunt Current 

track 2 SFFD Diffusion Corrected Formation Sigma 
Far 

SFND Diffusion Corrected Formation Sigma 
N&W 

TCAFt Total Counts Analyzed Far Detector 

track 3 SDS1 Standard Deviation of Sigma 
SIGC Borehole Correction to SFFD 

+ Denotes items rilut appear only as “Lags 

Fig. 3-25-Dual-Burst TDT quality control log 

The MMOF and ISHU flags are indicators that the minitron 
is operating in the correct pressure mode. 

TCAF is the total number of analyzed counts in a given 
depth frame and will be affected by logging speed and the 
amount of fitwing applied. A minimum of 5000 counts for 
TCAF is required for good log repeatability. A flag will ap- 
pear on the quality control film whenever TCAF is less than 
5000 counts. Typical shale values to expect when the 
mini&on is functioning properly are TCAF > SXlO, INFD 
> 300, TSCF > 1200, and TSCN > 3ooO. 

The standard deviation of SIGM is computed and output 
as SDS1 and will reflect logging speed and filtering. The 
value of SDS1 is one standard deviation, which means that 

SIGM will repeat to within plus or minus SDS1 67% of the 
time, or to within plus or minus two times SDS1 95% of the 
time. The repeatability of multiple passes will be WOIS~ by 
some amount due to depth mismatching, tool orientation var- 
iances, etc. 

Log Example 

Figure 3-26 shows a 4-pass Dual-Burst TDT field log run 
through a carbonate reservoir overlain by anhydrite. The oil 
producer was completed in a 6%.in. open hole drilled 
through 7-in. casing. The borehole sigma values indicate that 
the oil water contact level had changed between the four log 
runs. However, the repeatability of sigma formation values 
are better than 0.5 C.U. throughout the zone, showing little 
effect from the borehole environment. 

Fig. 3.26-Dual-Burst TDT wellsite computation, 4.pass 
overlay 
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Dual-Burst TDT Computer Processing 
The full Z-component diffusion model is implemented as an 
offsite computation, since it is extremely computer intensive. 
For real-time wellsite computation, a simplified model was 
developed. 

The wellsite calculation is based on a single component 
diffusion model. The decay is treated as a single nonexponen- 
tial decay as described by the diffusion model. Thus, in very 
saline boreholes the sigmas from both the near and far spac- 
ing detectors are nearly correct. A single-component diffu- 
sion algorithm tit to the counts immediately following the 
short burst provides a borehole sigma. In addition, the code 
has a set of environmental corrections for specific wellbore 
geometry. The inputs required from the logging engineer are 
minimal: only hole size, casing size, and casing weight. 
Figure 3-27 shows an example comparison between well- 
site (single-component) and offsite (2component) processing. 

Fig. 3.27-Overlay of wellsite processing and computer 
center processing of Dual-Burst TDT log data 
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The wellsite calculation results in accurate sigma values 
in standard environments, but will lose some accuracy 
whenever the tool encounters conditions for which the diffw 
sion parameters have not been calibrated, such as shale. 

Vertkal Resolution 
The best repeatability between multiple passes will be ob- 
tained when the output of a nuclear logging tool is vertically 
averaged or smoothed. However, if the smoothing is applied 
too heavily, thin-bed resolution may be lost. 

The Dual-Burst TDT data may be recorded with a choice 
of depth-frame averaging (Table 3-4). Normally, recording 
would be made with constant TPDC set at 1. This provides 
repeatability of the same quality as that of the TDT-K tool 
but with better vertical resolution. Figure 3-28 shows three 
separate logging passes recorded at 500 fph and processed 
with the full range of TPDC settings. It can be seen that as 
the vertical averaging is increased the repeatability improves 
-at the expense of vertical resolution. The value of TPDC 
can be set according to client priorities. 

DeDth Constant Interval DeDth 
(T6DC) Setting Averaged (in.) 

none 6 
1 
2 ii 
3 42 
4 54 
5 66 

Table 3-4-Choice of depth-frame averaging with Dual-Burst 
TDT tool 

Porosity Determination from TDT-K Logs 
Ratio and C, entered into Chart Tcor-3, -4, or -5, yield an 
apparent porosity, $K, and an apparent formation-water sa- 
linity (Fig. 3-21), which permits a quick evaluation (as will 
be illustrated later in this section). 

The porosity index ($I~) found in this manner is a neu- 
tron porosity. Like other neutron porosities it is influenced 
by shaliness, gas, and matrix lithology. 

The TDT-K ratio curve can itself sometimes serve as a 
qualitative porosity curve in clean formations where C is 
constant. Under these conditions it may, when appropriate- 
ly scaled, be used like other neutron curves as an overlay 
curve with sonic or density porosity for the detection of gas. 
For quantitative use of ratio in water-bearing formations as 
a porosity cwve the ratio curve would have to be calibrated 
for the given conditions versus known porosities from another 
source. 
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Fig. 3.28-Vertical resolution vs. TPDC setting 

Porosity Determination from Dual-Burst TDT Logs 
The Dual-Burst TDT tool provides an improved porosity out- 
put, labeled TPHI, that is derived from a near-to-far count 
rate ratio, formation sigma, and borehole sigma. It is cor- 
rected for borehole size, casing size, and borehole and for- 
mation fluid salinity. The Dual-Burst TDT porosity is simi- 
lar to CNL porosity, as shown by the field log in Fig. 3-29. 
The porosity algorithms were constructed assuming casings 
to be fully cemented and centered in the borehole. The tool 
is presumed to have zero standoff from the casing. 

Above 40% porosity, the TDT ratio becomes insensitive 
to porosity. At that point the TPHI output is deliberately at- 
tenuated to avoid false readings. 

Gas Detection with TDT-K Logs 
The relative sensitivities of the Gate 1 count rates, N, (from 
the near detector) and Ft (from the far detector), are set so 
that the count rate curves overlay in water-bearing zones with 
little or no separation. The Nt-F, count rate display is use- 
ful for detection of gas zones in clean, high-porosity forma- 
tions by the separation of the two curves, with F, moving 
strongly to the left and N, slightly to the right (5100 ft zone 
of Fig. 3-20). In oil zones, F, often reads slightly to the left 
of N, and the curves tend to be parallel. 

In relatively low-porosity zones ($I = 15 - 20 pu), 

Fig. 3.29-Porosity comparison of TPHI (Dual-Burst TDT 
porosity), NPHI (CNL porosity), and DPHI (density porosity) 

particularly if the zone is limy, both NJ and Ft decrease to 
the right. There may be no separation or F, may be slight- 
ly to the left with the two curves parallel in a manner simi- 
lar to the oil saturation. Further decreases in porosity may 
make the zone look like gas. Knowledge of lithology and 
porosity is needed to distinguish gas in these cases. 

The N, and F, levels are also affected by hole and annu- 
Ins fluids. The lowest count rates occur in salt water, increas- 
ing slightly for oil and fresh water. The count rates increase 
markedly in gas-tilled holes and the ratio CUTW is useless 
for porosity derivation. 

Gas Detection with Dual-Burst TDT Logs 
The Dual-Burst TDT log provides a method for porosity- 
independent gas identification. A typical field log presenta- 
tion is shown in Fig. 3-30. Gamma ray (GR) and borehole 
sigma (SIBH) are presented in track 1, TDT porosity (TPHI) 
in track 2, and formation sigma (SIGM) over tracks 2 and 3. 

Also shown in track 3 are three count rate curves used for 
gas identification. Scaled presentations for far-detector count 
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Fig. %30-Gas identification resolved with a new output, INFD 

rate (TSFC) and near-detector count rate (TEN) are simi- 
lar to the TDT-K N, and F, count rates that are used to in- 
dicate gas. Porosity and lithology changes can cause count 
rate profiles similar to those encountered in gas zones. The 
inelastic count rate from the Dual-Burst TDT tool far detec- 
tor (INFD) curve helps to solve this problem. The INFD is 
sensitive to gas but not to porosity. 

Conventionally, the zone at 4910 ft would be interpreted 
as gas from the far/near count separation. However, INFD 
does not increase, indicating no gas effect. Openhole logs 
show that the interval is a 15 % porosity limestone. bed which 
appears between higher porosity sandstones. 

Openhole density/neutron logs through a sand/shale se- 
quence are displayed in track 1 of a Dual-Burst TDT log in 
Fig. 3-31, The zone “S” clearly shows gas effect on the 
density/neutron porosities, and is also defined by the three 
count-rate curves of the Dual-Burst TDT tool. 

Fig. 3.31-G% detection with 
hole logs 

Dual-Burst TDT log vs. open- 

TDT Interpretation 
Interpretation procedures of the Dual-Burst TDT logs are 
similar to those for the TDT-K logs except that diffusion and 
borehole corrections are not required on Dual-Burst logs. 

In the general case of a shaly, porous formation contain- 
ing water and hydrocarbon, one may write: 

&,G = (1 - Vsh - ‘+) &,,, + v,c,, + 

ds,,,&, + ‘# (1 - SW, Eh I 
- (Eq. 3-15) 

where: 

Q = formation porosity 
Vsh = volume of shale per unit volume of formation 
SW = volume fraction of porosity occupied by water 
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c ‘%h, ma’ C,, C,= a capture cross section of rock 
matrix, shales, water, and hydro- 
carbon, respectively. 

In Eq. 3-15 each highlighted group represents the relative 
volume of the corresponding component. In particular, the 
relative volume of rock matrix includes everything which 
is not shale or fluid; therefore, C, must represent not only 
the main rock minerals but also their impurities and cement- 
ing material. 

The expression for S, is as follows: 

(Eq. 3-16) 

In the simpler case of a clean (shale-free) formation: 

CLOG = (l-4)‘& + 4SJ, + cw-S,)qj 

(Eq. 3-17) 

and 

. 
(Eq. 3-18) 

To obtain the value of S,, Eq. 3-16 or 3-18 can be solved 
directly by use of Chart SW-12. In both cases the determi- 
nation of S, requires the knowledge of six independent 
parameters: 4, V,,, C,, C,,, C,, and C,. 

Matrix Capture Cross Sections 
The capture cross section of minerals can be computed from 
their chemical composition. Table 3-5 lists the computed cap- 
ture cross sections for most minerals of interest. 

Tint Clnt @ 20’ C 

Material (as) (C.U.) 

Pure Materials* 

Quartz (SiOz) 1070 4.25 
Calcite (CaCOs) 630 7.2 
Dolomite (CaCOa l MgCOs) 944 4.6 
Anhydrite (CaSO,) 367 12.4 
Gypsum (CaS04 + 2H20) 350 13.0 
Magnesite (MgC03) 3160 1.4 
Rock Salt (NaCI) 6.3 726.0 
Iron 23 198.0 

Water (H20) 205 22.2 

*Values computed from nuclear cross sections of constituent 
elements. 

FORMATION EVALUATION IN CASED HOLES 

Formation lithology is usually expressed in terms of rela- 
tive amount of sandstone, limestone, and dolomite. This in- 
formation (from log interpretation or local knowledge) usual- 
ly establishes the value of C,. However, the actual cross 
sections of sandstone, limestone, and dolomite encountered 
in practice may differ from the computed values for quartz, 
calcite, and dolomite due to the presence of associated miner- 
als and impurities. 

In practice, the average log-derived values listed in Table 
3-6, which take into account both the impurities and the diffu- 
sion effect, may be used for TDT-K logs. Preferably, 
however, C, should be determined by crossplot techniques 
described later. 

Formation 
Apparent Capture 

Cross Section 

Orthoquartzitic sand 8.0 C.U. 
Subarkosic sand 10.0 C.U. 

Limestone 12.0 C.U. 
Dolomite 8.0 C.U. 

Table 3-6-TDT-K log-derived values for capture cross 
sections 

Fotmation Water Capture Cross Sections 
Pure water has a capture cross section of 22.2 C.U. at 77 “F. 
Formation waters, however, contain salt in solution so that 
their capture cross sections are primarily a function of their 
salinities. Only slight effects are caused by pressure and tem- 
perature variations, since they affect only the density of the 
water. 

Chart Tcor-2 (top) shows C, as a function of total sodi- 
um chloride content at temperatures of 75 ’ and 200 “F. For- 
mation water may contain other elements in addition to so- 
dium chloride. Normally, only two of these are important 
in TDT interpretation: boron and lithium. Equivalent NaCl 
salinity may be computed by adding to the ppm of the chlo- 
ride ion, 80 times the ppm of boron, and 11 times the ppm 
of lithium. This sum is multiplied by 1.65 before entering 
Chart Tcor-2 (top). 

Analysis of a water sample obtained during production 
usually provides the best determination of water salinity. 
When the salinity is not too high, water resistivity comput- 
ed from openhole logs may also be used to evaluate the sa- 
linity. However, when the salinity is high a small error in 
R, produces a large error in salinity. 

Finally, C, can be determined graphically from crossplots 
(as will be explained later). 

Table 3d-Matrix capture cross sections 
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Hydrocarbons 
The capture cross section of a hydrocarbon is essentially a 
function of its hydrogen atom content, since hydrogen is the 
principal neutron capturing element. Hydrocarbon hydrogen 
content depends on the chemical composition of the oil and 
solution-gas and on the formation volume factor. 

C, for the liquid phase can be derived from Chart Tcor- 1 
(bottom) when the API oil gravity and the solution GOR are 
known. It can be seen from this figure that a value of C, 
= 21 C.U. should be a good approximation for most field 
conditions. 

The capture cross section of free gas varies greatly de- 
pending on gas composition, pressure, and temperature. 
Chart Tcor-1 (top) shows the capture cross section of methane 
as a function of temperature and pressure. A good approxi- 
mation of capture cross sections of other hydrocarbon gases 
is given by: 

c, = Cmethane x (0.23 + 1.4 y,) , (Eq. 3-19) 

where y, is the specific gravity of gas, taking rai,. = 1.0. 

Shales 
The capture cross section of shales is usually in the range 
from 35 to 55 C.U. The chemical composition of an average 
shale shows that boron or other thermal absorbers is the main 
reason for these large capture cross sections. Boron accounts 
for 34 C.U. or two-thirds of the total capture cross section. 
The balance is essentially due to hydrogen and iron, 

Znjluence of ZGid Invasion 
TDT logs run in open holes are influenced by invasion and 
therefore can only be used for evaluation of the flushed zone 
saturation. In a cased hole, the invading mud filtrate from 
drilling usually disappears from the porous and permeable 
water-bearing zones in a few days or weeks after completion. 

Invasion in wells which have been killed or shut in prior 
to TDT logging can give misleading results. In such a case, 
the invading fluid (salt water or oil in the casing) contains 
no water-loss control material; due to capillary or differen- 
tial pressure, it penetrates into the open or perforated inter- 
vals of sufficient permeability and quickly extends into and 
beyond the zone investigated by the TDT tool. 

Uncertainty due to invasion by casing fluids is eliminated 
by logging the well while it is producing so that there is no 
danger of contaminating the producing zones. If the well has 
been shut in, it is advisable to produce it for several days 
before running the log. Even this may not ensure that the 
entire section is producing normally; oil zones contaminat- 
ed by capillarity may still be nonproducing and appear wet 
on the TDT log. A flowmeter survey may be necessary to 
differentiate between these and the producing zones. 

Saturation Analysis Using TDT Logs 
Saturation computations from TDT logs depend upon the fol- 
lowing conditions: 
l water salinities of about 30,000 ppm or higher, 
l porosities greater than about 10 % , 
l reasonably shale-free formations, 
l known lithology (i.e., known C,&, and 
l known hydrocarbon type (i.e., known 2,). 

In addition, because of the relatively shallow investiga- 
tion of the TDT tool, it is necessary that any invaded zones 
shall have disappeared at the time the log is run. 

The porosity from TDT ratio can be used, but openhole 
logs or a cased hole CNL or sonic log are preferred. If the 
formation is shaly, the shale formation, F$h, must be esti- 
mated. In addition, the values of matrix and fluid capture 
cross sections must be known or determined by analysis in 
water zones. 

Clean Formations 
Level-by-level determination of S, in clean formations is 
made using Chart SW-12, Eq. 3-18, or by use of various 
crossplots. 

E - 4 and C -+N Crossplots 
When readings are available from several levels over a clean 
interval of constant lithology and water salinity, a C - 4 cross- 
plot (Fig. 3-32) may be used. If there are several water- 
bearing levels with enough spread in porosity, these may 

45 

Porosity 

Fig. 3-32-Crossplot of sigma and porosity for determining 
c me, E,, and SW 
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serve to establish the water line as the line through the most 
northwesterly plotted points. The water line, when clearly 
defined, will yield the value of C, (from the intercept with 
4 =0) and the value of C, (from the intercept with I$ = 100% 
or from [2 x C,, - C,]). Knowledge of C, and/or C, from 
other sources will help confirm the position of the line. 

The S,,, = 0 line for oil is drawn to join the matrix point 
(C = C,, 9 = 0) with the oil point (C, = 21,4 = 100%). 
Intermediate SW lines are drawn in by dividing the ordinate 
distances between S,,, = 0 and S,,, = 100 proportionately. 

Shaliness 
Additional information needed for shaly formations includes: 
l V,,: Estimated from the gamma ray (Fig. 3-33) or from 

other logs if available. 
l C,, and r&h: Estimated from TDT and neutron log read- 

ings in adjacent shales. 

Shaly formations may be evaluated by use of Chart SW- 12, 
by Eq. 3-16, or by use of the c-4, crossplot entered with 
the modified values d,,,.,. and C,, defined as: 

4 cm7 = +N - ‘S/I x +Nsh (Eq. 3-20) 

and 
c colr = ‘LOG - vsh(Esh - cm) . @CT 3-w 

As shown in Fig. 3-34, the corrected points on the c-&v 
plot should be translated in a direction parallel to the line 
joining the shale point to the matrix point. 

It must be remembered that the presence of shale affects 
both the TDT and neutron logs rather unpredictably. cSh 
varies between about 35 and about 55 C.U. and the figure 
read from the log in nearby pure shales may or may not be 
representative of the shale within the zones of interest. The 
determination of vSh from the gamma ray log is subject to 
variation. Thus accuracy decreases rapidly with increasing 
vSh. Observe in Fig. 3-34 that most of the corrected points 
are still above the SW = 100% line. In addition, use of the 
cased hole gamma ray log as a shale indicator may be inac- 
curate because of deposition of radioactive deposits on or 
near the casing. It may also be affected, to some extent, if 
the original hole diameter was not constant. Preferably vSh 
should be determined from clay (shale) indicators using open- 
hole logs. 

In favorable cases the C curve itself can be used as a shale 
indicator. If a Emin, corresponding to clean, hydrocarbon- 
bearing sands at irreducible water saturation and a c,h, cor- 
responding to shales, can be picked from the log, then 

V ‘LOG - Cmin 
sh = 

&h - ‘min ’ 
(Eq. 3-22) 

The amount of shale in water-bearing formations will be 
overestimated except in cases where ch = c,,,. Then the log 
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Fig. 3-33-Empirical Vs,, vs. gamma ray deflection 
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Fig. 3-34-Shale COrreCtiOnS applied in C - & CrOSSplOt 

will read C,, in clean sands and the C curve can be scaled 
directly in terms of v&. 

Extended Crossplot, C,, vs. +eq 
It was pointed out earlier that to determine E, and E, from 
the C - $I crossplot there must be some water-bearing zones 
and some large variations of porosity in the section under 
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study. When these conditions are not met, the extended cross- 
plot offers one alternative method. It consists of entering the 
crossplot with “equivalent” values obtained in the follow- 
ing manner: 

ev 4eq = i-4 <l-S,) (Eq. 3-23a) 

and 

c,, = bG - (1-Q x dJq 
l-4 (l-S,> * 

(Eq. 3-23b) 

S, and 4 are determined from OpenhOle logs. CLOG iS cor- 
rected for shaliness, if necessary, using Eqs. 3-20 and 3-21. 

It can be shown that Eq. 3-17 may be written in the form: 

Eeq = (1 -de,) Em + $eq X C, + 0%. 3-24) 

This equation is identical in form to the one for a water- 
bearing formation of the same lithology (same C,). Con- 
sequently any point (C,, de,) will plot along a straight line 
(100% water line). Variations in S, will produce the varia- 
tions in $eq needed to define the line in order that C, and 
C, can be determined. 

This procedure is reliable only when the values of S,,, and 
$J computed from openhole logs are reasonably accurate and 
when water saturation has not changed between the times 
of resistivity and TDT loggings. 

C, Calibration 
When there are no extensive, clean, water-bearing zones in 
the interval logged by the TDT, determination of C, and C, 
from the C - 4 and C -Rt crossplots is unreliable. In such 
a case the following approach may sometimes be useful. 

Rearrange Eq. 3-16 to put it in the proper form for cal- 
culating a value of C,: 

(Eq. 3-25) 

Values of r/~, S,,,, and Vsh are derived from the interpreta- 
tion of openbole logs. The value of C,, is taken from the 
TDT reading in adjacent shale beds. C, is estimated from 
formation-water salinity or from known values in the area. 
The calculation assumes that the values of $J and V, have 
not been changed by acidizing or treating and that the satu- 
ration response (S,, C,,,) of the TDT corresponds to the R,,,, 
S, value from the openhole logs. This latter condition will 
not be satisfied for a TDT run too soon after the start of 
production, where the filtrate of the invaded zone has not 
had time to dissipate. However, the TDT log used must have 
been run before any appreciable depletion has taken place. 

The calculated values of C, are crossplotted versus cor- 
responding values of V,, = (1 -d, - vsh) over the reservoir. 

. . . . . . . ..*..*....*. . . 
Freqiency i 
Crossplot : . . . .,....*,..,,....... . . . . . . . . . . 

I 
. . . . 5.,...*..*....,,..*...,.,................. 

80 90 100 

V ma, Volume of Matrix (O/o) 

Fig. 3-35-Determination of C, from crossplot 

Figure 3-35 shows this done in a frequency crossplot. Subject 
to the above conditions, the crossplot usually shows a ‘Yun- 
neling” of points with increasing Vm, toward a reliable 
value of C, at 100% volume of matrix. The column of 
numbers in the right margin of the chart also help in this 
determination. These numbers show the total number of plot- 
ted points for each value of C, (calculated). On Fig. 3-36 
a value of C, around 9.5 C.U. is indicated. 

Once C, is established, a C-4 plot (where C has been 
corrected for shaliness according to Eq. 3-21) can be used 
for estimation of C,. (Or, more effectively, a C -4 Z-plot, 
with S, as the Z variable, may be used.) The TDT water 
saturation can then be computed. 

Dual Water Model 
The current interpretation model used for S, calculations 
from TDT data is the Dual Water Model. The model assumes 
that water in clean reservoir rock (movable plus irreduci- 
ble, or free water) may or may not have the same salinity 
as the water bound to clay particles in shales (bound water), 
due to various geophysical and/or petrophysical processes 
such as depositional environment and diagenesis. Non-zero 
differences between bound and free water salinities must be 
accounted for before a final S, determination can be made 
from TDT data. 

Thus, the response equation is written: 

c LOG = ‘ma %a + vw~?va + v~bcwb 

+ VhCh + v/& . (Eq. 3-26) 

The following terms may be written: 
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Fig. 3-36-Graphical determination of Swt 

Vwf = 4r s, - 4r &, = 4r <&l - %d 
V wb = 6 $wb 

vnlu = 1 - bt - v, . 

An assumption is now made: C, = C,. In other words, 
the thermal neutron capture cross section of the reservoir 
rock matrix is approximately the same as that of a dry shale 
matrix, K. This assumption may or may not be correct, but 
is probably valid where the shales consist predominantly of 
silts and rock type material (e.g., calcite cementation of silts) 
and where dry clay colloids appear to be silty. It must be 
noted that some dry clay colloids, notably chlorite, have high 
capture cross sections. Fortunately, the volumes of high C 
colloids are small, thus the above assumption may be valid 
for most shales and shaly reservoir rock. 

Using the assumption C, = C,, it follows that: 

FORMATION EVALUATION IN CASED HOLES 

Conventional SW and 4, are obtained from: 

and 

4t = 4t (1 - VdJ * (Eq. 3-29) 

Graphical Determination of S, 
Chart SW-17 in the Log Interpretation Charts book can be 
used for graphical interpretation of the TDT-K log. In one 
technique, applicable in shaly as well as clean sands, C,, 
is plotted versus bound water saturation on a specially con- 
structed grid. To construct this grid three fluid points must 
be located: a free water point (C,& a hydrocarbon point 
(C,), and a bound water point (cwb) (Fig. 3-36). The free 
(or formation) water point can be measured from a forma- 
tion water sample, from Chart Tcor-2 if water salinity is 
known, or from the TDT-K log in a clean, water-bearing 
sand using Chart Tcor-3, -4, or -5. 

The hydrocarbon point, also located on the left side of the 
grid, can be determined from Chart Tcor-1 based upon the 
known or expected hydrocarbon type. The bound water point 
can be obtained from the TDT-K log in shale zones using 
Chart Tcor-3, -4, or -5. This point is located on the right 
side of the grid. 

The distance between the free water and hydrocarbon 
points is linearly divided into constant water saturation lines 
drawn parallel to a line connecting the free water and bound 
water points. 

Apparent water capture cross section, C,, is determined 
from Chart Tcor-3, -4, or -5 and then plotted versus bound 
water saturation SW, to determine SW,. SW, can be estimated 
from the gamma ray log or other bound water indicator logs. 

Knowing the’total water saturation and the bound water 
saturation, the effective water saturation can be determined 
using Chart SW-14. 

Apparent water salinity, as obtained from Charts Tcor-3, 
-4, or -5, can also be plotted on Chart SW-17 instead of the 
apparent capture cross section. Construction of the chart and 
its use are similar. 

Computer-Processed Interpretation 
Figure 3-37 is an illustrative example of computer-processed 
TDT interpretation. The Cyberscan* log is a wellsite evalu- 
ation based on the dual water interpretation model. Essen- 
tial log measurements come from the TDT log, but, as with 
all cased hole log interpretations, the results can be enhanced 
with additional input from other logs such as NGS and total 
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porosity from openhole logs. The presentation shown is as 
follows: 

in track 1, the T/sh curve; 
in track 2, Sigma Water Apparent (SIWA), Sigma Water 
Wet (WSIG), and Gas Indicator; and 
in track 3, water saturation (SWC), porosity (PHIE), and 
&$ (water content) curves. The separation between them 
(dark shaded) is @, (hydrocarbon bulk volume). 

A TDT Cased Reservoir Analysis log is shown in Fig. 3-38. 
The program for this computing center evaluation is also based 
on the dual water interpretation model. The TDT data sup- 
ports a limited standalone interpretation, but more reliable 
results are achieved when other cased hole and openhole log 
data are also available. Three levels of presentations are avail- 
able depending on the data available: Level l-only TDT- 
GR data; Level 2-openhole porosity data; Level 3-results 
from VOLAN* or GLOBAL* openhole programs. The Lev- 
el 3 presentation shown in Fig. 3-38 is as follows: 
9 on the left side, the depth column and a well sketch show- 

ing the tubing, packer, perforations, etc. The sketch uti- 
lizes openhole caliper data when available; 

l in track 1, cased hole GR log, openhole SP curve; 
l in track 2, openhole porosity (PHI), gas indicator flag; 
l in track 3, cased hole and openhole water saturation 

curves; and 
l in track 4, bulk volume analysis. 

The bulk volume of water comparison from the openhole 
and cased hole data shows how the reservoir is depleting. 

GAMMA RAY SPECTROMETRY TOOL (GST) 

Introduction 
The GST gamma spectrometry tool measures the gamma rays 
resulting from interactions of neutrons with the different ele- 
ments in the formations. The number of gamma rays and 
their energies form a spectrum which is recorded versus 
depth. These spectra are compared to signatures of the ele- 
ments most commonly found in sedimentary rocks and their 
pore fluids. The number of gamma rays attributed to each 
of these common elements is presented as a percentage of 
the total gamma ray spectrum (relative yield). These elemen- 
tal yields are used to calculate basic petrophysical parameters: 
namely lithology , shale volume, porosity, pore fluid types, 
and saturations. 

The GST tool is operated in two modes: inelastic and 
capture-tau. In the inelastic mode, the tool is operated in 
either a stationary position at predetermined depth settings 
or in a continuous mode. Statistical precision is improved 
by averaging repeat passes. The gamma rays detected are 
the result of high-energy neutron interactions and occur 

during the neutron burst. Common elements detected are car- 
bon (C), oxygen (0), silicon (Si), calcium (Ca), sulfur (S), 
and iron (Fe). 

The capture-tau mode measurements are made with the 
tool in motion, The gamma rays detected are the result of 
thermal neutron absorption. This reaction occurs after the 
neutrons have slowed to the thermal energy level. Common 
elements detected are hydrogen (H), silicon (Si), calcium 
(Ca), chlorine (Cl), iron (Fe), and sulfur (S). A formation 
capture cross section (sigma) is also computed. 

The GST elemental yields can be related to specific miner- 
als or fluids found in the formations. GST yields and cor- 
responding minerals or fluids are: 
H H,O, clays, oil 
Ca CaC03, CaMg(CO&, CaS04, CaSO,(H,O), 
Si SiO, , clays 
Cl NaCl 
S S, CaS04, CaS0,(H,0)2 
Fe FeS,, clays 
C Hydrocarbon, CaC03, CaMg(CO&. 

By using the relationship between GST elemental yields and 
these minerals and fluids, formation characteristics such as 
lithology , porosity, fluid salinity, and hydrocarbon satura- 
tion can be calculated. 

Principles of the Technique 
The GST tool consists of a pulsed-neutron accelerator 14 
MeV neutron source and a complete spectrometer system 
using an NaI detector and a multichannel data acquisition 
system. Gamma ray spectral intensities are analyzed in 256 
channels covering an energy range of O-8 MeV. All spec- 
tral information is sent uphole to a CSU unit for processing. 

There are two major categories of gamma-ray-producing 
interactions used by the GST tool: fast neutron interactions 
and neutron capture interactions. 

Fast Neutron Interactions 
l This group involves inelastic scattering and neutron reac- 

tions (Fig. 3-39). 
l Inelastic scattering involves the scattering of a neutron by 

the formation nuclei. The neutron energy is then reduced. 
Energy conservation is then accomplished by the release 
of gamma rays of specific energy. 

l Fast neutron reactions can be the emission of an alpha par- 
ticle leaving the nucleus in a temporarily excited state, fol- 
lowed by delayed gamma ray emission. Some of these 
resulting nuclei can be relatively long lived, emitting the 
so-called activation gamma rays. 
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Fig. 3-37-Cyberscan wellsite computation of TDT data Fig. 338-TDT Cased Reservoir Analysis Log 
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Fig. 339-Inelastic standards 

Neutron Capture Interactions (also Called 
Thermal Absorption) 
l This is a relatively slow process which generally occurs 

after the fast interactions. Neutrons from the tool are 
slowed to thermal levels through collisions. The thermal 
neutrons are absorbed by the formation nuclei. The result- 
ing nucleus becomes excited and emits characteristic gam- 
ma rays (Fig. 3-40). 

Among the commonly occurring elements giving detecta- 
ble gamma ray yields from fast neutron interactions @imar- 
ily inelastic scattering) are C, Ca, Fe, 0, S, and Si. Some 
elements that contribute to capture reactions are Ca, Cl, Fe, 
H, S, and Si. 

The gamma rays emitted from formation nuclei are limit- 
ed to specific well-defined energies. Each element (isotope) 
has a characteristic set of gamma rays that can he emitted 
from a given neutron interaction. Therefore, an element can 
be identified by its gamma ray signature, or spectrum, if the 
type of neutron interaction is known. The energies of the 
neutrons emitted from the source are known and, consequent- 
ly, the type of neutron interaction taking place in the forma- 
tion can be determined. 

The GST tool can be operated in either of two timing 
modes. The modes are “inelastic,” responding to fast reac- 
tions and “capture,” which responds to the thermal absorp- 
tion process. Lithological and reservoir information are then 
defined from the tool’s response. Since the energies associat- 
ed with gamma ray emission are unique to individual ele- 
ments, the presence of an element can be established by the 

0 1 2 3 4 5 6 7 8 
Gamma Ray Energy (MeV) 

Fig. 3-40-Capture standards 

presence of a set of gamma rays of characteristic energy. 
The concentration of that element is related to the intensity 
of emission (count rate). 

The inelastic mode has a fixed timing cycle (Fig. 3-41). 
Gamma rays from fast neutron interactions are detected dur- 
ing the neutron burst itself. A short “capture background” 
gate is used to measure capture events that may have cor- 
rupted the inelastic spectrum. A “late capture” gate is also 
used to record capture spectrum during inelastic mode. 

Neutron Burst 
Inelastic Mode cm Time (@) - 

Inelastic 6 100 
7-W 

Count Rate 
L- Capture/Capture 

a4 100 
Late Capture 1 ] Burst 1 

l-l l-l r! 

Burst Background Net Inelastic Capture 
Spectrum Spectrum Spectrum Spectrum 

Fig. 3-41-GST inelastic mode timing program 
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These three spectra are digitized downhole and sent up to 
the surface computer by telemetry. The capture background 
is subtracted from the inelastic spectrum to give a “net in- 
elastic” spectrum. At regular sampling intervals, a weight- 
ed least squares spectral fitting analysis is performed. The 
spectra are simultaneously recorded on magnetic tape. 

In capture mode, the delay between the neutron burst and 
the measurement of the capture gamma ray spectrum is in- 
creased to allow borehole contributions to die away. The tim- 
ing is varied continuously according to a simultaneous mea- 
surement of decay time, 7. 

As an example, the spectra in Fig. 3-42 were obtained in 
a laboratory, oil-saturated (4 = 36%) sandstone with a 7-in. 
(17.8 cm) saltwater-filled casing cemented in a lo-in. (25.4 
cm) hole. The characteristic peaks of the constituent elements 
are seen superimposed on a background of Compton- 
scattered gamma rays. 

looor k 

Gamma Ray Energy (MeV) - 

Fig. 342-inelastic and capture spectra measured in labora- 
tory formation 

Several features of the different modes are shown in Fig. 
3-42. Working from top to bottom, the top spectrum is a 
capture-background-corrected, inelastic spectrum. The sec- 
ond is the capture spectrum available from inelastic mode. 
The third and fourth spectra are both capture spectra. No- 
tice the reduction in the borehole effect due to the capture 
tau timing mode. Further reduction is obtained by use of the 
(boron) fluid excluder sleeve. This is particularly noticea- 
ble on the chlorine yield, which, since we know the sample 
is oil-saturated sandstone, is entirely a borehole signal. The 
reduction in chlorine yield gives improved sensitivity to all 
the formation yields. 

Log Presentation 
The relationship between the GST yields and common 

elements in minerals and fluids found in formations are 
shown in Table 3-7. Several elements are indicative of more 
than one mineral or fluid, as is the case for carbon. 
Knowledge of lithology and porosity is required to predict 
hydrocarbon and water content. 

C = Hydrocarbons, Limestone (CaCOs), Dolomite 
GaMWWd 

H = Water (H20), Clays, Hydrocarbons 

Ca = Limestone (CaCOs), Dolomite (CaMg(C0s)2), 
Anhydrite (CaS04) 

Si = Quartz (Si02), Clays, Silts 

Cl = Chloride Salts (NaCI) 

s = Sulphur (S), Anhydrite (CaS04), Pyrite (FeS2) 
Fe = Pyrite (FeS2), Clays 

Table 3-7-Yield-mineralogy and fluid relations 

In order to present log curves that can be related to for- 
mation parameters, several ratios of the measured yields are 
presented. These ratios are shown in Table 3-8. 

Interaction Name Label 

Inelastic Carbon-Oxygen Ratio COR 
Capture Salinity-Indicator Ratio SIR 
Capture Porosity-Indicator Ratio PIR 
Capture Iron-Indicator Ratio IIR 
Capture & Lithology-Indicator Ratio LIR 
Inelastic 

Table 3-8-GST logging curves presented 

Figure 3-43 shows a GST log recorded in both capture- 
tau and inelastic modes. The sigma curve is displayed along 
with the indicator ratios and the sulfur yields. 

A Gradiomanometer (fluid density) log was run before the 
GST log to locate the oil/water contact. The shifts on the SIR, 
PIR, and Carbon/Oxygen (COR) ratio curves indicate that the 
oil/water contact was moving up during the logging runs. 

The lithology indicating ratio (LIR) is near zero in the dolo- 
mitic limestone. There is an increase in sulfur yield above 
4942 ft, accompanied by a higher sigma as the anhydrite 
caprock is approached. 

The major oil/water contact is at 4986 ft. The contact is 
clearly detected by a COR increase from about 0.20 in the 
depleted section to 0.27 just above. This is accompanied by 
a large decrease in sigma and a decrease in SIR, which indi- 
cates that water salinity is still high. 

Above the wellbore fluid interface, high COR (good 
porosity) corresponds to the undepleted part of the reservoir. 
This correlates with low sigma and SIR. However, in this 
section, from 4970 to 4959 ft, a premature breakthrough has 
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Fig. 3-43-Continuous capture logging and stationary inelas- 
tic logging in a clean carbonate reservoir 

occurred along a high permeability layer. It is characterized 
by a marked dip in the COR readings. The associated in- 
crease in sigma and SIR suggests that this is an influx of rela- 
tively saline water. 

Figure 3-44 is the computed hydrocarbon interpretation 
of COR. It is compared with the evaluation of sigma made 
assuming a sigma water representing the original high con- 
nate water salinity. In the comparison with initial hydrocar- 
bon in place, the shaded area represents total depletion since 
drilling in 1976. 

The close agreement between the COR and sigma results 
suggest that the incoming water is still at or near its original 
salinity. A computation of salinity was made from SIR 
(capture-mu), and is shown on the left of the figure. There 
appears to be some freshening of the water at the break- 
through; however, the response of SIR here is due primari- 
ly to the increase in water saturation. 

Carbon/Oxygen Interpretation 
The ratio of the carbon and oxygen yields from weighted- 
least-squares processing can be related to formation 
parameters from the following equation: 

COR = 
Spectral Carbon Yield 
Spectral Oxygen Yield 

= Aa U-4) + Pd$, + BC 
r(1--4,)+W~,,,+Bo * 

(Eq. 3-30) 

- 

- 

.9x 

I Reservoir Monitoring 1 

I GST vs TDT 

Salinity Index 

I (1979)(1979) 
(kppm) 250 50 o/o 0 j0 O/0 0 1 

L 

Fig. 3-44-Cased Reservoir Analysis of log in Fig. 3-43 

Since inelastic reactions occur rapidly and close to the tool, 
the equation contains borehole contribution terms as well as 
atomic concentration and relative cross-sectional constants. 
The definition of these constants is: 
A = ratio of average carbon and oxygen fast neutron 

(gamma ray-producing) cross sections 

2L 
“i0 

B,, Bo= carbon and oxygen contributions from the 
borehole 

%J = water saturation 
a = atomic concentration (moles per cubic centimeter) 

for carbon in matrix (lithology dependent) 
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fi = atomic concentration of carbon in formation fluid 

Y = atomic concentration of oxygen in matrix (lithology 
dependent) 

6 = atomic concentration of oxygen in formation fluid 

4 = porosity 
S, = oil saturation = (1 -S,). 

With a knowledge of lithology and porosity from external 
sources or calculations from capture yields (see later) mini- 
mum and maximum expected values for COR may be cal- 
culated by assuming S, = 1 and 0, respectively. 

This gives the two simplified versions of Eq. 3-30: 

For S, = 1, 

CIO,, = A 
= (1-d) + B, 

r(l-$) + &#I + B, * (Eq* 3-31) 

ForS, = OandS, = 1, 

CIO,, = A 
= (l-4) + P$J + B, 

~(1-44 + B, ’ 
(Eq. 3-32) 

Lithology, C/O,,,, and C/O,, may be plotted before record- 
ing the inelastic stations (Fig. 3-45). The measured C/O at 
each station is then plotted and interpolation between CIO,,, 
and CIO,, provides a quick estimate of water saturation: 

CIO,, 
SW = ClO,, 

- cioLOG 
- ClO*, ’ 

(Eq. 3-33) 

Because the value of C/O,, and ClO,, are in constant flux 

they must be read from the log at each station. 
The measurement at 730 ft gives: 

SW = 
1.25 - 0.80 = 4oo/ 
1.25 - 0.13 

0 . 

Since SW appears in both numerator and denominator of the 
C/O equation, this interpolation is not truly linear; therefore 
this technique should be used only as a “quicklook” 
estimation. 

Charts GST-1 or GST-2 in the Log Interpretation Charts 
book permit the determination of SW from COR measure- 
ments made with the GST tool (Fig. 3-46). The COR and 
porosity are entered on the appropriate chart (dependent upon 
borehole and casing size). Water saturation is defined by the 
location of the plotted point within the appropriate matrix 
“fan chart”. 

Capture Mode Interpretation 
In capture&u logging porosity, lithology and formation fluid 
salinity can be determined in real time, or at a later stage 
in the computing center. These computations require input 
of hole size, casing grade, approximate cement thickness, 

Bulk Volume Analysis 

800 

C/O Ratio 

2.5 

i 

Fig. 3-45-Water saturation from COR ratio 

and borehole salinity. Gamma ray, sigma, and some syn- 
thetic sigma curves are also plotted. 

A Dual Water Model is used for the sigma interpretation. 
This is shown schematically in Fig. 3-47, where the total 
capture cross section CLOG is the sum of the various sigmas. 
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Fig. 3-46-GST-1 chart for determining S, from COR and 
porosity data 

Clog = %vb&vb 

%&I 

b&s + 

VhCh 

LfLf 

Fig. 3-47-Dual Water Model for capture mode interpretation 

Vti Cd = product of the volume and cross section of free 
water 

‘h ‘h = product of the volume and cross section of 
hydrocarbon 

V,, C, = product of the volume and cross section of matrix 

v,, Ccl = product of the volume and cross section of dry 
clay 

V,,,b C, = product of the volume and cross section of bound 
water 

The example in Fig. 3-48 is the preliminary interpretation 
(pass 1). 

GR 1% 

_ - a - -‘2! c 

Cwaw 1x .-----_-__. 

- 

4800 

0900 

- 

Fig. 3-48-Sigma computations from Dual Water Model 

The synthetic sigma curves are computed using a sigma 
matrix (C,) calculated from GST lithology data. The ap- 
parent fluid cross section, C,,,,, is computed from GST 
chlorine measurement and c,,,, from CLOG and 4,. 

An apparent clean formation cross section (C,.) can be 
reconstructed as follows: 

c, = tit qv,,, + (1-Q c, * (Eq. 3-34) 
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The lithology analysis indicates a calcite base with silicon 
base lithology above. Comparison of the measured (CLOG) 
and reconstructed (C,) cross sections shows a good overlay 
in the limestone, but a divergence in the shallower zone. 
Clearly, this is shale rather than sandstone. This is support- 
ed by the gamma ray data. 

The apparent water cross sections (CWaP , C,,,J also agree 
in clean limestone but differ in the shale. f he curve (CwaP ) 
having the lower value in the shale is computed from G J T 
salinity. This indicates that the relatively high reading of 
c ,wapp computed from CLOG in the shale is due to nonchlo- 
rme absorbers in the clay and not chlorine in bound water. 

Using the reconstructed sigma curve displayed in Fig. 3-48 
allows calculation of clay content: 

Vcl can also be calculated from the gamma ray and the 

=?tU?.X -C,, approach. 
The following “picks” are made from the pass 1 log: 

c cl = capture cross section of clay 
c wb = capture cross section for bound water 
c wf = capture cross section for free water 
c min = minimum sigma (clean formations) 

LX = maximum sigma (shales) 

GRmin = minimum GR (clean formations) 

%lO..X = maximum GR (shales). 

The shale corrected results are displayed in Fig. 3-49 with 
free water, bound water, and hydrocarbon volumes also in- 
dicated. The method has been found to give good results for 
porosity and Vcp SW can only be computed from capture data 
if there is a sizable difference between Cwf and C, (when 
the formation water is relatively saline). C,, the capture cross 
section of the hydrocarbon, is assumed to be known. 

Applications 
Combinations of elemental yields measured with the GST 
tool are used to evaluate: 
l oil saturation behind casing 
l hydrocarbon depletion and waterfront movement, indepen- 

dent of salinity 
l formation and/or flood water salinity 
l development of gas caps 
l formation characteristics such as porosity, lithology, and 

shaliness 
l identification of special minerals 
l steam front and CO, front monitoring 
l coal quality 

Gamma Ray 
API Units 

D 1% 
Fluid Salinity 

D ,---- PPK ---- 25! 

Bulk Volume Analysis 

Fig. 3-49-Bulk volume analysis of log data from Fig. 3-50 

The service is particularly applicable in formations where 
the analysis of Thermal Decay Time logs may not provide 
needed answers such as: 
l low-salinity or unknown-salinity formation waters 
l monitoring sweep efficiency of waterflood projects 
l mixed or complex lithologies. 

The example in Fig. 3-50 shows an analysis of bulk volume 
matrix calculated from data acquired in the capture-tau mode 
and measured COR plots made through a freshwater, shaly 
sand zone. The 45 to 50% water saturations, calculated from 
CO data located a productive oil zone at 2280 ft. 

The well shown in Fig. 3-51 is part of an active water- 
flood project. The well, when first drilled and completed, 
had no evidence of a floodwater breakthrough. The connate 
water salinities were known; therefore, accurate water satu- 
ration calculations from resistivity and porosity data in the 
open hole were possible (shown as the solid line in track 3). 
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Fig. 3-50-COR data reveal oil in freshwater zone 
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Fig. 3-51-GST computation in a water flood project 

There is no indication of high water saturation in the zone 
of interest between 3499 and 35 18 ft, as shown by the open- 
hole logs. 

The well was perforated above and below the lime stringer 
at 3508 ft. However, soon after completion, water produc- 
tion increased sharply and oil production decreased. The 

water analysis indicated a mixture of natural and flood 
waters. 

A cased hole logging program was needed to detect the 
water-producing zone. Since the salinity of the naturally oc- 
curring waters was only about 20,000 ppm, the salinity of 
the flood waters was 3000 ppm, and the salinity of the com- 
mingled waters was unknown, an analysis using sigma from 
a conventional pulsed-neutron tool was not possible. There- 
fore, COR data was recorded for use in detecting water 
breakthrough. 

Station measurements were recorded every 2 ft through 
the sand, and, as can be seen by comparing the water satu- 
rations computed from openhole resistivity with the CO data, 
the water was coming from the lower part of the lower sand 
lobe. A bridge plug between the two sets of perforations was 
all that was needed to correct the problem. 

Proper modeling of the formation into the COR analysis 
is essential to achieve quality water saturation computations. 
The GST lithology data indicate the zone at 3480 ft to be 
a sandy, limy shale. A higher than normal COR was mea- 
sured opposite this interval. Modeling in the correct amount 
of carbon associated with the volume of limestone causes 
the calculation of COrnin to be high also and to agree with 
the recorded value. Therefore, the resultant computation of 
high water saturation indicates no hydrocarbons. 

The example shown in Fig. 3-52 is from a well with mixed 
lithologies. The minerals identified by the different logging 
tool include carbonates, sandstone, and anhydrite, and, as 
a complicating factor, the zones are quite shaly. 

GST cased hole data and openhole data from the Litho- 

Fig. 3-52-Comparison of openhole and cased hole GST 
lithology 

3-40 



FORMATION EVALIJATION IN CASED HOLES 

Density*, compensated neutron, borehole compensated sonic, 
and gamma ray logs were used. The GST, sonic, neutron, 
and gamma ray data can be obtained in cased hole and used 
for interpretation when insufficient openhole data are available. 

The interpretation program used for the other examples 
is a fixed, deterministic model. A different model and in- 
terpretation driver has been used in this example for both 
the openhole and cased hole data. A set of linear tool response 
equations with linear inequality constraints was used for the 
computation. Various logging tools are selected by the analyst 
so that an overdetermined situation exists-more tools than 
minerals selected. Certain logging measurements are weighed 
according to their statistics, confidence, and relevance to the 
interpretation. The unknown volume of minerals is solved 
by a quadratic algorithm that minimizes the incoherence 
among the different tool readings. 

This program allows the analyst to easily add or substract 
minerals and other logging measurements as necessary. Thus, 
for a traditional openhole lithology computation, the GST 
data can supplement the openhole data as it is added to the 
interpretation model. In this example, the openhole data are 
computed without the GST data; the sonic, neutron, and gam- 
ma ray measurements are used with the GST data for a 
separate computation. The openhole computation is presented 
in the left half of the plot and the cased hole computation 
is presented in the right half. 

Although the openhole and cased hole computations are 
made separately, the same tool response equations and 
parameters are used when there is a duplication of data, such 
as for the neutron. Both programs have the same minerals: 
sandstone, dolomite, anhydrite, illite clay, and porosity 
(water). No hydrocarbon saturation determination was at- 
tempted in this computation so all the porosity is water filled. 

In the openhole computation, there are sufficient data to 
accurately extract the mineral volumes. The correct descrip- 
tion of anhydrite and dolomite is somewhat complicated by 
the large volume of clay. The @, and U VdUeS for these three 
minerals are not sufficiently unique to keep the incoherence 
from a greater than minimum value. However, the less 
weighted tools of sonic and gamma ray are useful for calcu- 
lation of the clay volumes. 

The GST computation produces a close match to the open- 
hole data with only slightly greater incoherence. In fact, an- 
hydrite zones show smaller incoherence than the openhole 
computation because of the measurement of sulfur. Elemental 
sulfur as measured by the GST tool is unique to anhydrite 
for all the minerals allowed in this computation. The GST 
computation also provides a lithology indicator ratio (LIR), 
which is a measurement of the ratio of silicates and calcites. 
In this example, this ratio is useful in distinguishing sand 
and clay from dolomite and anhydrite. 

The GST gamma spectrometry tool makes a valuable 

contribution to the expansion and reliability of cased hole 
logging techniques for the detection and recovery of 
hydrocarbons. 

Reservoir Monitoring 
The monitoring of reservoirs with cased hole logs can be 
accomplished with the CNL, TDT, or GST tools depending 
on the information needed and the mechanical constraints 
involved. In most cases the Dual-Burst TDT tool is the best 
choice because of the 1 **/la-in. size and the absence of bore- 
hole environmental effects. 

Produiztion Monitoring 
In the time-lapse technique each TDT log is compared with 
one or more TDT logs run earlier in the life of the well. 
Differences between successive logs will reflect either 
changes in water saturation, or salinity or changes in the na- 
ture of the hydrocarbon. Preferably a “reference” log is run 
soon after production has begun, but after a sufficient peri- 
od of time has elapsed for the filtrate-invaded zone behind 
casing to dissipate. For this reference log, then, formation 
conditions in terms of fluid levels and saturations should be 
similar to those for the openhole logs. 

Multiple logging TDT-K runs were made in the well shown 
in Fig. 3-53 over a 5-yr period. Of these, four are presented 
which represent logs made when the well’s water cut was 
0, 5, 16, and 39%. For time-lapse measurements, changes 
in water saturation can be calculated as: 

AC 
A %J = f#l (C, - C,) * 

(The terms represent matrix contribution in a single-pass in- 
terpretation drop out, since these parameters do not change 
with time.) For this reservoir, C, is 54, C, 2 1, and 4 about 
0.26. For these conditions, it can be shown, with the above 
equation, that an uncertainty of 0.5 C.U. in the measured for- 
mation sigma will cause an uncertainty of 6 saturation units. 
For repeatability of 0.2 c.u., such as can be attained with 
Dual-Burst TDT measurements, the uncertainty is only 2 
saturation units. 

The increased gamma ray level with time at the bottom 
of the perforations shows that radioactive material was be- 
ing deposited during production. In addition, the last run 
gamma ray shows an increase above 212 m, indicating oxy- 
gen activation from the water influx. 

Flood Monitoring 
In water flood or CO, flood projects, reservoir nonunifor- 
mities have a significant effect on both the area1 and vertical 
sweep efficiency. In addition, gravity tonguing of the CO, 
over the oil bank, viscous fingering of CO, through the oil 
bank, and changes in mobility and injectivity due to relative 
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Fig. 3.53-TDT logs in a production monitoring project 

permeability changes create additional problems. In water 
floods, the salinity of the commingled waters is unknown 
so an analysis using sigma from a TDT measurement is not 
possible. Therefore, COR data is required as was demon- 
strated in Fig. 3-51. 

The FLOOD program is designed for monitoring the fluid 
saturations present in a CO* flood by means of cased hole 
logs. Through the use of monitor wells, logging measure- 
ments are made to quantify the presence of oil, water, and 
CO, at particular locations in the field. Monitoring can be 
performed in an injector, a producer, or an observation well. 

The type of and number of measurements are varied depend- 
ing on the formation properties, cased hole environments, 
and availability of openbole log data. The program uses a 
simultaneous or least squares solution to quantify the changes 
in saturation at the wellbore. This is accomplished by a 
calibration of the cased hole base logs to established litholo- 
gy, porosity, and water saturation information fmm open or 
cased hole volumetric analysis. Parameters from this calibra- 
tion are applied to subsequent monitor log data which are 
then used to calculate the three phases. 

The FLOOD program will accept measurements from 
TDT, CNL, GST tools, and also induction logs in wells that 
have fiberglass casing. Because of its small diameter, the 
TDT tool has the largest application of the neutron-emitting 
tools for through-tubing operations, which comprise much 
of the monitoring work. 

The CNL log is accepted as the most reliable porosity 
through casing. Since it responds primarily to the hydrogen 
content in the formation, it is an excellent device for detect- 
ing the presence of CO,. However, lack of cement has an 
adverse effect on the measurement, causing porosity values 
that are too high. Porosity from the TDT ratio is preferred 
in this situation. 

The carbon/oxygen measurement from the GST tool is 
used in reservoirs that have fresh or variable salinity forma- 
tion waters, but is limited to porosities greater than 15%. 

Resistivity measurements can be used in wells that have 
fiberglass casing or in openhole completions. Resistivity and 
sigma measurements can be used in reservoirs with fresh or 
variable salinity waters when porosities are too low for car- 
bon/oxygen ratio techniques. 

Figure 3-54 is a flow diagram showing the program’s three 
stages of computation points. The first stage is a computa- 
tion of the standard volumetric analysis which provides the 
volume of each major rock type (dolomite, limestone, sand, 
shale, and evaporites), effective and secondary porosity, and 
bulk volume of water. This information is best obtained by 
openhole logs with nearby core and water sample data to sup- 
port the parameters that go into this computation. In absence 
of this data, a cased hole volumetric analysis is needed from 
GST data. These volumes are important to minimize the as- 
sumptions that could result in systematic errors in the com- 
puted saturations. 

The second stage is the determination of cased hole 
parameters that give the best agreement between the open- 
hole and cased hole porosity and water saturation. Since only 
two phases (oil and water) should exist at the time of these 
measurements, the solution is 

$dd = (&vaw X doter) + (‘oil X CS) 

1 = kl,er + Soil 3 (Eq. 3-37) 

where: 
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Fig. 3-54-CO2 FLOOD monitor program 

‘jluid = 
CLOG - cmtrix t1 - 4ND) 

+ND 
. (Eq. 3-38) 

The calibration is accomplished by slight adjustments to 
water, oil, matrix, and lithology correction for neutron 
porosity to obtain the best fit with the base data. All future 
monitoring of this well is compared to this base condition. 

The third computation is the solution of the following equa- 
tions using the base cased hole parameters with the new mo- 
nitor data: 

l = sCO2 + soil + %ater (Eq. 3-39) 

$uid = sC02cC0, + coilsoil + C~aterS~ater 

(Eq. 3-40) 

H$uid = sCO,HzCO, + Hzoilsoil + Hzvv~terSwater 

(Eq. 3-41) 

c c matrix -= + csoil coil+sCO,) tit + Cborehole 

’ omtrix + (%vater owater + sCO OCO ) 6 + oborehole 2 2 

(Eq. 3-42) 

If logging conditions are ideal, such as in an injector well 
during the water injection cycle with high salinity water (or 
sigma water greater than 50 c.u.), Eqs. 3-39,3-40, and 3-41, 
are needed for the solution. In cases of fresh or variable water 
salinities, the carbon/oxygen ratio and Eq. 3-42 are required. 

Injection Well Monitoring 
Figure 3-55 is the base (2-phase) FLOOD log in an injector 
well. The monitoring program objective was to determine 
the amount and vertical distribution of oil moved by CO2 
injection through one cycle. The TDT log was used since 
the pre-CO2 brine flush was sufficient to move any mova- 
ble fluids beyond its depth of investigation, allowing a reliable 
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I 
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Fig. 3-55-FLOOD base log in an injection well 
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calibration of S, from TDT data with S,, from openhole 
Electromagnetic Propagation Tool (EPT*) computations. 
Also, the TDT was preferred because monitoring could take 
place while injecting through tubing to avoid crossflow af- 
ter shut-in. 

After one CO, slug was injected the TDT monitor log was 
run during brine injection to provide the data for the 3-phase 
solution shown in Fig. 3-56. Moved oil is indicated in the 
upper zones with the higher porosity but they also show the 
highest residual CO, saturation, indicating a mobility 
problem. The moved oil profile shows that the water is also 
going into the lower porosity zones. 

Formatton Bulk 
PHIE Volume Analysis 

Fig. 3-56-FLOOD monitor log on well in Fig. 3-52 showing 
the 3-phase solution 

Monitoring a Producing Well 
The base FLOOD log (from a producing well) shown in Fig. 
3-57 is the result of normalizing TDT porosity to density- 
neutron logs run in open hole. Water saturation was not 
calibrated to openhole data because of an incomplete log- 
ging program. The high formation water salinity, however, 
provides high confidence in the cased hole saturations. The 
Wolfcamp lime formation is virtually clay free, despite the 
appearance of the gamma ray log. 

x300 

K400 

Fig. 3-57-FLOOD base log in a producing well 
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Figure 3-58 is the FLOOD monitor log showing the CO, 
breakthrough. This is a rare vertical flood started in 1980 
to sweep oil ahead of a forming gas cap that is now at 9285 
ft. CO, reached the perforations in this well years before 
the reservoir model predicted, possibly due to vertical perme- 
ability anomalies such as fractures. Once a breakthrough has 
been detected by the monitor log, the actual fluid entry can 
be determined with production logs. 

(300 

(400 

Fig. 3-N-FLOOD monitor log showing CO2 breakthrougt 1 
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Completion Evaluation 

PRODUCTION LOGGING SERVICES 
Production logging provides downhole measurements of fluid 
parameters on a zone-by-zone basis to yield information on 
the type of fluid movement within and near the wellbore. 
These measurements provide the operator with detailed in- 
formation on the nature and behavior of fluids in the well 
during production or injection. Major applications of produc- 
tion logging include: 
l evaluating completion efficiency 
. detecting mechanical problems, breakthrough, coning 
l providing guidance for workovers, enhanced recovery 

projects 
l evaluating treatment effectiveness 
l monitoring and profiling of production and injection 
l detecting thief zones, channeled cement 
l single layer and multiple layer well test evaluation 
. determining reservoir characteristics 
l identifying reservoir boundaries for field development. 

A family of production logging tools, designed specifically 
for measuring the performance of producing and injection 
wells, is available. The sensors now included are: 
l thermometer 
9 fluid density (gradiomanometer, nuclear) 
. hold-up meter 
l flowmeter spinners (continuous, fullbore, diverter) 
9 Manometer (strain gauge, quartz gauge) 

9 caliper 
l noise (single frequency, multiple frequency) 
l radioactive tracer 
l gravel pack logging. 

Many of these sensors can be combined into one tool and 
recorded simultaneously to measure fluid entries and exits, 
standing liquid levels, bottomhole flowing and shut-in pres- 
sures, pressure losses in the tubing, and the integrity of the 
gravel pack and hardware assemblies. Since the measurements 

are made simultaneously, their correlation is less affected 
by any well instability that might cause downhole conditions 
to vary over a period of time. The tool string also includes 
a casing collar locator and a gamma ray tool for correlation 
and depth control. Figure 4-l shows a schematic of the sen- 
sors in a typical production logging tool string. 

Production Logging Applications 
A great value of production logs lies in their ability to pro- 
vide determinations of the dynamic flow patterns of well 

i 

-Casing Collar Locator 

- Telemetry Cartridge 

-Gamma Ray 

-Precision Quartz Pressure Gauge 

-Gamma Ray 

- Telemetry Interface 

Thermometer-Manometer 
Gradiomanometer 
Fullbore Spinner or 
Continuous Flowmeter 

Fig. 4-l-PLT, simultaneous production logging tool 
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fluids under stable producing or injecting conditions. For a 
number of reasons production data from other sources may 
be misleading. Some of these reasons are: 
l Surface measurements of pressures, temperatures, and 

flow rates are not necessarily diagnostic of what is hap- 
pening in the well. 

l Fluid flow outside the presumed paths, such as through 
cement channels in the annulus, can only be detected by 
production logs. 

l Zone-by-zone measurements of perforating efllciency, im- 
practical except by production logs, are often necessary 
to identify the actual producing or receiving intervals. 

l Zone-by-zone measurements of pressure and flow rate can 
be used to determine the average pressure and the produc- 
tivity index of each producing or injected interval. 

Production logs therefore have useful application in two 
broad areas: evaluation of well performance with respect to 
the reservoir and analysis of mechanical problems. 

Well Performance 
In a producing well, production logs can determine which 
perforated zones are giving up fluids, ascertain the types and 
proportions of the fluids, and measure the downhole condi- 
tions of temperature and pressure, and the rates at which the 
fluids are flowing. If thief zones or other unwanted down- 
hole fluid circulation exist, they can be pinpointed. 

Injection wells are especially well adapted to production 
log analysis because the fluid is monophasic and of a known 
and controlled type. The objective of logging is to locate the 
zones taking fluid and to detect lost injection through the cas- 
ing annulus. 

Well Problems 
In the absence of knowledge to the contrary, it is assumed 
that the well has hydraulic integrity, and that the fluids are 
going where they belong; often, this assumption is wrong. 
Examples include: casing leaks, tubing leaks, packer leaks, 
communication through the annulus due to poor cement, and 
thief zones. Figure 4-2 shows how these conditions can lead 
to misleading conclusions when well performance data come 
from surface measurements alone. Solutions to these and 
other well problems can be found by the integration and in- 
terpretation of production log data. 

FLOW IN VERTICAL PIPES 
Production log analysis must deal with both single- and multi- 
phase flow systems. Single-phase flow is always found in 
injection wells and may also exist in clean oil- or gas- 
producers. However, 2-phase conditions always exist near 
the bottom of the well even when the surface production is 

Tubing, Casing, Packer Leaks Channeled Cement 

Blast Joint Leak Thief Zone 

Fig. 4-2-Mechanical well problems 

water free. For example, a pumping well producing 
hydrocarbons at a low rate with a negligible water cut will 
invariably be filled with water from its total depth up to the 
tubing shoe, except for the space occupied by the producing 
oil and gas which takes the form of bubbles rising through 
almost static water. The case of true, single-phase flow will 
be considered first. 

Single-Phase Flow 
Single-phase flow of fluids is divided into two broad class- 
es, laminar and turbulent. The term “laminar” is applied 
to a streamlined flow pattern in which the fluid may be 
thought to be divided into infinitesimally thin concentric lay- 
ers, each layer having a uniform velocity parallel to the hole 
axis. Adjacent layers flow past each other with slightly differ- 
ent velocities (Fig. 4-3, left). Turbulent flow is character- 
ized by random, irregular, locally circular currents (vortices) 
throughout the fluid (Fig. 4-3, right). 

In laminar flow the fluid adjacent to the surface of the pipe 
is stationary (assuming the fluid wets the surface) and the 
maximum velocity is found at the center of the pipe. The 
profile of velocity across the pipe cross section is parabolic. 
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Fig. 4-3-Velocity profiles in laminar and turbulent flow 

In turbulent flow the fluid adjacent to the pipe surface is 
again stationary, and a thin layer in laminar flow exists close 
to the pipe wall. However, the velocity profile is much flat- 
ter than for laminar flow. 

Experiments show that the Reynolds Number, NRe, may 
be used to determine whether the flow will be laminar or 
turbulent. NRe is a dimensionless number defined as: 

pVd 
NRe = 7 ’ (Eq. 4-1) 

where p is the density of the fluid, p the viscosity, d the di- 
ameter of the pipe, and V is the average (sometimes called 
superficial) velocity of the fluid given by: 

49 4 v =-=- 
?rd2 A ’ 

where q is volumetric flow rate and A is the internal cross- 
sectional area of the pipe. 

There is a lower limit to the value of NRe below which 
turbulence will not occur; that value is about 2000. Whether 
or not turbulence appears for values above 2000 depends 
upon the degree to which the fluid is free of disturbances, 
especially in an inlet region. Usually, the flow is fully tur- 
bulent for NRe L 4000. 

In either case, the flow rate measured by a flowmeter is 
most likely to be that near the center of the pipe, and conse- 
quently greater than the average flow. This discrepancy is 
taken into account by means of a velocity correction factor 
C,,, where C, = V/V~,+,,~~~,. Where this factor is known 
from experience, a scale may be constructed to find flow rates. 
Usually the value will not be known, but using C, = 0.83 
has given satisfactory results over a wide range of conditions. 

Multiphase Flow 

Range of How Parameters 
Downhole oil viscosities range from 0.2 to 10 cp, and den- 
sities from 0.6 to 1.0 gm/cc. Formation-water viscosities 
range from 0.2 to 1 .O cp, and densities are close to 1 .O grn/cc. 

COMPLETION EVALUATION 

Flow Rate (B/D) 

Fig. 4-4--Reynolds Number vs. flow rate for various pipe sizes 
and fluid viscosities 

Gas densities vary from about 0.05 to 0.2 gm/cc downhole, 
with viscosities from 0.01 to 0.07 cp. 

Figure 4-4 shows Reynolds Numbers corresponding to 
fluids of several viscosities flowing in various diameter pipes 
vs. flow rate. This figure illustrates that in oil and gas strings 
turbulent flow is often encountered, at least above the produc- 
ing zones. On the other hand, laminar flow may be expect- 
ed in shallow wells producing low-gravity crudes and in wells 
where water-in-oil emulsions cause the viscosity of the fluids 
to exceed 100 or even 1000 cp. 

Flow Regimes 
The geometrical configurations assumed by the gas, water, 
and oil phases while moving upward in the flow string are 
classified into several principal patterns or flow regimes. 

The flow regime in which a given combination of phases 
will move depends on several parameters, but is determined 
chiefly by the relative volumetric flow rates of each phase. 
Figure 4-5 illustrates the major flow regimes for liquid-gas 
systems. For water and oil, the flow regime is influenced 
mainly by the relative production rates. For a liquid-gas mix- 
ture, however, the pressure gradient along the flow string 
becomes important. Consider the case in which the produc- 
tion is oil containing dissolved gas. As the oil moves up the 
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Dimensionless Gas Velocity, vO Ipliq/go]‘h 

Fig. 4-5-Illustration of fluid configurations in various flow regimes 

tubing, the pressure exerted by the fluid column is reduced 
until the bubblepoint is reached; then gas is released and 
2-phase flow begins. 

Water Holdup and Slip Velocity 
Multiphase flow is a much more complex phenomenon than 
single-phase flow as is shown in Fig. 4-6. The phases move 
at different velocities. The light phase will move faster than 
the heavy phase due to the density difference between the 
two phases. This difference in velocities is called the slip 
velocity. Water holdup is not equal to water cut because of 
slip velocity. Holdup is the fractional percent by volume (void 
fraction) and is illustrated in Fig. 4-7. 

Several models are available to relate slip velocity to mea- 
sureable parameters. Schlumberger’s Production Log 

Initially, small bubbles of gas, approximately homogene- 
ously distributed, move upward through the oil at a relative 
velocity governed by differences between the densities of the 
gas bubbles and the oil, and by the viscosity of the oil. This 
flow regime is illustrated on the left of Fig. 4-5 and is called 
bubble flow. 

As the fluids rise, the pressure is further reduced. The bub- 
bles expand and new bubbles appear. Large bubbles move 
upward faster than small ones and aggregate to form larger 
bubbles, or gas slugs, which reach pipe diameter. This re- 
gime is called slug flow. 

Upon further reduction in pressure, the proportion of gas 
flow increases. The slugs tend to unite and move up the center 
of the column. The gas carries some oil droplets, although 
most of the oil flows up along the pipe walls. This is called 
froth flow. 

Additional reduction in pressure will further increase the 
gas volume and gas flow rate. At very high gas velocities, 
the flow regime again changes. The oil film on the pipe wall 
becomes very thin and most of the oil is transported in the 
form of small droplets approximately homogeneously dis- 
persed in the gas. Therefore, the two phases move at essen- 
tially the same velocity. This is called mist $0~. 

In this example, all four regimes are present in one verti- 
cal string as a result of gas expansion. However, if the gas 
volume were increased due to entries downhole, flow could 
begin with slug, froth, or even mist flow. 

n! ! 
“I 

! 
o.io 

! ! ! ! ! ! ! I 
0 0.80 o.io oio 0.~0 

I Density Difference (gm/cc) 

Fig. 46-Slippage velocity vs. density difference 
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Fig. 4-7-Simplified model illustrating slip velocity 

Interpretation Program performs the following pressure drop 
correlations that account for changes in flow regimes to match 
the measured pressure data: 
l Aziz, Govier, Fogarasi (1972), 
. Duns and Ros (1963), 
l Orkiszewski (1967), 
l Chierici, Ciucci, Sclocchi (1974), 
. Beggs and Brill (1973). 
+ Griffith and Lau (1973), and 
l Dukler (1985). 

Although these correlations were developed to describe 
pressure loss in pipes, they include a slip velocity or individu- 
al phase flow rates that can be used in production log 
interpretation. 

Deviated Wells 
Most of the above pressure-drop correlations are for straight 
holes. In a deviated well, the fluids will segregate by gravi- 
ty unless the flow velocity is high enough to ensure com- 
plete mixing. Flow loop experiments have shown that a few 
degrees of deviation can cause significant changes in the flow 
regime. For example, a flowmeter spinner in segregated flow 
may exhibit a response resembling downflow. The light phase 
moving up the high side of the pipe will drag the heavy phase 
with it and this heavy phase will fall out and flow down the 
low side of the pipe. This can occur when the heavy phase 
is water even if no water is being produced at the surface. 

COMPLETION EVALUATION 

The Dukler pressure drop correlation applies to deviated 
holes. 

Pluhi Physical Properties 
Fluid physical properties affecting production logging in- 
terpretation vary with changes in pressure and temperature. 
Reasons for determining the extent of these changes in fluid 
properties include: 
l the calculation of downhole fluid densities for use in hold- 

up calculations, 
- the conversion of downbole flow rates to surface flow rates 

and vice versa, 
. the correction of sensor response for fluid effects, and 
. the prediction of which fluid types will be present down- 

hole while logging. 

Meaningful analysis of production log data can only be 
accomplished when flow rates, viscosities, densities, etc., 
are converted to downhole conditions. Charts are available 
in the production logging interpretation books to make these 
calculations and the conversions are also made in computer 
interpretation programs. These models are fluid specific, so 
the use of a PVT model, when available, is recommended. 
PVT data obtained from fluids sampled at bottomhole con- 
ditions is preferred over the use of the conversion charts. 

PRODUCTION LOGGING TOOLS 
AND INTERPRETATION 

Flow Velocity 
Flowmeter spinner tools and radioactive tracer tools are 
usually used to measure flow velocity. Under certain condi- 
tions, the fluid density and temperature tools can be used 
to estimate flow rates but their use for this purpose is much 
less common. 

Spinner Flowmeter Tools 
Spinner flowmeters all incorporate some type of impeller that 
is rotated by fluid moving relative to the impeller. The im- 
peller commonly tcms on a shaft with magnets that rotate in- 
side a coil. The induced current in the coil is monitored and 
converted to a spinner speed in revolutions per second. This 
spinner speed is then converted to fluid velocity (flow rate). 

Continuous Plowmeter Tool 
The continuous flowmeter tool has an impeller mounted in- 
side the tool, or in some versions, at the end of it. The most 
common tool diameter is l’%s in. with the spinner being 
smaller. The continuous flowmeter is most often run in tub- 
ing where the fluid velocities are high and the fluids tend 
to be a homogeneous mixture. The spinner covers a much 
larger percentage of the cross-sectional flowing area than in 
casing and tends to average the fluid velocity profile. 
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ZWlbore Spinner Tool (FBS) 
The FBS tool is probably the most commonly run spinner 
tool. The tool collapses to traverse the tubing and opens in- 
side casing for logging purposes. The large cross-sectional 
area of the spinner tends to correct for fluid velocity pro- 
files and multiphase flow effects. A schematic of the FBS 
tool, in both the collapsed, through-tubing and opened, 
below-tubing, configuration is shown in Fig. 4-8. 

In Tubing In Casing 

Fig. 4-8-Fullbore spinner flowmeter tool 

Znflutable Diverter Tool 
The inflatable diverter spinner tool utilizes a fabric diverter 
with an inflatable ring for use in medium and low flow rate 
wells. This diverter assembly fits inside a metal cage that 
is closed and protects the diverter while entering the well. 
The metal cage is opened and closed on command from the 
surface and, when open, helps to centralize the tool and 
deploy the diverter. At the same time, fluid carried with the 
tool is pumped into the inflatable ring, thus obtaining a seal 
to the casing. A schematic of the inflatable diverter tool is 
shown in Fig. 4-9. 

Figure 4-10 shows the tool response from flow loop tests 
in a 2-phase liquid environment. The response is quite linear 
up to the highest rate tested of 2 135 B/D and is quite insen- 
sitive to changes in watercut rates. A response slope of 

Perforations 

Perforations 

-Spinner 

*Casing 

-Diverter 

c-Inflatable Ring 

-Pump & Power 
Section 

Fig. 4-g-Inflatable diverter tool 

25O Dev.-3.9 in. ID (100 mm) 

Water Cut 1000/o- 7 lo%- 0 

0 400 800 1200 1600 2000 240: 

Cl\ (BID) 

Fig. 4-IO-Inflatable diverter tool flow loop response 

approximately 4 rps per 100 B/D is indicated, This compares 
with a response, for instance, of the fullbore spinner of ap- 
proximately 0.22 rps per 100 B/D flow rate in a 4-in. ID pipe. 
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The inflatable diverter tool has good fluid sampling charac- 
teristics since all of the fluids moving through the casing must 
pass through the spinner section. It is particularly appropri- 
ate for multiphase flow since the fullbore spinner measure- 
ment can be adversely affected by the downflow of the heav- 
ier phase. 

The tool can be combined with other production logging 
sensors (Fig. 4-11) so that both a continuous flow profile 
and accurate station measurements can be made on the same 
survey. This is particularly useful for well testing in layered 
reservoirs, 

Collar Locator 

Telemetry for 
Simultaneous Measurements 

Gamma Ray Detector 

Pressure (Quartz Gauge Optional) 

Temoerature 

II Fluid Density 
Fluid Capacitance 

Inflatable Diverter 
Flowmeter 

Conventional Flowmeter 

Fig. 4-II-Typical production logging tool string used for 
testing 

Interpretation in Single-Phase Flow 
Spinner revolution rate varies with fluid flow rate and the 
relationship is generally linear for continuous flowmeters, 
the fullbore spinner tool, and the fluid diverter tool. There- 
fore, in single-phase flow, the flow profiling interpretation 
technique is essentially the plotting of spinner data in revo- 
lutions per second, such that the percentage flow contribu- 
tion of each zone can be read directly from the plot. This 
assumes the fluid density and viscosity are consistent through- 
out the interval and that the velocity profile does not change. 
An example showing percentage contributions is shown in 
Fig. 4-12. 

A 

3.6 = 
14 

25.70/ 0 

2.1 = 
14 

15.0% 
B 

8.3 = 
14 

59.30,: 

Fig. 4-12-Determining flow rates in single-phase flow 

Spinner rate is a function of fluid viscosity, density, and 
velocity. Care must be taken if absolute flow rates, rather 
than percentage contributions, are desired from the flowmeter. 
data or if percentage contributions are desired in an interval 
with varying viscosity or density. Under these conditions, 
downhole calibrations for continuous data are used for de- 
termining absolute flow rates. This is true even for single- 
phase flow. 

A spinner flowmeter device is calibrated against the fluid 
flow and then with the fluid flow to define the response line 
of spinner vs. tool speed. Fluid velocity is then obtained from 
the response line. 

Figure 4-13 shows ideal spinner response curve behavior, 
with only bearing friction and no viscosity effects, and for 
the real case of mechanical friction and viscosity of the fluid 
in a stationary fluid. The friction, density, and viscosity ef- 
fects have split the single ideal spinner response line into two 
curves offset from each other. The frequency response of 
the spinner could be given by the equation below, assuming 
that the friction around the spinner bearings has no viscous 
component, and that the viscous friction only slows the fluid 
moving along the blade face. 

fzav-LcF, 
PV PV 

(Eq. 4-3) 
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Fig. ClB-Theoretical response of a spinner flowmeter in 
monophasic fluid 

where: 

f = spinner frequency in revolutions per second 
v = velocity of the fluid over the spinner blade along the 

axis of rotation of the blade, i.e., Y = Y, + vf 
a = constant depending on blade pitch 
b = constant depending on the ratio of bearing friction to 

blade moment of inertia 
c = constant depending on the skin friction due to fluids 

moving along the blade surface 
p = fluid density 
or = fluid viscosity 
Y, = tool velocity (positive direction is downwards) 
vf = fluid velocity (positive direction is upwards in pmduc- 

ing wells and downward in injecting wells). 

As shown in Fig. 4-13, the extrapolation of the two 
straight-line portions of higher spinner rotational velocity 
back to the tool velocity axis determines the positive and 
negative intercepts. The intercept of the ideal response line 
should lie between these two and corresponds to the mea- 
sured velocity, v,,,, determined from real intercepts and 
thresholds. The slope is essentially the constant a and is due 
to the blade pitch. 

Since the viscosity of the fluid creates a velocity profile 
across the diameter of the pipe (Fig. 4.3), the velocity mea- 
sured by the spinner should be corrected to give the average 
velocity. 

Figure 4-14 shows a merged flowmeter log with five up 
passes and four down passes in a water injection well. Six 
zones of constant spinner response, labeled 0 to 5, were chos- 
en for the interpretation. Spinner response crossplots of both 
positive and negative spinner rotation vs. tool velocity were 
made for each of the zones (Fig. 4-15). 

Fig. 4-14-Merged production log passes in an injection well 

Figure 4-16 shows the data listing and zone-by-zone flow 
rate results and Fig. 4-17 shows the CSU wellsite interpreta- 
tion log. The interpretation results show that the 3 m of per- 
forations between zone 0 and 1 accept 50% of the total injec- 
tion. Almost all of the remaining water is going into the top 
of the long perforated interval between zones 2 and 3. The 
other sensors support the interpretation results. Similar CSU 
interpretations can be made in 2-phase flow conditions. 

2-Pass Technique 
The 2-pass technique can be used to calculate the percent 
contribution of each zone in varying viscosity conditions, 
whether from multiphase flow or single-phase flow with mul- 
tiple viscosities. This technique consists of running several 
continuous flowmeter passes against the flow direction and 
with the flow direction. The cable speed must be faster than 
the fluid velocity on the passes with the fluid flow direction. 
Two passes, one with and one against the flow, are selected 
and then normalized to coincide in a region of no-flow (i.e., 
below all perforations). The amount of separation measured 
in log divisions between the two passes after normalizing 
is linearly proportional to fluid velocity. One hundred per- 
cent flow is at the point of maximum deflection, which is 
usually above all perforations. Thief zones complicate the 
interpretation somewhat, but the principle remains the same. 
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:: 
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:: 
:: 

Fig. 4-16-Flow rate results listing 

Fig. 4.15-Spinner calibration crossplots 
Fig. 4-17-CSU PL interpretation log 
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A distinct advantage of this technique is that it cancels the 
effect of viscosity changes. These changes are essentially 
shifts in rps readings in the same amount and direction on 
both passes. Thus, the separation remains independent of vis- 
cosity effects. If the centerline is defined as a line halfway 
between the two curves, a centerline shift to the right is a 
viscosity decrease; a centerline shift to the left is a viscosity 
increase (Fig. 4- 18). If absolute fluid velocity is desired from 
the 2-pass technique, and if multiple calibration passes have 
been run, it can be computed from the following equation: 

(Eq. 4-4) 

where: 

Tools in the first category are standard gamma ray tools 
that are used for flow profiling with the controlled-time tech- 
nique. They are also often used for channel detection and 
treatment evaluation by comparing logging runs made be- 
fore and after injecting fluids containing radioactive materi- 
als into the well. The difference in the two runs will identify 
where radioactive material is present. 

B, = slope of the up calibration line in rps per foot per 
minute 

Bd = slope of the down calibration line in rps per foot per 
minute 

B, and B, can, and often will, be slightly different 
numerically. 

Tracer tools in the second category have multiple gamma 
ray detectors combined with an ejector. The ejector consists 
of a chamber that will hold a small amount of radioactive 
material and a pump that will eject a controlled amount upon 
command. The detectors monitor the movement of the in- 
jected tracer material. The standard tool configuration will 
consist of three detectors. 

Although the foregoing comments focus on fluid viscosi- If logging an injector well, the tool string will usually con- 
ty changes, the effects/assumptions regarding fluid density sist of one gamma ray detector above the injector and two 
changes are similar but opposite in effect. Fluid velocity can detectors spaced below. When logging a producing well the 
be converted to flow rates in barrels per day with produc- configuration will be reversed with one detector below and 
tion log chart 6-10 (see Table 4-l). two detectors spaced above the ejector. The single detector 

Radioactive Tracer Tools 
Tracer tools can be placed into the following two categories: 

l gamma ray tools without downhole ejectors for releasing 
radioactive material, and 

l gamma my tools with downhole ejectors and multiple gam- 
ma ray detectors. 

0 5 5 

Viscosity Viscosity 
Decrease Decrease 4 4 

I I 
Viscosity Viscosity I I 
Increase Increase 

A RPS A RPS 

Center ’ Center ’ 
Line * Line * 

UP -< c UP--r 
1 

+-Down +-Down 

10 

Fig. 4-18-2-pass interpretation technique 
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is used to detect unexpected flow reversals caused by thief 
zones and for identifying channels behind casing, where flow 
is opposite of the wellbore fluids. The two adjacent gamma 
ray detectors are used for flow profiling by measuring the 
flow time between the two detectors. A typical tool string 
that included the tracer tool was shown in Fig. 4-1. 

Radioactive tracer surveys are not routinely run in produc- 
ing wells because of the complications of produced radioac- 
tive fluid and multiphase flow effects. Therefore, the main 
application of this technique is in injection wells. 

Velocity Shot Interpretation 
The recording of a velocity shot consists of ejecting a small 
slug of radioactive material into the flow stream and mea- 
suring the time between detection by two separate detectors. 
Usually, the velocity shots are recorded on time drive with 
the tool stationary in the well. Figure 4-19 shows a 2-detector 
velocity shot. 

The flow rate is computed as follows: 

q = h x Alt , m. 4-5) 

Switch 

\ 

L 

-, 

Switch 
f 

i 

Fig. 4-19-2-detector velocity shot log 

where: 

h = distance between gamma ray detectors 
A = cross-sectional area 
t = time. 

The flow rate in barrels per day can be calculated from the 
following equation: 

q(B/D) = 

Km Spacing (in.) X - x5 (D2-4) x 
Usqft) 

x 
‘12(in. ) 4 144(sq in. ) 

l(min) 
Time&c) x - 

60( set) 

(Eq. 4-6) 

Simplifying, 

q(B,D) = 6.995 P-d2)x 

t 
, 

where: 

6.995 = numerical constant 
D = casing inside diameter in inches 
d = tool outside diameter in inches 

X = detector spacing in inches 
t = time, in seconds, to move X-inches. 

The log shown in Fig. 4-19 was run in an injection well 
with 5%-in., 17-lb casing (ID = 4.892) with a 11%6-in. tool, 
and a 99-in. detector spacing. The flow time between detec- 
tors is 18.5 sec. Using Eq. 4-7, the flow rate is 789 B/D. 

As a general rule, the flowmeter gives more accurate 
results in high flow rates and the radioactive tracer technique 
provides better results in flow rates less than about 100 B/D. 

Controlled Time Survey 
The controlled time method qualitatively detects the flow of 
fluids up or down the hole, either in the casing or in the an- 
nulus. Figure 4-20 shows an example of the controlled-time 
Radioactive Tracer Survey. In this case radioactive materi- 
al was ejected at the bottom of the tubing and successive runs 
were made with the gamma ray tool. The times of the injec- 
tion and of each log run were carefully noted. The radioac- 
tive slug (points a, c, e, and h) may be seen to move down 
the casing. After entering the perforations opposite sand 3, 
a part of the radioactive slug (points f, j, n, and v) channels 
up the casing annulus to sand 4. After entering at sand 2, 
part of the radioactive slug (points i and p) channels down 
the casing annulus to sand 1. Fluid appears to be entering 
sand 3 because of the stationary readings at points i, m, and 
q. And finally, some radioactive material is trapped in a tur- 
bulence pattern just below the tubing as shown by points b, 
d, g, and k. 

Fluid Density Tools 
Downhole fluid density can be determined with the 
Gradiomanometer* tool, the Pressure-Temperature tool, or 
from nuclear fluid density tools. In a 2-phase system, 
knowledge of the downhole density of each phase plus the 
density of the mixture gives the log analyst the percent holdup 
of each phase occupying the casing at the point of interest. 
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Fig. 4--PO--Radioactive tracer survey: timed runs analysis 
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Once the holdup is determined, it can be used to find the 
flow rate of each phase, assuming the mixture flow rate and 
the slip velocity are known. Slip velocity is the difference 
in the velocity of the two fluids due to the difference in their 
downhole densities. 

Slip velocity determination is one of the important 
problems of multiphase flow interpretation. The correlations 
presented earlier include their own model for slip velocity. 
Liquid-liquid slippage can often be satisfactorily represent- 
ed by the Choquette correlation shown in Fig. 4-6. Gas-liquid 
modeling is more complex and often a trial-and-error method 
has to be used to find an appropriate correlation represent- 
ing the actual flow. 

Holdup, y, of the heavy phase can be determined from the 
following equation: 

YHP = 
PLOC - PLP 

PHP - PLP ’ 
(Eq. 4-8) 

where HP and LP mean heavy and light phase, respectively. 

Gradiomanometer Tool 
The Gradiomanometer tool uses the pressure differential be- 
tween two bellows to infer the density of the fluid between 
the sensors. A schematic of the bellows tool is shown in Fig. 
4-2 I. The bellows compress with pressure and a rod moves 
in proportion to the difference in compression between the 
two sets of bellows. A magnetic plunger on the end of the 
rod generates a signal proportional to the rod movement in 
a transducer coil. The coil output is calibrated in terms of 
fluid density. In deviated wells the Gradiomanometer read- 
ing must be divided by the cosine of the deviation angle to 
correct for the hole deviation effect. 

It should be noted that the Gradiomanometer reading is 
not exclusively a function of fluid density; the true relation- 
ship is: 

PGr = Pf(l.O + K + F) * (Eq. 4-9) 

where K is a kinetic term and F is a friction term. In cases 
where the flow rate is leas than about 2000 B/D, the friction 
term is negligible. The chart in Fig. 4-22 gives estimated 
friction corrections over ranges where they are needed. 

The kinetic term is observable when the velocity of the 
fluid across the upper bellows is considerably different from 
the velocity across the lower bellows. This results in a kick 
on the Gradiomanometer curve that usually occurs when the 
tool enters tubing and may be observed at points of fluid entry. 

The flowmeter and Gradiomanometer logs shown in Fig. 
4-23 were run in the well after it had been acidized. The 
separation between the up and down flowmeter passes indi- 
cates the zones of fluid entry into the casing. The Gradio- 
manometer log shows a change in fluid density as the tool 
is moved up the hole. The tool emerges from a column of 
static water into a flowing column of light gravity oil at the 

-Electronic Cartridge 

c_ Transducer 

Upper Sensing Bellows 

-Slotted Housing 

~ Floating Connecting Tube 

Lower Sensing Bellows 

Expansion Bellows 

Fig. 4-Zl-Gradiomanometer fluid density tool 
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Fig. 4-23-Production logs run after well stimulation 

second set of perforations from the bottom. The curve move- 
ment through the perforations at 15,400 ft is the kinetic kick 
caused by tbe turbulence of the producing fluids at that point. 
The flowmeter shows this to be the major entry. 
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lg. 4.22-Gradiomanometer friction-effect chart 
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Nuclear Fluid Density. Tool 
The Nuclear Fluid Density tool operates on the same princi- 
ple as openhole density tools. A gamma ray source is posi- 
tioned with respect to a gamma ray detector so that the well- 
bore fluid acts as an absorber. Figure 4-24 illustrates the 
measurement principle. A high count rate indicates a low 
fluid density and a low count rate indicates a high fluid density. 

The advantage of the Nuclear Fluid Density tool over the 
Gradiomanometer tool is that the measurement is not affected 
by wellbore deviation or friction effects. However, since the 
tool relies on radioactive decay, the readings are subject to 
statistical variations. It should also be noted that the mea- 
sured value is the average density of the flowing mixture. 
Therefore, it is subject to the same holdup effects as the 
Gradiomanometer measurement. 

NFD Tool 

Detector 

Shield 

Cesium Source 

Fig. 4-24-Nuclear Fluid Density tool 

l qualitative evaluation of fluid flow as indicated by depar- 
tures from the geothermal gradient; 

l temperature (T ) information for PVT equations and 
charts. Temperature information is critical to the deter- 
mination of gas expansion/compression, GOR, and oil 
shrinkage from downhole to surface conditions and vice 
versa; 

l evaluation of fracture treatments; and 

Temperature Tools l evaluation of the mechanical integrity of a completion. 

The varying electrical conductivity of a thin wire that ac- 
companies changes in ambient temperature is the basis of 
most temperature tool measurements. A tool schematic is 
shown in Fig. 4-25. 

The temperature log has many applications, particularly 
when run in combination with other sensors. Some of these 
applications are: 
l detection of gas production via the cooling effect of ex- 

panding gas (in or behind casing); 

Temperature log interpretations can also be used to deter- 
mine flow rates; however, other sensors generally provide 
better results. The thermometer responds to temperature 
anomalies produced by fluid flow either within the casing 
or in the casing annulus, and is thus useful for detecting the 
latter. Figure 4-26 illustrates the temperature log response 
in four different situations: liquid flow, liquid flow behind 
casing, gas flow, and gas flow behind casing. 

Electronic 

I I 
4 

Cartridge 

Temperature 
Sensitive 
Resistor 

Fig. 4-25--Schematic of temperature tool 
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Fig. 4-2STemperature log responses 
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The temperature logs shown in Fig. 4-27 were run on a 
well that was completed as an oil well but soon started 
producing with a high GOR. Pressure, Gradiomanometer, 
and flowmeter logs were run with the temperature log to de- 
termine if the gas breakthrough was in the completed zone 
or channeling down behind casing. Both shut-in and flow- 
ing passes were recorded. The flowing Gradiomanometer 
log indicated a drop in density at the top of the perforations 
and the flowmeter showed a large increase, pinpointing the 
gas entry into the casing. The temperature pass run with the 
well flowing on a *%-in. choke shows that the gas was chan- 
neling down from 393 1 m, and possibly from as high as 3923 
m as indicated by the temperature slope changes. 

3925 

,I I , : I ? I I, 
II I ! I I i / i I I ,-f#Temperature--: , ._ . LI A. id U-Shut In-- 

/ / j 

Fig. 4-27-Multiple-pass temperature log overlays 

Noise Tools 
There are two types of noise tools. The Audio* tool is a sin- 
gle frequency device that is usually run in the continuous 
mode. Multiple-frequency noise tools record station readings. 

A schematic of a typical noise tool is shown in Fig. 4-28. 
The tool consists of a transducer that converts sound into 
an electrical signal. The signal is amplified and transmitted 
up the cable by the electronics cartridge. The tool does not 
emit any sound energy. It only responds to sound originat- 
ing in or around the wellbore. 

The noise in a well is a function of the acceleration, or 

Cable Head Cable Head 

II 

Electronics Cartridge - Electronics Cartridge - 

Noise Sensor Noise Sensor 

Collar Locator Collar Locator 

Temperature Sensor - Temperature Sensor - 

Fig. 4-28-Combination temperature and noise tools 

turbulence, of a fluid moving across a pressure differential. 
By varying the pressure differential, flow rate, or both, var- 
ious types of noise can be generated. The noises can be 
characterized and categorized into different groups by ex- 
amining the frequency spectrum of the total signal. Infor- 
mation from the spectrum can be useful for determining chan- 
nels behind casing, tubing or casing leaks, and producing 
perforations. 

The noise log may be recorded in a stationary mode so 
that the tool will respond to wellbore noise without being 
affected by extraneous noises caused by cable or tool move- 
ment. A frequency separation network separates the noise 
signal into 200 Hz, 600 Hz, 1000 Hz, and 2000 Hz frequen- 
cy cuts. At each station, a peak mV reading is recorded for 
each frequency cut. These values are plotted as a set of points 
on a logarithmic grid. 

Figure 4-29 shows a noise log that depicts a gas entry 
through a set of perforations from 8320 to 8350 ft. Above 
the perforations the discontinuous phase in the wellbore is 
gas and the sound attenuates quite rapidly. The sound attenu- 
ates much slower in the standing water below the perforations. 

The log in Fig. 4-30 illustrates the effectiveness of the noise 
log at identifying fluid movement behind casing. The log in- 
dicates that there is flow behind casing from a group of sands 
below 9900 ft into a zone at 8700 ft. 

Techniques have been developed to calculate flow rates 
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8400 8400 

8500 8500 

Fig. 4-29-Noise log showing gas entry 

from noise logs, but factors such as distance from the noise 
source, perforation size and condition, tool-to-casing con- 
tact, and fluid environment create inaccuracies in the results. 
Generally, flow rates are best determined by other sensors. 

Gravel Pack Logging 
Production or injection profiles in gravel-packed wells are 
influenced tremendously by the distribution of the gravel in 
the gravel pack assemblies. To fully understand the profile, 
the integrity of the gravel pack must be evaluated. 

The gravel pack logging tool uses a gamma ray source and 
a single gamma ray detector. The source emits gamma rays 
radially into the borehole and the surrounding area and is 
focused upward toward the detector. Figure 4-31 shows a 
schematic of the tool configuration. Some of the gamma rays 
are scattered back to the detector. The number of gamma 
rays returning to the detector is an indication of the density 
of the material through which they have traveled. High den- 
sity materials cause more gamma rays to be slowed down 
and absorbed, and low density materials allow more gam- 
ma rays to be detected. 

In a gravel-packed well, everything remains constant ex- 
cept the annular space between the casing and the screen or 
tubing. This space can be totally tilled with gravel, partially 

Fig. 4-30-Noise log indicating flow through a channel be- 
hind casing 

filled with gravel, or have void spaces containing no grav- 
el. In each of these cases, the volume that is not filled with 
gravel is filled with some type of fluid with known density. 
Since the density of the gravel is different from the density 
of the fluid, it is possible to correlate gamma ray count rates 
to percentage of pack. 

A program based on laboratory studies and test well 
results, and available with the CSU unit, makes these corre- 
lations. The results are presented in a gravel pack log as il- 
lustrated in Fig. 4-32. This log was run after the well was 
initially gravel packed and it shows a void from 9800 to 9854 
ft. The well was placed on production with no attempt to repair 
the void. Three undesirable situations could have occurred. 
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Fig. 4-31-Gravel pack logging tool configuration 

l If the void interval produces, the screen could be damaged 
by sand production and fail. 

l The gravel above the void could fall and fill the void sec- 
tion, uncovering the upper portion of the screen. 

l Production could move the 2-darcy formation sand into 
the void, severely reducing the 50-darcy permeability of 
the gravel pack and, therefore, restricting flow capacity. 

The production from the well was not as expected, so 
production logs were run to determine the problem. Figure 
4-33 shows a comparison of the gravel pack log run before 
production with a log run with the flowmeter and Gradio- 
manometer sensors. The void section no longer exists but 
the top of the gravel is at the same depth as it was before 
production. The flowmeter shows that the well is producing 
from above the previously void zone and the Gradio- 
manometer indicates the fluid effect; hence the void section 
was filled with formation sand. 

Gravel Pack Repair 
A wireline impulse device (WID) can now be combined with 
the gravel pack logging tool to repair voids in the gravel pack 
on one trip in the well. The WID tool contains swab cups Fig. 4-32-CSU gravel pack log 
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Fig. 433-Comparison of gravel pack logs before and after 
production 

to create a turbulence in the wellbore fluid to collapse the 
gravel bridge and fill the void. Figure 4-34 shows logs be- 
fore and after repair with the WID tool. In each log, the left 
track shows percentage of pack as a function of depth; the 
right track shows gamma ray counts of the gravel pack log- 
ging tool; and the middle is a schematic of the tubing, screen, 
and gravel pack. The initial log (a) shows a large void in 
the bottom half of the well and smaller voids in the middle. 
After the first repair attempt (b) , gravel from the middle has 
fallen to the bottom and closed part of the void there. More 
gravel is pumped into the well (c), closing most of the large 
voids. 

Production Logging Wellsite Quicklook 
Interpretation Program 
Interpretation of production logs using a diphasic model may 
be made with CSU software at the wellsite. Successive passes 
of both up and down logs are stored in real time in the com- 
puter memory; data present in memory can be viewed at any 
time in a merged presentation. If for some reason (such as 
well instability) additional passes are necessary, more data 
can be acquired and added to memory. An example of 
merged flowmeter data is shown in Fig, 4-35. Other log ex- 
amples were shown previously in Figs. 4-14 and 4-27. 

Percent 
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Tool Response Pack Tool Response 

0 counts/e 1500 
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Fig. 4-34-Logs before and after WID repair of a gravel pack 
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tiildiiii 

Fig. 4-35-CSU merged flowmeter presentation 

Fig. 4-36-Merged presentation of temperature and 
Gradiomanometer data 

At any stage of the logging operation a flowmeter in-situ 
calibration plot can be produced as illustrated earlier in Fig. 
4-13. Once sufficient accuracy is achieved, total flow rates 
are computed using the calibration plots. 

Gradiomanometer data are interpreted in terms of phase 
holdup. A slippage velocity algorithm corrected for well devi- 
ation, when combined with holdup data, allows computation 
of 2-phase flow at downhole conditions. An example of 
merged Gradiomanometer and temperature data is shown in 
Fig. 4-36. 

Downhole fluid properties and interpretation results at sur- 
face conditions are automatically calculated using PVT corre- 
lations and measured temperatures and pressures. A listing 
of log data, downhole fluid properties, and interpretation 
results at downhole and surface conditions is provided as 
shown in Fig. 4-37. The interpretation results are also 
presented in a Cyberflow* log (Fig. 4-38). 

Job Planning 
Planning is the most important facet of a successful produc- 
tion logging job. Close coordination between Schlumberger 
engineers and well operators is essential. 

Planning should start with defining and analyzing the ex- 
pected downhole injection or production rates, pressures, 
temperatures, and fluid types. This analysis will determine 
the tool types and resolutions needed to solve the problem. 
The presence of H,S and CO, should also be considered. 
The following information is required to plan the operation: 
l a detailed well sketch 
l Christmas tree specifications for rigup 
l sand or formation fines production 
l presence of paraffin or scale deposits 
l knowledge of whether the well was hydraulically fractured 

and/or acidized 
l frac balls usage 
l reservoir data, reservoir and fluid properties 
l production history. 

Before the production logging operation is attempted, the 
operator should verify that the well conditions are accepta- 
ble by running a dummy tool (available from Schlumberg- 
er) to the bottom to determine if there are any obstacles. Any 
problems should be remedied before the logging operation 
is started. 

Time allocation is an important consideration for produc- 
tion logging operations-particularly in high pressure oper- 
ations. Surveys can frequently be run more safely in day- 
light. This may dictate the use of special lighting equipment 
for lengthy operations. 

All openhole and cased hole logs should be reviewed pri- 
or to the logging operation and this data should be available 
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Fig. 438-CSU Cyberflow log 

useful aid in job planning and subsequent analysis. The pro- 
gram uses permeability estimates from advanced log evalu- 
ations and formation pressures from wireline tests, drillstem 
tests, or production data to predict production performance 
under various completion designs and conditions. This in- 
formation can help the completion engineer to design an op- 
timum completion program. It is particularly useful to help 
evaluate the effectiveness of the completion and identify 
problem areas. A log presentation is illustrated in Fig. 4-39 
and production performance analysis plots of IPR curve and 
tubing intake curves, differential pressure curves, and per- 
forating shot density curves are shown in Fig. 4-40. 

Figure 4-41 illustrates a case in which the well’s produc- 
tion rate had decreased. The production problem is defined 
when the predicted flow profile is compared to the mea- 
sured profile. The lower two perforated intervals are not 
producing, as predicted by the Producibility log. 

PRODUCTION LOGGING AND WELL TESTING 
This section deals with the relationship of production log- 
ging to well testing, how downhole measured flow rates can 
be used to enhance well test interpretation, and the use of 
computer processing of well test/production logging data. 

Pressure transient analysis is one of the most powerful tools 

Fig. 4-37-PL interpretation listing 

at the wellsite. In many cases these logs can be used in a 
NODAL* computer analysis to predict flow profiles for com- 
parison with measured profiles to pinpoint problem areas. 

Besides NODAL analysis, the Producibility program is a 
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Fig. 4.39-Producibility log 

available for determining reservoir characteristics. Rapid de- 
velopments have occurred in recent years with the advent 
of downhole measurements, higher resolution pressure 
gauges, powerful computers, and more sophisticated in- 
terpretation and modeling methods. 

Well Testing Basics 
Production changes, carried out during a well test, induce 
pressure disturbances in the wellbore and surrounding for- 
mation. The pressure changes extend outwards into the for- 
mation and are affected in various ways by reservoir fea- 
tures. For example, the pressure disturbance will find 
difficulty entering a tight zone but pass unhindered through 

Fig. 4.40-Production performance analysis 
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Fig, 4.41-Comparison of predicted profile from Producibili- 
ty log with the measured flow PrOfilS 
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an area of high permeability. It may diminish or even van- 
ish upon entering a gas cap. 

Therefore, a record of wellbore pressure response over 
time produces a curve whose shape is defined by characteris- 
tics of the well and the reservoir. Extracting the informa- 
tion contained in this pressure transient curve is the fun- 
damental objective in well test interpretation. Figure 4-42 
shows four types of pressure transients that might occur with 
various formation characteristics. The points are shown as 
they appear in a Homer plot, the most common way to 
present pressure buildup or falloff data. The straight lines 
on each plot represent the pressure points that would cor- 
respond to infinite-acting radial flow, the most readily recog- 
nized transient behavior. The top plot shows the type of pres- 
sure response seen in a damaged well where skin affects the 
initial portion of the curve. The abrupt upward trend at the 
end of the second plot indicates a layered reservoir. The dou- 
bling of the slope in the third plot could indicate a well near 
an impermeable boundary. The last plot shows the effects 
of a no-flow outer boundary; this plot has no portion 
representing infinite-acting radial flow. 

Analysis of such pressure transient curves probably pro- 
vides more information about reservoir characteristics than 
any other single technique. Permeability, average pressure, 
well damage, fracture length, storativity ratio, and inter- 
porosity flow coefficient are just a few of the reservoir 
characteristics that can be determined. In addition, pressure 
transient curves can give an indication of the reservoir’s ex- 
tent and geometry. 

However, the shape of the pressure transient curve is also 
affected by the reservoir’s production history. Each change 
in production rate generates a new pressure transient curve 
which passes into the reservoir and merges with previous 
pressure effects. The observed pressures at the wellbore will 
be a result of the superposition of all these pressure changes. 

Different types of well tests can be achieved by altering 
production rates. A buildup test is performed by stopping 
the flow in a production well, whereas a drawdown test is 
carried out by putting the well into production. Other forms 
of well testing, such as multirate, isochronal, and falloff are 
also possible. 

Mathematical models are used to simulate the reservoir’s 
response to changes in production rate. The observed and 
simulated reservoir responses can then be compared during 
well test interpretation. By altering model parameters such 
as permeability or the distance of a fault from the well, a 
match can be reached between the real and modeled data. 
The model parameter values arc then regarded as a good 
representation of those of the actual reservoir. Today’s 
computer-generated models add much greater flexibility and 
improved accuracy to the matching process, making it pos- 
sible to compare a large number of reservoir models with 
the observed data. 

Horner Plot 

I 

a 
Damaged Well in 
Homogeneous 
Reservoir 

b Heterogeneous or 
Layered Reservoir 

c 
Well Close to a 
Sealing Fault 

d 
Bounded Reservoir 

Fig. 4-42-Characteristic pressure transients 

Modeling Radial Flow into a Well 
A brief review of pressure transient analysis will help to show 
why advances in technology have had such a dramatic im- 
pact on well testing. At the start of production, pressure in 
the w&bore drops suddenly and fluid near the well expands 
and moves toward the area of lower pressure. This move- 
ment will be retarded by friction against the pore walls and 
the fluid’s own inertia and viscosity. However, as the fluid 
moves, it will, in turn, create a pressure imbalance and this 
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will induce neighboring fluid to move toward the well. This 
process continues until the drop in pressure, created by the 
start of production, is dissipated through the reservoir. 

Most of the fundamental theory of well testing considers 
the case of a well situated in a porous medium of infinite 
radial extent. This so-called infinite-acting radial model is 
illustrated in Fig. 4-43. Flow in the reservoir is modeled by 
the diffusivity equation and the physical process occurring 
in the reservoir can be described by this equation: 

azp+lap= lap 
f3r2 rar rlat 2 (Eq. 4-10) 

and r] = &qlk 

where: 

p = formation pressure 
r = radial distance to the center of the wellbore 
t = time 
$I = porosity 
or. = viscosity 
ct = total compressibility 
k = permeability 
11 = diffusivity constant 

-ig. 4-43-Radial flow model 

In order to use the diffusivity equation in modeling, it is 
first necessary to determine the boundary conditions, such 
as the reservoir’s extent, and initial pressures that prevailed 
before the change in wellbore flow rate. The equations and 
conditions which model the reservoir boundary conditions are: 

l Initial Condition: Pressures are the same throughout the 
reservoir and are equal to the initial pressure. 

p(t = 0) =pj (Eq. 4-11) 

l Condition at the Outer Boundary: Pressures are equal to 
initial pressure at infinity. 

p (r, t> = Pj 
(Eq. 4-12) 

asr- co 

l Condition at Inner Boundary: From time zero onward the 
fluid is withdrawn at a constant rate. 

(Eq. 4-13) 

The approximate solution in its dimensionless form is: 

PD (tD> = + (In tD + 0.809) , (Eq. 4-14) 

where: 

to = dimensionless time = 
0.000264k t 

wPc,r2, 

pD = dimensionless pressure = 0.00708 fi (Pi-P,> 
s 

kh = permeability-thickness product 

rw = well radius. 

This shows how the diffusivity equation and boundary con- 
ditions can be combined and solved throughout the reser- 
voir to provide a simple model of the radial flow of fluid 
to a well which has been submitted to an abrupt production 
rate change. This is called the pD function or influence func- 
tion in the literature. Use of the same diffusivity equation, 
but with new boundary conditions, allows the derivation of 
other solutions such as the case of a closed cylindrical reser- 
voir or a damaged or stimulated well. 

Modeling Departures from Radial Flow 
Solutions for reservoirs with regular straight boundaries, such 
as those which are rectangular or polygonal in shape, and 
which have a well location on or off center, can be obtained 
using the same equations as in the infinite reservoir case. 
This is achieved by applying the principle of superposition 
in space in the form of method of images. The superposi- 
tion approach allows analysts to model the effects that fea- 
tures such as faults and variations in reservoir size might have 
on the pressure response. 

The radial flow solution does not account for the drop in 
pressure which occurs across a localized zone near the well. 
Instead the term skin is brought into the computations to ac- 
count for such a drop in pressure. Skin is caused by three 
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main factors: flow convergence into perforations, viscoiner- 
tial flow velocity, and the blocking of pores and fractures 
during drilling and production. The combined effects of all 
these factors are estimated and presented in the form of 
dimensionless skin factors which allow for the comparison 
of skin effects between wells. 

Diagnosing Radial Flow 
A plot of pressure versus the log of time will show the radi- 
al flow solution as a straight line. This fact provides an easy 
and seemingly precise graphical procedure for interpretation. 
The slope and intercept of the portion of the curve forming 
a straight line is used for permeability and skin factor calcu- 
lations. Therefore, well test interpretations involve plotting 
observed pressure measurements on semi-log paper and then 
determining productivity estimates from the portion of the 
curve which formed a straight line. Radial flow is assumed 
to be occurring in this portion of the transient. 

An effect which is commonly observed in early time pres- 
sure transient behavior is wellbore storage or wellbore phase 
redistribution. Wellbore storage and skin are modeled by sub- 
stituting the following for the inner boundary condition given 
by Eq. 4-13: 

dp 2akh 2P - - 9=cz+ cL ’ (r 2rrw ) * (Eq. 4-15) 

This equation assumes that the wellbore storage coefficient, 
C, is constant. For wellbore phase redistribution, C is not 
constant. 

Often the early portion of the data is distorted by well- 
bore storage and skin effects. Figure 4-44 shows the effects 
of wellbore storage and skin on the wellbore pressure 
response. Radial flow occurs only in the shaded zone, Figure 
4-45 illustrates wellbore storage effects. A flowing well of 
this type always contains a mixture of compressible fluids 
such as oil, gas, and water. As pressures and temperatures 

Time Function 

Fig. 4-44-The effects of wellbore storage and skin on the 
wellbore pressure response 

Fig. 4-45-Illustration of wellbore storage 

change from the bottom to the top of the well, different flow 
regimes may develop along the wellbore. If production is 
suddenly stopped at the surface, complex phenomena develop 
in which gravitational forces drive fluids to segregate and 
the pressure buildup compresses the fluids and forces gases 
back into solution. This creates additional storage space in 
the well and, as a result, flow from the reservoir does not 
stop immediately, but continues at a slowly diminishing rate 
until well pressures stabilize. 
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Conventional well tests, therefore, are conducted long 
enough to overcome both skin and wellbore effects to produce 
a straight line on the plot. But even this approach presents 
drawbacks. Sometimes more than one apparent straight line 
appears and analysts find it difficult to decide which one to 
use. In addition, the choice of plotting scales makes some 
portions of the pressure response appear straight when, in 
reality, they should have been curved. 

Much of the difficulty in finding the straight line on a semi- 
log plot which correctly represents radial flow has been al- 
leviated with the use of the log-log diagnostic plot of pres- 
sure change and the derivative of pressure with respect to 
the logarithm of time (or time function). The curves shown 
in Fig. 4-42 are replotted in the log-log pressure/pressure 
derivative presentation in Fig. 4-46. Radial flow is charac- 
terized on this plot by the flat portion of the derivative. Use 
of this diagnostic plot greatly reduces the likelihood of analyz- 
ing an apparent semi-log line which is not actually represen- 
tative of radial flow. Further, practice has shown that both 
near wellbore features (partial penetration, vertical fracture), 
reservoir heterogeneities (dual-porosity, layering), and 
boundaries (faults, gas cap) display recognizable characteris- 
tic patterns on the diagnostic plot. As such, the pres- 
sure/pressure derivative log-log diagnostic plot plays an im- 
portant part in nearly all types of transient analysis. 

The latter portion of the pressure transient can be affected 
by interference from other wells or by boundary effects such 
as those that occur when the pressure disturbance reaches 
the edges of a reservoir. In this case the semi-log pressure 
transient curve deviates downwards from the straight line 
as in Fig. 4-42d, and from the pressure derivative plateau 
as in Fig. 4-46d. Sometimes such disturbances overlap with 
the early-time effects mentioned previously and can com- 
pletely mask the all-important straight-line section where 
radial flow is occurring. In these cases there will be no flat 
portion in the derivative plot and the analysis can only be 
done using custom generated type curves. Type curves are 
also generated using the log-log pressure/pressure deriva- 
tive presentation. Modern analysis accommodates both in- 
teractive matching of data with type curves on the terminal 
screen and automated type-curve matching using computer- 
ized nonlinear parameter estimation. Both of these techniques 
are greatly improved in effectiveness if the wellbore storage 
masking early time transients can be eliminated or reduced. 
One way that wellbore effects are reduced is with the use 
of downhole shut-in valves; another way to handle the early 
time transients is to measure sandface flow rate transients 
and to perform variable flow rate analysis. This is discussed 
in the next section. 

Downhole Flow Measurement 
Applied to Well Testing 
Simultaneous measurement of downhole flow rates and 
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of curves shown in Fig. 4-42 

pressure with production logging tools has been in existence 
for some time. However, the use of such measurements for 
transient analysis in well testing is relatively new. Figure 
4-47 shows a schematic of a production logging tool in po- 
sition to make measurements for a well test. The tool simul- 
taneously measures flow rate, temperature, pressure, and gra- 
dient. Combining these downhole measurements with tran- 
sient drawdown or buildup well tests offers several benefits: 
l better early-time analysis. Flow rate information is con- 

volved with the pressure data to perform an accurate early- 



Fig. 447-PLT tool in position for a well test 

time analysis revealing near wellbore features which would 
otherwise be masked by wellbore storage. In some cases, 
the test time can be reduced. 

l removing the effect of afterflow. If a boundary is close 
to the well it may affect pressure behavior before the well- 
bore storage (afterflow) has died out. In such cases con- 
ventional semi-log interpretation techniques cannot be 
used. Removing the effect of afterflow by convolving the 
pressure transient data with measured sandface flow rate 
may reveal the infinite-acting radial flow transients and 
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permit determination of reservoir permeability and skin. 
l testing while the well is on production or injection. Be- 

cause it is difficult to hold the surface rate constant dur- 
ing production or injection, pressure transient teats in flow- 
ing wells are often rendered uninterpretable due to small 
surface rate fluctuations. When sandface flow rates are 
measured, the convolved pressure data can be easily in- 
terpreted. This allows testing without shutting the well in, 
thus eliminating the loss of production associated with 
build-up tests and providing more accurately measured 
downhole flow rates. This strategy can be especially ad- 
vantageous for reservoir limit testing. In particular, the 
risk of incorrect reservoir limits evaluation caused by 
superposition effects or the limits in gauge resolution can 
be avoided by interpreting the drawdown pressure and 
sandface flow rate transient data. 

l making interpretations above bubblepoint pressure. If the 
wellbore pressure drops below the bubblepoint pressure 
of oil during a drawdown, two phases will be present there- 
after in the wellbore. This can greatly complicate interpre- 
tation if afterflow is still dominating pressure behavior. 
Using measured sandfacc flow rates and doing an interpre- 
tation on the transients acquired before the wellbore pres- 
sure dropped below bubblepoint may provide the desired 
answers. Further, if downhole pressures during produc- 
tion are about to drop below the bubblepoint pressure, it 
is possible to reduce the surface rate to avoid 2-phase flow 
in the reservoir. All of the complications in downhole pres- 
sure transients caused by surface rate fluctuations are ac- 
counted for when downhole flow rates are recorded along 
with the pressure. 

l quantifying flow rates and distributions. Quantifying flow 
rates and distributions and perforated-interval thickness 
is essential when interpreting any well test. If crossflow 
is occurring before a drawdown, or at the end of a build- 
up, conventional analysis will be in error. Detecting and 
quantifying crossflow can be very important for reservoir 
modeling and description. If the flowing perforated inter- 
val thickness derived from the production log flow pro- 
file is less than the thickness of the interval derived from 
the openhole log, then partial penetration effects must be 
accounted for in the transient analysis. 

Simultaneously measured sandface flow rate and pressure 
provide a direct measure of transients induced by a step 
change in the surface flow rate, Due to wellbore effects, the 
sandface flow rate does not represent a step change. 
However, by measuring the flow rate at the sandface, the 
effects of the sandface flow rate variations can be rigorous- 
ly accounted for in the analysis. The most common way to 
correct for downhole flow rate variations is through the use 
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of superposition calculations in the form of a convolution. 
Convolved pressure data can be differentiated for diagnosis 
analagous to that done with the pressure derivative, and it 
can be analyzed directly using the straight line on a convo- 
lution plot. 

By measuring downhole flow rates, radial-type flow can 
be observed in convolved data at much earlier times than 
would be seen in just the pressure data. When this regime 
develops, the convolution derivative becomes flat (as seen 
in Fig. 4-48) and adequate data for interpretation is availa- 
ble at an earlier time than possible with pressure transients 
alone. Three curves are overlaid on the same log-log scale 
to emphasize the utility of the presentation. 

Fi.g 4-48-Wellsite diagnostic plot showing pressure, pres- 
sure derivative, and convolution derivative 

Figure 4-49 shows an example of downhole flow mea- 
surements made during a drawdown test on an oil reservoir. 
It was felt that this well would not return to normal produc- 
tion without swabbing if a surface shut-in test was carried 
out. To avoid this, a surface choke valve was used to obtain 
a step change in production rate during which time down- 
hole pressure and flow rates were measured with a produc- 
tion logging tool. These downhole measurements were ana- 
lyzed using the sandface rate convolution plot shown in Fig. 
4-50 and estimates of the reservoir parameters were obtained. 
In this sandface rate convolution plot, pressure data, nor- 
malized using flow rate data, is plotted against a time func- 
tion which accounts for all of the observed flow rate changes. 
This kind of analysis would be impossible without the down- 
hole flow measurements. 

In many cases, particularly in thick or layered formations, 
only a small percentage of the perforated interval may be 
producing. This can be due to blocked perforations or the 
presence of low permeability layers. A conventional surface 
well test might wrongly indicate that there are significant skin 
effects caused by formation damage throughout the well. 
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Fig. 4-49-Plot of bottomhole flow rates and pressure record- 
ed during a drawdown test 
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Fig. C50-Sandface rate convolution plot 

Downhole flow measurements enable reservoir engineers to 
measure the flow profile in a stabilized well and to calculate 
the skin effect due to flow convergence. Using this, it is pos- 
sible to deduce the true contribution that formation damage 
is making to the overall skin effect. 

Optimum production strategies depend on reservoir be- 
havior, and reservoirs that may be classified as geologically 
homogeneous could in fact possess heterogeneous flow 
characteristics. Figure 4-5 1 shows a rate-convolved analy- 
sis for an 8-hr buildup test using the convolution derivative 
approach. The objective of the test was to determine if non- 
homogeneous character was evident. The circles and squares 
represent pressure change and its derivative respectively, while 
the asterisks denote the convolution derivative using the mea- 
sured sandface flow rates. Note that the convolution derivative 
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bears the characteristic dip of a heterogeneous formation (as 
in Fig. 4-46b) while the pressure data alone does not show 
this feature. In other words, the heterogeneous behavior ap- 
parent in the convolution derivative is masked by the after- 
flow effects in the pressure data and its derivative. There- 
fore, diagnosis of reservoir flow behavior based solely on 
pressure information would have been much less conclusive. 

Layered Reservoir Testing 
The fundamental theories of well testing can be applied to 
multilayered reservoirs provided that each layer is tested 
separately. These kinds of tests are particularly useful on new 
wells, as they provide an invaluable amount of information 
about the reservoir. 

In production wells where simple estimates of productivi- 
ty are required, testing by isolating each layer might be un- 
necessarily costly. A new technique which allows several 
well-defined layers to be tested simultaneously has recently 
been introduced. While there are a wide variety of layered 
reservoirs, this discussion will be limited to those whose lay- 
ers communicate only through the wellbore. In such reser- 
voirs, the pressure in each layer is often different. 

Figure 4-52 shows the difference in pressures between 
well-defined layers in an oilfield. The plot was computed 
using Repeat Formation Tester (RFT*) data and log infor- 
mation. Two well-defined permeable layers are clearly in- 
dicated in the illustration as is the intervening low permea- 
bility zone which is a barrier to vertical flow. 

If this reservoir is subjected to a step change in produc- 
tion, a split pressure transient will be produced which will 
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Fig. 4-52-Log and RFT pressure data showing layered 
reservoir 
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propagate into the reservoir along each of the permeable lay- 
ers (Fig. 4-53). The transient is better developed in the up- 
per layer, which has the greatest permeability. In the lower 
layer, however, the transient also propagates horizontally and 
both layers must be taken into account during test analysis. 
Pressure contour plots like the one in Fig. 4-53 are usually 
made prior to testing to assist in the test design. They pro- 
vide an indication of the radius of investigation in each layer. 

0 

Pressures 

Fig. 4-53-Plot of pressure change within the reservoir fol- 
lowing a step change in production 

Figure 4-54 shows the steps needed to perform such a well 
test in a 2-layered case. Once the well has been stabilized the 
test is carried out using two distinct types of measurements: 
l flow profile measurement. A measurement of the stabi- 

lized flow rates per layer is made at the beginning of the 
test, and before each change in the surface flow rate. 

l transient measurement. This is achieved by positioning the 
Production Logging Tool (PLT*) at the top of a perforat- 
ed interval and then changing the surface production rate 
while simultaneously measuring flow and pressures, This 
is done for each of the layers to be tested. 

The test produces a nearly continuous record of wellbore 
pressure. 

During interpretation of this kind of test, a well simula- 
tion model is forced to track the shape of the pressure 
response and, from this simulation, theoretical production 
rates are computed. If these rates do not match the observed 
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Fig. 4-54-Layered reservoir test stages 

flow rates, the model parameters need to be adjusted until 
the modeled and measured responses match. It is then as- 
sumed that the model parameters are representative of the 
actual formation, Figure 4-55 illustrates a match between 
computed and measured flow rates. 

Computerized Acquisition and 
Interpretation Features 
The use of downhole shut-in for buildup or falloff tests, and 
the measurement of downhole flow rates represent major ad- 
vances in acquisition techniques. One or both of these ac- 
quisition strategies may be recommended, depending on test 
objectives. Often openhole log and RFT data are utilized in 
designing an appropriate test string and measurement 
sequence. 
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Fig. 4-55-Typical example of forward modeling 

During acquisition, the data may be recorded either down- 
hole or at the surface. Real-time data acquisition offers the 
capability to plot the transient data and monitor the progress 
of the test. Adjustments in the surface flow rate sequence 
in the position of the downhole sensors can be made during 
the test to improve the quality of the data. Also, the real- 
time plots can be used to determine when there is sufficient 
data to terminate the test. When measurements are made with 
downhole recording sensors, it is necessary to pull the tool 
string out of the hole at specified times to retrieve the data, 
verify its quality, and determine whether the data is suffi- 
cient to satisfy the test objectives. Downhole recording sen- 
sors are recommended only when it is preferred not to run 
electric wireline into the hole for safety reasons. 

At the wellsite, the data are validated using a wellsite com- 
puter. For testing with the standard Production Logging Tool 
the wellsite computer is the CSU, which is equipped with 
Well Test Quicklook (WTQL) software. Other tests may be 
required with the CAS or CASKIS computers, which pro- 
vide interpretation using the Interpretation Software System 
(ISS). Both WTQL and ISS offer considerable interpreta- 
tion capabilities, including most of the standard presentations 
such as the Horner plot, MDH plot, and deliverability anal- 
ysis, as well as diagnosis and type-curve matching with the 
combined pressure derivative/convolution plots using an ex- 
tensive catalog of reservoir models. The objective of the vali- 
dation is to demonstrate that the data are interpretable and 
contain the necessary information to achieve the test objec- 
tives. Samples of the CSU wellsite data listing and/or data 
plot are shown in Figs. 4-56 and 4-57. 

For a more complete interpretation, the data are analyzed 
at the data service centers (also known as Field Log Interpre- 
tation Centers). There, analysts use the Schlumberger Tran- 
sient Analysis and Report (STAR) system for interpretation 

Fig. 4-56-Example of wellsite listing 

Fig. 4-57-Example of wellsite data plot 

of single-layer transient tests, and the Well Modeling Sys- 
tem (WMS) for analysis of multilayer tests. These systems 
provide analysis with models not available at the wellsite, 
automated type-curve and history matching, improved in- 
teractive graphics capabilities, and the ability to integrate the 
well test data with openhole log and RFT data, single well 
numerical models, and NODAL sensitivity analysis. Table 
4-2 illustrates the considerable variety of reservoir condi- 
tions, models, and parameter combinations supported by the 
STAR and WMS programs. Figures 4-58 and 4-59 show ex- 
amples of interactive graphics displays available in STAR 
and WMS. 

The NODAL analysis is a systematic approach to the op- 
timization of oil and gas well deliverability via thorough 
evaluation of the complete producing system. The technique 
establishes flow rate versus pressure drop relationships for 
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Inner Boundary Outer Boundary 
Condition Well Condition Resewolr Model Condition Fluid vpe 

Constant Flow Rate Unfractured Homogeneous Infinite System Liquid 

Constant Pressure Wellbore Storage Double Porosity No-Flow (Rectangle, Gas 

Skin 
l Pseudosteady State Circle) 
l Transient Gas Condensate 

Vertical Fracture 
Constant Pressure 

l Infinite Conductivity 
Two-Layered (Circle) Solution Gas 

l Uniform Flux 
l Vertical Interference 

Mixed Boundary 
l Finite Conductivity 

l Horizontal 
Interference Rectangle 

Partial Penetration/ l Crossflow 
Limited Entry l Commingled 

Single and 
Intersecting 

N-Layered Sealing Faults 

(Commingled) 

Table 4-2-Reservoir condition, model, and parameter combinations supported by the STAR program 

each component of the producing system including the reser- 
voir near wellbore completion. 

The pressure transient analysis shown in Fig. 4-60 is from 
an offshore well that had been producing at 1200 BOPD, 
which is far below the neighboring well’s 5000 BOPD in 
the same reservoir. Formation damage was suspected to be 
the cause of the low productivity and the well was tested. 
Interpretation of the data identified a severely damaged well 
with a skin factor larger than 200. The NODAL analysis was 
used to study the effect of damage removal on production 
performance. The results (Fig. 4-61) suggested that the flow 
rate could be increased by a factor of five at the same well- 
head pressure if the impending damage around the wellbore 

Fig. 4-58-Example of interactive graphics display 

could be removed. This could be achieved by an acid treat- 
ment without jeopardizing the integrity of the gravel pack. 
The well was treated with an acid injection program and a 
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Fig. 4-59-Example of interactive graphics display 
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Fig. 4-62-Post-acid pressure analysis 

post-acid well test was conducted to evaluate the effective- 
ness of the treatment. Interpretation of the post-acid well test 
(Fig. 4-62) showed that the skin was reduced to + 15 from 
the preacid value of about $210. The final stabilized rate 
of 4300 BOPD was in agreement with the predictions made 
by the NODAL analysis. 
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Cement Evaluation 

CEMENTING TECHNIQUE 

The successful cementation of casings and liners is a difficult 
operation which requires proper planning of the job as a func- 
tion of well conditions and a working knowledge of the pres- 
sure mechanisms involved during the placement of the ce- 
ment slurry. Causes of poor cement jobs can be classified 
in two broad categories: 
l flow problems of mechanical origin. This is the case of 

poorly centralized pipes in deviated wells, washed out 
holes, inefficient preflush, and incorrect flow regime. 
These conditions are characterized by an incomplete mud 
removal in the cement annulus (Fig. 5-l). 

Centralization 

Fig. 5-l -Cement slurry displacement problems 

l degradation of the cement slurry during the curing stage. 
Laboratory experiments confirmed by field tests have 
shown that the differential pressure between the cement 
pore pressure and the formation pressure is the cause of 
many cement failures. Figure 5-2 shows the history of the 
cement pore pressure during setting and demonstrates how 

-Standard Cement 
------.--.lmpermeable - 

Time (hr) 

‘ig. 5-e--Pressure drop in cement setting 

a standard slurry can be invaded by formation fluid or gas 
at the time of hydration, when the slurry loses water and 
starts shrinking. This is accompanied by a pressure drop 
such that when the pore pressure becomes smaller than 
the formation pressure, the cement can be polluted by for- 
mation fluids or, worse, by inflow of gas. 

Laboratory measurements have shown that a well cured 
cement typically has a permeability on the order of 0.001 
md, with a pore size below 2~ and a porosity around 35 % . 
However, when gas is allowed to migrate within the slurry 
before complete curing, the pore structure is partially de- 
stroyed and gas generates a network of tubular pores which 
can reach 0.1 mm in diameter and lead to permeabilities as 
high as 1 to 5 md. This “gaseous” cement, although sup- 
porting the casing, is unable to provide a proper seal to the 
formation gas. Certain additives are now available which pre- 
vent this mechanism and ensure a proper zone isolation of 
gas-bearing intervals. 

Whether the causes of poor cement jobs are of mechani- 
cal or pressure origin, the result will affect the hydraulic iso- 
lation between formations, which is the main function of 
primary cementation. 
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A comprehensive cement evaluation program should then 
be able to determine not only the quality of the cementing 
operation or the need for repair jobs, but also to analyze the 
causes of failures in order to improve the cementing pro- 
gram of future wells in the same field. Some field examples 
will illustrate how this can be done using the combination 
of the Cement Evaluation Tool (CET) and CBL-VDL ser- 
vices and the Cement Evaluation Quicklook (CEQL) well- 
site interpretation program. First the principles of these mea- 
surements are reviewed. 

CBL-VDL MEASUREMENT 
The cement bond log (CBL), later combined with the Vari- 
able Density (VDL) waveform, has been for many years the 
primary way to evaluate cement quality. The principle of 
the measurement is to record the transit time and attenua- 
tion of a 20 kHz acoustic wave after propagation through 
the borehole fluid and the casing wall. 

The CBL measurement is the amplitude in mV of the cas- 
ing first arrival El at the 3-ft receiver. It is a function of 
the attenuation due to the shear coupling of the cement sheath 
to the casing. The attenuation rate depends on the cement 
compressive strength, the casing diameter, the pipe thick- 
ness, and the percentage of bonded circumference (Fig. 5-3). 

The longer 5-ft spacing is used to record the VDL wave- 
form for better discrimination between casing and formation 

arrivals. The VDL is generally used to assess the cemeni 
to formation bond and helps to detect the presence of chan- 
nels and the intrusion of gas. 

It has been shown through experiments that a linear rela- 
tionship exists between the logarithm of El (the amplitude 
of the first peak of the CBL waveform) and the percentage 
of pipe circumference not cemented, all other conditions re- 
maining constant (Fig. 5-4). 
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Fig. 54-CBL tool response in channels 
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In addition, when the pipe circumference is fully covered pipe is valid for a tool calibrated in fresh water. Recent field 
by at least % in. of cement, there is a relationship between experiments have shown that in other fluids (heavy comple- 
El amplitude and the cement compressive strength. These tion brines, muds) a correction is needed (Fig. 5-6). 
relations were used to build the nomogram of Fig. 5-5 which A Bond Index of 0.8 or greater over a minimum interval, 
derives from the CBL amplitude in mV and the percentage which varies with the casing diameter (Fig. 5-7), has been 
of pipe circumference bonded by cement. This is also found to be a good indicator of hydraulic isolation. This 
referred to as the “Bond Index”. cutoff is used in the Bond Index quicklook presentation. An 

The determination of El amplitude in free pipe and bonded example of a CBL-VDL log recorded in a 7-in. casing, 

CBL Inter -pretation 

0 3 6 7 in. g 12 15 
1 1 I 

Oi5 
Attenuation (dB/ft) 

BP 

Pipe Circumference Bonded (O/o) 

=ig. 55-CBL log interpretation nomogram 
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Fig. 5-6-CBL tool response in borehole fluids 
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Fig. 57-Length of cemented interval needed for zone iso- 
lation (for Bond Index = 0.8) 

cemented over a sand/shale sequence, is shown on Fig. 5-8. 
Zone A is a well bonded section where the Bond Index 

shows that hydraulic isolation can be expected. Strong for- 
mation arrivals confirm a good cement to formation bond. 
Although the Bond Index is above 0.8, in zones B, C, and 
D the intervals cemented are too short to guarantee a 
hydraulic seal. 

The Bond Index evaluation is valid when: 
9 the sonde is properly centralized, 
l there is no microannulus, 
l there is no change in compressive strength, 
l El is measured correctly and in particular is not affected 

by fast formation arrivals or cycle skipping, and 

Fig. 5-8-CBL-VDL log with Bond Index 

l the correction for borehole fluid impedance and attenua- 
tion is correctly done. 

These limits have led to the design of two other types of mea- 
surements which are described later. 

COMPENSATED CEMENT BOND TOOL 
The Cement Bond Tool (CBT) is a 2 %-in. diameter sonic 
tool designed specifically for cement bond logging. The CBT 
tool features two transmitters and three receivers which pro- 
vide 2.4-ft and 3.4-ft spacings allowing the computation of 
a borehole compensated attenuation curve, a 5-ft spacing to 
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record a VDL waveform, and a short spacing of 0.8 ft which 
provides a cement bond evaluation in the presence of fast 
formations affecting the standard 3-ft spacing CBL (Fig. 5-9). 
The sonde, being light and rigid, can be efficiently central- 
ized by means of in-line centralizers and flex joints, provid- 
ing a go&d quality CBL measurement in highly deviated wells. 

Upper Centralizer 

-in. CBT Sonde 

Fig. 59-CBT tool and measurement principle 

The principle of the measurement consists of recording 
the two sets of 2.4-ft and 3.4-ft receiver amplitudes and com- 
puting their ratio, (Y. This ratio is then used to compute 
attenuation. 

*lJ3*L2 
a = log A, A, P (Eq. 5-l) 

where: 

A u2 = amplitude of El, at receiver 2 from upper transmit- 
ter firing 

A U3 = amplitude of El, at receiver 3 from upper transmit- 
ter firing 

A L2 = amplitude of El, at receiver 2 from lower transmit- 
ter firing 

A L3 = amplitude of El, at receiver 3 from lower transmit- 
ter firing 

It can be shown that the attenuation rate calculated from 

this ratio technique is independent of receiver sensitivity, 
transmitter strength, borehole fluid attenuation, and in ad- 
dition is much less affected by the eccentralization of the 
sonde than the conventional CBL log. For comparison with 
a CBL log, the output of a 2.4-ft receiver can be represent- 
ed on a CBL-like scale in mV (SA2N) and as an attenuation 
in dB/ft (CATT) . Figure 5- 10 shows a CBT-VDL log record- 
ed in the same well as the CBL/VDL log of Fig. 5-8. The 
attenuation rate (BATT) is expressed in dB/ft. Transit times 
TTl and ‘IT2, corresponding respectively to the 2.4-ft and 
the 3.4-ft spacing, are presented in track 1. The 0.8-ft spac- 
ing amplitude (SAG) or the attenuation (SSAT) is useful in 
the presence of fast formations, The 5-fi VDL from the lower 
transmitter-receiver Rl waveform is displayed in track 3. 

- 

Fig. 5-lo-CBT log example 
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CEMENT EVALUATION TOOL 
The Cement Evaluation Tool (CET) was designed to evalu- 
ate the quality of cementation in eight directions, 45 ’ apart 
with a very fine vertical resolution. While conventional ce- 
ment bond logging tools measure the attenuation of a sonic 
plane wave propagating axially along the casing, the CET 
tool uses the casing resonance in its thickness mode. The 
ultrasonic transducers, both emitters and receivers, emit a 
short pulse of acoustic energy and receive the echo from the 
casing. 

The transducers are arranged in a 2-ft helical array on the 
sonde body. A ninth transducer at the bottom of the sonde 
is used as a reference to measure the transit time and attenu- 
ation in the borehole fluid (Fig. 5-l 1). A built-in pendulum 
references the radial position of each transducer to the high 
side of the pipe in deviated wells. 

TTI 
Ultrasonic 
Transducer Casing 

Emission 

l-r I Reception 

Fig. 5-11 -Principle of CET measurement 

Each transducer is positioned about 2 in. from the casing 
wall and repeatedly sends a short high frequency pulse toward 
the casing. This frequency is a compromise between good 
impulse response and mud attenuation effects. The transmit- 
ter bandwidth, from 270 kHz to 650 kHz, covers the usual 
range of resonant frequencies for casing thickness from 5 

to 15 mm (0.2 to 0.6 in.). The reverberation of energy within 
the casing is controlled by the local acoustic impedance of 
the mud column, the casing and the cement, or fluid in each 
sector of the annulus (Fig. 5-12). The reverberating energy 
leaks out of the casing to the annulus medium and back to 
the transducer. The decay of the echo is practically exponen- 
tial and the rate of decay is controlled by the acoustic im- 
pedance of the cement. The transducer response is thus a 
succession of impulses, separated by twice the travel time 
through the steel wall. In case of free pipe with mud on both 
sides, the decay is slow. With cement behind the casing the 
decay is fast due to the larger acoustic impedance of the ce- 
ment. The actual transducer response is the convolution of 
the transducer-emitted pulse plus the impulse response (Fig. 
5-13). 

I, = loll + R,)R*(l -R,) 

I2 = lo(l + R,)R2R,R2(1 -I?, 

I2 = l,R,R2 

I3 = I,~(R,RP)* 

IN = I,(R,R2)N-2 

Energy IN Is a Function of: 

I, Dependent on Transducer Sensitivity, Fluid Attenuation 

R, Dependent on Borehole Fluid Acoustic Impedance, Zt 

R2 Dependent on Annulus Acoustic Impedance, Z 

N Dependent on Casing Thickness 

Fig. 5-l 2-Factors influencing the exponential decay 

In order to measure the acoustic impedance of the annu- 
lus medium, a gate or window, W,, is opened to measure 
the energy of the decaying signal. The attenuation due to the 
fluid inside the casing is compensated by referring the W, 
amplitude to the peak value of the first echo WI. Further 
normalization for casing size is done by reference to the value 
in free pipe (WzFp) expected when water is on both sides 
of the casing wall. The final output of each transducer “i” 
is a value WwTi. WwTi is a normalized W21Wl ratio, equal 
to 1 in free pipe surrounded by water: 

1 

w2FP ’ 
(Eq. 5-2) 
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Reflection from Single Interface 

Transmitted 
Pulse 

2 6 10 14 16 20 Time(ps) 
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- Cement Pipe 
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Fig. 5-l 3-CET transducer response to an interface casing 
annulus 

This output is a-function of the acoustic impedance, Z, of 
the medium behind casing and the casing thickness. The 
acoustic impedance (Z = p X v) of cement has been shown 
to be empirically related to compressive strength, the rela- 
tionship being linear for neat cements and foam cements (Fig. 
5- 14). The above discussion assumed an infinite medium be- 
hind the casing. The real case is more complex and three 
major effects should be considered 

MICROANNULUS 

Microannulus is a small water gap between casing and ce- 
ment generally caused by releasing the pressure inside the 
casing before the cement is set. Typically a 7-in., 23 lb/ft 
casing expands by 0.1 mm (0.004 in.) for 1000 psi added 
pressure. The theoretical and experimental response to this 
effect is shown on Fig. 5-15 and demonstrates that below 
0.1 mm, the CET tool will continue to see cement, as such 
length is a small fraction of the acoustic wavelength (X/30). 
If this gap is water-filled, the hydraulic seal should normal- 
ly be maintained. However, in gas wells such a gap will not 
prevent gas migration. 

1.6 

0.6 

0.2 

0 

7000 

0 

1 2 3 4 5 6 7 
Acoustic impedance in 106 kg/m% 

1 2 3 4 5 6 7 
Acoustic Impedance in 106 kg/m% 

Casing 
Thickness 

~2-G 
10 mm 
6 mm 
6 mm 

Fig. 5-14--Relationship between W2, Z, and compressive 
strength 
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W WTi 
A 

” 

Dlmm) 

Fig. 5-l 5--Relationship between normalized W, (WWTJ and 
thickness of microannulus 

THIRD INTERFACE REFLECTIONS 
The typical thickness of the cement sheath is 25 mm (1 in.). 
Part of the acoustic energy is transmitted through the cement 
sheath. If the interface between cement and formation offers 
a high reflection coefficient, part of the energy will be reflect- 
ed back to the transducer and will superimpose on the nor- 
mal energy, giving a nonexponential decay and increasing 
the value of W2, which leads to an apparent decrease in ce- 
ment quality. This is typically the case of well cemented cas- 
ings, in thin annulus, in front of in-gauge tight formations, 
or in double casing strings. To detect these spurious reflec- 
tions, a third measure gate W, is opened shortly after the 
end of WI and has a short duration to avoid being affected 
by the reflections (Fig. 5- 16). The W, measurement is nor- 
malized by WI and a constant W,, in the same way as W,. 
The combination of W, and W, measurements is used to de- 
tect a nonexponential decay. 

The presence of third interface reflections is coded on the 
log and implies little attenuation through the annulus, thus 
the presence of high quality cement. This concept is enhanced 
by a crossplot of W, versus W, (both normalized to read 1 
in free pipe). Computer simulations of the tool response have 
shown that the relationship between W2Ni and W3Ni, in the 
case of an infinite annulus medium, is independenl of that 
medium, the borehole fluid, the casing size, and its thick- 
ness. This relationship between W2N and W,N is represent- 
ed on Fig. 5-17 and has been verified in laboratory and on 
field data. On this graph, vertical departures [W2Ni higher 
than Fl (W3Ni)] occur if echoes from the cement formation 
interface are received by the transducer. The acoustic im- 
pedance of the annulus medium can therefore be obtained 
from W, or W, information. Window 2 integration is nor- 
mally used due to its better resolution, but whenever spuri- 
ous reflections are detected, Window 3 is retained as it is 
not affected. 

From the estimation of the acoustic impedance it is then 
fairly simple to locate the presence of cement in the annulus, 

A) Free Pipe 

B) Thick Cement 
Layer, No 
Reflections 

0 5 10 15 20 25 30 35 40 45 50 

C) Thin Cement 

Fig. 5-I 6-Detection of reflections 

whatever the type of cement. Some typical acoustic im- 
pedances are listed in Table 5- 1. It shows that a mud of den- 
sity 1.6 gm/cc (13.3 lb/gal) has a 2 of 2.4 x lo6 kg/m2s, 
which is below that of poor quality cement. Since light ce- 
ments such as foam, microspheres, or pozzolana cements 
are usually associated with light drilling fluids (of lower Z), 
their discrimination is also possible. 

GAS EFFECT 
Gas under pressure can be identified as it has an acoustic 
impedance of about 0.1 x lo6 kg/m%. We have seen previ- 
ously that under certain conditions, the cement slurry can 
be invaded by gas during the curing phase. The crossplots 
of CBL attenuation versus the CET outputs W,N and W,N 
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Fig. 5-16-CET response in gas 
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Fig. 5-17--Relationship between VQV and W3N 

Acoustic 
Impedance 

Medium Z( 108 kg/m%) 

Gas 0.1 

Fresh Water 1.5 
Brine (12 lb/gal) 2.2 
Mud (14 lb/gal) 2.4 
Cement Slurry (not set) 2.6 

Cement (CS = 4000 psi) 5.0 
Sandstone 7.0 

Steel =40' 

Table 5-l-Acoustic impedance of common materials 

show (Fig. 5-18) that free gas can be distinguished from ce- 
ment invaded by gas. The latter provides mechanical sup- 
port to the pipe but is permeable to gas. The previous analy- 
sis is the basis of the CSU wellsite interpretation program 
(CEQL) which will be discussed later in this section. 

FIELD EXAMPLES 
An example of a CET log is shown on Fig. 5-19. It has been 
recorded in the same well as the CBT log of Fig. 5-10 and 

CEMENT EVXLUATION 

shows clearly a zone of free pipe above a well cemented sec- 
tion In track 1, the following data is presented: 

l CALU, the average of the four high-resolution diameters 
from the eight transducer transit times 

l OVAL, the ovalization or difference between the largest 
and smallest diameters 

l ECCE, the eccentralization of the sonde as a quality- 
control check 

l CCLU, an ultrasonic casing collar locator derived from 
CALU 

l GR, a standard gamma ray log for correlation. 

Track 2 shows a quantitative interpretation of the cement 
quality: 

l CSMX, the maximum compressive strength shown by two 
consecutive transducers (averaged over 2 ft) 

l CSMN, the minimum compressive strength shown by two 
consecutive transducers (averaged over 2 ft) 

l WWM, the mean ratio over 360” of the eight WTi 
(which should be close to 1 in free pipe). It may be as 
low as 0.8 in case of heavy mud in the annulus. 

It is also possible to output directly an averaged acoustic im- 
pedance and an averaged cement compressive strength. 

Track 3 is an image of the cement placement in the annu- 
lus. Low wWTi (high compressive strength cement) is dis- 
played in black and high WTi (fluid or gas) in white. 
Different shades of gray cover intermediate values. It is pos- 
sible to orient the display such that the low side of the pipe 
is at the center of the track. On the far right, eight small 
tracks are used to display codes of third interface reflections 
(black bars) and gas detection flags (thin lines). The relative 
bearing curve is superimposed to indicate the position of 
Transducer 1 with respect to the low side of the casing. 

The evaluation of the cement quality with the CET tool 
is very often enhanced by a study of the openhole logs, in 
particular caliper logs to spot washouts and Litho-Density- 
CNL logs to predict gas problems. 

The log example in Fig. 5-20 shows an acute channeling 
problem. The sonde rotation has been corrected to show the 
low side of the pipe at the center of the display. A channel 
spiraling around the casing 11 times in 100 ft is apparent. 
A look at the LDT-CNL log and in particular at the Ap curve 
gives the explanation. The correction Ap is very sensitive 
to accumulations of mudcake and it shows that the hole had 
a corkscrew shape. Since the mudcake could not be swept 
efficiently by the preflush, this unusual channel was created 
in the cement column. 
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Fig. 5-19-CET log over cement top set :tion 

CEMENT EVALUATION PROGRAM 
In many cases the objectives of cement quality evaluation 
are to identify the causes of poor cementing jobs and evalu- 
ate repair possibilities. Often both CET and CBL (or CBT) 
logs are required since the CET and CBL-type measurements 
have different responses in the presence of: 
l microannulus 
l thin cement sheaths 
l gas or air 
l fast formations 
l double strings of casing 
l heavily corroded casings 
l inside deposits (cement, rust), and 
l very attenuative muds. 

In many ways the two measurements complement each other. 
The need for an interpretation method using both measure- 
ments has been identified and a computer interpretation pro- 
gram (CEQL) is now available at the wellsite. 

The principle of the CEQL program is to use the CET in- 
terpretation model to map the fluids and solids in the annu- 
lus between casing and formation and to provide compati- 
ble outputs to merge the CET and CBL-VDL data. The con- 
ventional CET log presentation is sensitive to the validity 
of the empirical relationship between W2N and compressive 
strength and it does not allow a rapid discrimination between 
acceptable and unacceptable cement quality. A sharper cutoff 
is needed. 

The CEQL approach makes a clear cut between the 
presence of solids (cement) and fluids (liquids or gas) and 
provides an independent CBL-VDL interpretation to confirm 
or complement the analysis. Since the CET tool signal can 
be converted accurately to acoustic impedance once the cas- 
ing thickness is known, the computed impedance, Z, is used 
to define the medium behind casing through the interpreta- 
tion model shown in Fig. 5-2 1. Using lo6 kg/m% as the unit 
of impedance, Z = 2.6 corresponds to both a very heavy 
mud and a neat cement of less than 500 psi compressive 
strength. It is usually chosen to discriminate cement from 
liquids. However, this threshold has to be reduced (down 
to 2.0) when dealing with low acoustic impedance cements 
such as foam or light cements. This threshold is called ZcEM 

It was shown previously that the CET allows the detec- 
tion of gas and that, under certain conditions, a low CBL 
amplitude demonstrates the presence of cement invaded by 
gas. The passage from gaseous cement to free gas usually 
occurs around an acoustic impedance of 0.1 to 0.3 unit. 

This second threshold is called ZcAs. To determine if a 
measurement of acoustic impedance between ZGAS and ZcEM 
should be interpreted as a liquid (brine or mud) or a gaseous 
cement, a “gas logic” is used which looks at the statistical 
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7600 

I- -- 1ooca 

Fig. 5-20-Example of cement channeling 

occurrence of gas detection on nearby transducers and 
switches the gaseous cement coding above a certain threshold 

l dark gray if ZcEM > Z > ZGA, and GAS LOGIC POSI- 
TIVE (GASEOUS CEMENT). 

(gas ratio GRAT) . These thresholds then allow a simple cod- 
ing of the eight individual transducer responses: 
* black if Z > ZcEM (CEMENT) 
* white if ZcEM > Z > ZGA, and GAS LOGIC NEGA- 

TIVE (LIQUID) 
l light gray if Z < Z,, (GAS) 

The computation of compressive strength, CS, is done us- 
ing the empirical relationships between Z and CS for neat 
or light cements, but it is done only for transducers detect- 
ing cement. 

From the threshold discrimination, derived curves are ex- 
pressed in percentage of pipe circumference (Fig. 5-22): 

5-12 



(Th = IOmm) 

012 014 0:s 0.6 i 1.2 
Normalized W3 

Fig. 5-21-CET interpretation model 

50% Good Cement 
25% Gaseous Cement 
25% Gas 

Fig. 522-Casing circumference mapping 

l The percentage of acceptable cementation is obtained by 
counting radially the number of transducers that show a 
response such that Z > Z,,, and dividing that number 
by eight. 

CEMENT EVALUATION 

l The percentage of free gas at casing interface is obtained 
in a similar way for Z < ZCAS. 

The complement (up to 100%) will either be the percentage 
of liquid (or unset slurry) in the “normal logic” or the per- 
centage of gaseous cement in the “gas logic”. 

The CBL log can also be interpreted in terms of percen- 
tage of well-bonded pipe circumference if it is assumed that 
cement compressive strength does not vary much in the same 
well over a given interval. In normal conditions, when gas 
is absent and none of the conditions listed previously are 
present, the CBL Bond Index curve should overlay on the 
CET curve representing the percentage of acceptable cement. 
When gaseous cement is present, the CBL Bond Index will 
overlay the CET curve representing the sum of good cement 
and gaseous cement percentages. In summary, the difference 
in reading between the CBL and CET curves allows for the 
solution to some common evaluation problems: 
l gas detection and discrimination of gas-filled cement from 

impermeable cement, 
l detection of miroannulus, 
l correct cement evaluation in front of fast formations, 
l detection of thin cement sheaths as the CET log is almost 

insensitive to cement thickness, and 
l backup in adverse conditions (local deposits, corrosion). 

The VDL display is an important input which can either 
prove or disprove the resultant hypothesis and is the only 
indicator of cement to formation bonding. 

Figure 5-23 shows a typical 3-track CEQL presentation. 
Track 1 contains the cement map defined from the eight trans- 
ducers with a black and white coding (no gas in this case) 
defined with the threshold ZcEM = 2.6. 

The left-hand side column is used to represent the occur- 
rence of third interface reflections on a map of the eight trans- 
ducers. Strong reflections are coded black and no reflections, 
white. The bottom interval shows large formation reflections 
in front of a carbonate section. 

Track 2 shows on the right-hand side the two percentage 
curves from the CET and the CBL tool, which overlay most 
of the interval considered. The pipe is well cemented from 
bottom to 10,070 ft, then a small channel starts developing 
from 10,042 ft upwards, enlarging at 10,005 ft. 

Track 3 contains four log quality control curves. At each 
depth the computation of the median W.,, of the three 
smallest W,Ni is made as well as the median W,, of the three 
largest W,Ni. The same is done for W,Ni data to obtain W,, 
and W3H. The curves W,, and W& should respectively over- 
lay with the curves Fl( W,r) and Fl( W,,) to verify the qual- 
ity of the normalization. They should read close to 1 in free 
pipe. Departure is expected over sections with formation 
reflections (see bottom interval). The average acoustic 
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impedance of cement is represented on the Zcurve comput- 
ed from W,,. The compressive strength of cement is shown 
as CS on a reduced scale of zero to 20,000 psi. 

Figure 5-24 shows an example of microannulus. The CET 
cement map over interval A (8200 to 8240 ft) indicates a 
well cemented casing but the CBL log shows practically free 
pipe. This type of discrepancy is usually characteristic of 
a microannulus. Pass 2, recorded while pressuring the cas- 
ing to 1000 psi, shows a good agreement between CET and 
CBL curves and confirms the interpretation. 

Figure 5-25 illustrates the application of the CEQL pro- 
gram to a gas invasion problem. The parameters chosen 
were: 
l cement threshold = 2.60, 
l gas threshold = 0.20, and 
l gas ratio = 30%. 

The gas logic has been switched on over two intervals, 8500 
to 85 18 ft and 8420 to 8468 ft. This is confirmed by the LDT- 
CNL openhole logs presented in track 4. There is a good 
correlation between the two top gas-bearing sands and the 
indications of gas and gaseous cement on the CEQL display. 
This indicates that the slurry did not prevent gas inflow ex- 
cept over the bottom gas sand below 8524 ft, possibly at a 
lower pressure. Some gas migration can also be seen across 
a small shale interval at 8452 to 8462 ft, although the VDL 
(from the CBT) shows more cement. From the CET, it is 
interpreted as gas-invaded cement. 

The larger shale intervals above 8424 ft and between 8464 
and 8500 ft are shown as well cemented by both the CET 
and the CBT. The VDL displays some formation arrivals 
and confirms the good hydraulic seal between the two gas 
sands. 

Finally, the CEQL processing can be used to perform the 
quality control of a remedial cementing job. The CEQL dis- 
play on the left-hand side of Fig. 5-26 shows two intervals 
of poor cement quality, A and B, in front of producing sands 
as shown by the openhole logs. It is likely that this poor ce- 
ment quality is of pressure origin as it is very localized and 
adjacent intervals are well cemented. 

The lack of cement was confirmed by circulation obtained 
between the two perforations 1 and 2. Cement was squeezed 
and a second CET-CBL run proved the success of the repair 
job as shown by the CEQL display on the right side of Fig. 
5-26. 

Fig. 523-CEQL display presentation 
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Fig. 5-24-Example of microannuius 
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Fig. 5-26-CEQL logs before and after squeeze job 
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6 
Corrosion Evaluation 
of Casing and Tubing 

Wireline evaluation services may be used to save money 
throughout the life of a well. It has been estimated that 1% 
of the total operating costs of the petroleum industry could 
be saved by correct application of existing corrosion pro- 
tection technology. Corrosion control is particularly cost ef- 
fective for deep or remote wells, those expected to have a 
long lifetime, or for wells producing CO, or H,S. 

By predicting problem areas, corrosion prevention bud- 
gets may be spent wisely. It is worthwhile to monitor for 
weak points, since corrosion or damage prevention is cheaper 
than repair. Finally, precise identification of failure can be 
used to minimize repair expense. 

Electrochemical corrosion can occur when a metal is im- 
mersed in a conductive medium (Fig. 6-l). Galvanic or bi- 
metallic corrosion occurs when two metals in contact are im- 
mersed in the same fluid (the most obvious example being 
a battery in which the two metals are very different). Slight 
differences between casing joints, defects, and impurities can 
also trigger galvanic action. Concentration cell corrosion oc- 
curs when the same metal is immersed in a fluid, the com- 
position of which varies from one point to another. The 
change in composition may be due to differences in pH or 
in the concentrations of dissolved gas (e.g., oxygen) or dis- 
solved salts. Galvanic and concentration cells exist on scales 
ranging from kilometers to millimeters or smaller. Other cor- 
rosion processes which can cause problems downhole are 
stress corrosion, hydrogen embrittlement, and chemical 
corrosion. 

In addition, noncorrosive metal loss can be caused by abra- 
sion from produced fluids and solids or by mechanical wear. 
The nature of corrosive attack can be relatively uniform, as 
in general corrosion, or highly localized as in pitting, where 
penetration can be very rapid. 

Hydrogen sulphide, carbon dioxide, oxygen, and chloride 
ions are known to promote corrosion, though the mecha- 
nisms by which they act are very different. The effects of 
corrosion can be reduced (and in some cases eliminated) by 
using resistant metals, inert protective coatings, or by in- 
troducing chemical inhibitors into the fluid. Corrosion can be 

Galvanic Corrosion 

Direct-Current _ 

Cathodically Protected 
Well Casing 

Fig. &l--Schematic of galvanic corrosion and its prevention 
with cathodic protection. The casing surface, in contact with 
the formations, acts as anode and cathode. 

controlled by electrochemical means via the application of 
cathodic protection. This can be achieved by placement of 
sacrificial anodes, but more commonly a DC current is im- 
pressed on the casing from a rectifier and groundbed. 

PREDICTING CORROSION 
Corrosion from electrochemical action is commonly attacked 
by using cathodic protection systems which drive current on- 
to and up the entire length of the casing. Spontaneous cur- 
rents may exist within cells a few inches or several thou- 
sand feet long. The impressed current cancels and overrides 
the corrosion currents. 

Cathodic protection is effective, but expensive. This ex- 
penditure can be minimized by analyzing surveys of natural- 
ly existing electrical potentials in new wells and of current 
patterns in protected wells. 

Such surveys are made with casing potential logging tools 
which measure the potential difference between electrodes 
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in contact with the casing (Fig. 6-2). The log shows which 
sections of casing are losing current (corroding) and which 
are taking current. 

Measured Voltage, V = (I)(R) 1000 
I = Current Flow Due 

To Corrosion 
R = Casing Resistance 

4i 

g 2000 
0 
0 

3000 

Casing Potential Tool 

4000 

Microvolts 
- 200 0 t100 

Fig. 6-2-A casing potential tool (left) and a casing potential 
profile (right). When the slope is negative, current is leaving 
the casing and corrosion is taking place. 

Corrosion and Protection Evaluation Tool (CPET*) 
The Corrosion and Protection Evaluation Tool has four sets 
of measurement electrodes spaced at 2-ft intervals. With each 
voltage measurement, the CPET tool also measures contact 
resistance and casing resistance directly. 

A schematic of the tool is shown in Fig. 6-3. It contains 
four hydraulically actuated sets of three electrodes, radially 
spaced at 120 ’ to each other. Electrode sets are separated 
vertically by 2 ft. 

Casing resistance is measured by passing current between 
electrode sets A3-D3 and A2-D2 in turn, and measuring the 
voltage drops between D, C, B, and A. Contact resistance 
is obtained by injecting a small current between the pairs 
and measuring the potential difference across them at the 
same time. Measurements are made while stationary; it is 
possible to survey 1800 ft of casing per hour with 2-ft verti- 
cal resolution. 

In-situ measurement of the casing and contact resistance 
provides more accuracy and reliability than with previous 
systems. The electrodes are designed to work in any well- 
bore fluid. Fast thermal stabilization and hydraulic opera- 
tion give quick survey times. 

Log Example 
The log in Fig. 6-4 shows a decrease in current above 5700 
ft, which indicates active corrosion. A sharp increase in 
resistance at 5686 ft was evidence of a hole in the casing, 
a fact which. was confirmed by electromagnetic casing 

Fig. 3-3-The CPET tool contains four sets of three elec- 
trodes. Twelve potential difference, casing resistance, and 
contact resistance measurements are made. 

inspection logs. The average casing resistance is fairly uni- 
form and shows the casing collar joints. 

On the right side of Fig. 6-4, another presentation of the 
same log shows the individual station stops recorded in the 
depth track. As before, axial current (measured along the 
borehole axis) and casing resistance are presented. In addi- 
tion, radial current (between electrodes of a set) is given. 
The measured corrosion current may be converted to metal 
loss or corrosion rate. In this case, corrosion rate is shown 
in millimeters of metal per year. 

MONITORING METAL LOSS 
Several techniques may be used to search for weak points 
by measuring metal thickness. Internal calipers, either 
mechanical or acoustic, are precise but do not indicate ex- 
ternal metal loss. Thickness derived from acoustic resonance 
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Corrosion and Protection 
Evaluation Log 

Anodic 
Region 
(Corroding) 

Fig. 54-A CPET log showing a hole in casing, The log on the right shows individual station measurements through the zone 
of concern. 

is promising and may be useful in some instances. However, Multifrequency Electromagnetic Thickness 
the best indication of wwal metal loss is derived from mea- Tool CME’lT*~ 
surement of the phase shift of an induced electromagnetic 
field. This technique is the only method that allows for the 
determination of metal quality in multiple casings. 

Monitoring is usually done with a “time-lapse” approach, 
where each successive log run over the well’s lifetime is corn- 
pared to previous logs. Time-lapse logging is the most ac- 
curate way to quantify metal loss. 

The METT tool uses nondestructive, noncontact, induction 
methods to detect areas of metal loss and changes in casing 
geometry. Tbe tool may be run with any combination of oil, 
gas, water, or mud in the borehole. The tool is best suited 
for the detection of large scale corrosion such as thinning, 
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holes larger than 2 in., and vertical splits. It can also detect degrees). Signal amplitude is monitored to determine which 
metal loss in the outer casing of multiple casing strings. of the three selectable frequencies is appropriate. 

A coil centered in the borehole generates an alternating 
magnetic field that interacts with the casing. A second coil 
measures the field’s phase shift. Phase shift is related to three 
casing properties: magnetic permeability, electrical conduc- 
tivity, and thickness. If the first two are known, the thick- 
ness can be derived. 

Phase shift is proportional to the total amount of metal sur- 
rounding the tool: 

where: 

Ab=td%$& (Eq. 6-l) 

#J = phase shift 
t = thickness 

Receiver 
Signal 

Shift i 

Transmitter 

Fig. 6-5-Schematic of electromagnetic phase shift measure- 
ment for casing thickness. MElT tool has multiple frequen- 
cy transmitters and several transmitter/receiver pairs. 

Coil spacing and operating frequency determine the depth 
of investigation of the field. A low frequency gives a deeper 
measurement than a high frequency. The tool makes these 
electromagnetic measurements at a number of different fre- 
quencies, hence the name Multifrequency ETT. 

Conductivity is generally constant, but magnetic permea- 
bility varies with the type of steel, and will change as the 
casing ages. The Multifrequency Electromagnetic Thickness 
Tool was designed to overcome this problem by allowing 
computation of magnetic permeability. 

Three parameters are derived: casing wall thickness, in- 
ner diameter, and electromagnetic property ratio (permea- 
bility/conductivity). Each of these parameters has a separate 
measurement system and is averaged around the circumfer- 
ence of the pipe. 

Thickness Measurement 
The primary measurement is phase shift (PLF, recorded in 

w = frequency 
p = magnetic permeability 
a = electrical conductivity. 

Operating frequency is known, and phase and permeability 
are measured. Once conductivity is specified, thickness can 
be computed. Often, an average value of conductivity is used. 
In this case, the computed thickness is labelled Normalized 
Thickness (NTSI). Alternatively, a value of conductivity 
specific to the pipe being investigated can be used in the com- 
putation; the thickness output is then labelled THCK. 

An internal caliper measurement is made so that any thin- 
ning can be defined as being either inside or outside the pipe. 
This electromagnetic caliper is derived from a high frequency 
field which penetrates the inner surface less than 0.02 in. 
The output, corrected for borehole fluid and magnetic proper- 
ties, is labelled ECID (Casing Internal Diameter). 

Unlike mechanical and acoustic calipers, the electromag- 
netic caliper is not sensitive to mineral scale buildup, provid- 
ed that the deposited material is nonmagnetic. 

Casing Properties Ratio 
As mentioned earlier, thickness may be derived from the 
phase shift measurement if magnetic permeability and elec- 
trical conductivity are specitied. These two properties are 
not presented separately, but rather as a ratio: the Casing 
Properties Ratio (CPR). This ratio is measured at three differ- 
ent frequencies, representing three depths of investigation. 
The appropriate properties ratio-deep, medium, or 
shallow-is used to convert phase shift to thickness. The best 
answer is given by the measurement with the deepest inves- 
tigation that does not penetrate the outer surface of the casing. 

Log Quality 
The LRAT curve indicates attenuation of the phase shift 
measurement. If consistently greater than - 10 dB, the log 
should be repeated at a higher frequency. If LRAT is con- 
sistently less than -40 dB, the log should be repeated at a 
lower frequency. If the lowest frequency has been chosen 
and LRAT falls below -40 dB the phase measurement is 
valid as long as the collars are visible and undistorted. 

A caliper quality curve, QCID, will indicate eccentering 
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if it tracks the caliper. The QCID curve should be near zero; 
internal diameter measurements are considered suspect if 
QCID exceeds 0.5. Temporary spikes at collars and inter- 
nal defects are normal. 

Log in Test Well 
The log shown in Fig. 6-6 was made in a test well and illus- 
trates expected tool response. Looking at the left side of the 
log, the caliper quality indicator is satisfactory, remaining 
near zero except for spikes at casing collars. The internal 

diameter clearly shows the 0. l-in. change between casing 
of different weight. Casing property ratios (deep, medium, 
and shallow investigation) are very similar, and in this case 
are consistent for the three joints of casing shown. 

The primary measurement, phase shift, responds to the 
machined metal loss in the center joint of casing and shows 
the additional metal of the second string of casing, as well 
as indicating the buttress couplings. The attenuation moni- 
tor falls within acceptable limits. 

Inner String 
Buttress Threaded 

c Coupling 

-Outer String 
13% in., 68 lb-N80 

-9%in., 47 lb-N80 

‘! Machined Metal Loss 
‘OD = 237.5 mm (9.35 in.) 

Buttress 
-Threaded 

Coupling 

1 
-9% in., 53.5 lb-N80 

Fig. BG-MEll log response in test well. The mechanical configuration of the test well is shown on the right side of the figure. 
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Compensation for Permeability Change 
Measured parameters are shown on the log in Fig. 6-7. The 
casing properties ratio (magnetic permeability divided by 
electrical conductivity) shows considerable variation between 
casing joints. Since conductivity is generally constant, the 
permeability is driving the variation in the properties ratio. 

Phase shift is a function of thickness and magnetic perme- 
ability; without the independent indication of the variation 
of magnetic permeability it would not be possible to say if 
the large changes in phase shift were caused by differences 
in metal thickness. 

Computed outputs from the log in Fig. 6-7 are shown in 
Fig. 6-8. The thickness computation shows that the casing 
joints are in fact relatively uniform. Almost all of the varia- 
tion in the measured phase shift is due to changes in mag- 
netic Dermeabilitv. 

1 Diameter kl I I 

I !I I ,.: * II 

Fig. 6-7-l..,,,,,,, , 

Fig. W-The thickness computation from log in Fig. E-7 

Outside Casing Parted 
The field log shown in Fig. 6-9 was made in three concen- 
tric strings of casing: 3’S in., 5’S in., and 7 in. The phase 
shift (PLF) indicates an interval with severe metal loss. 

The internal caliper (ECID) shows that the inner casing 
is intact. Therefore, the change in phase is due to metal loss 
in one or both of the outer strings of casing. 

Split Casing 

Many mechanical problems were experienced during drill- 
ing and cementing of this well. The log shown in Fig. 6-10 
was made in the 9X+. casing upon re-entry nine months 
after temporary abandonment. The change in phase shift is 
typical of large holes and vertical splits in the casing. 
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Fig. &lo-Log example indicating large holes and vertical 
splits 

Triple String 
The log shown in Fig. 6-11 was made through 4%in. tub- 
ing, inside 7-in. and 9%in. casings. The tubing-casing an- 
nulus was filled with crude oil. 

The internal diameter calipers show that the 4%in. tub- 
ing is not completely uniform in weight. In addition, sever- 
al areas of casing metal loss are seen on the phase shift. It 
is not possible to say whether it is the 7-in. or 9%in. string 
that has lost metal. 

Fig. &ii-The field log shows different tubing weights and 
indicates metal loss in the cuter casing strings. 

Double String 
Taken from a well in the same field as in the previous ex- 
ample, this log (Fig. 6-12) was made through 7.in. casing 
inside 9%~in. casing. The phase shift indicates scme gener- 
al metal loss and a severe event at 1682 m (possibly a sepa- 
ration of cuter strings). The interval of corrosion is at the 
mne depth as in the other well in the same field. 

Cement Evaluation Tool (CET) 
The Cement Evaluation Tool monitors casing response to 
ultrasonic impulses. Bonding is measured from the reflect- 
ed energy, and internal diameter is calculated using transit 
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Fig. 6.12-Log from same field as Fig. 6-11. The logs indi- 
cate .severe metal loss at same depth in both wells. 

time. At the same time, casing thickness is derived from 
resonant frequency. 

Eight transducers are arranged in a helix, focused 4.5 0 apart 
(Fig. 6-13). The fixed-position transducers provide 35% to 
70% coverage, depending on casing size. This is usually ade- 
quate when the problem is general metal loss. Repeat runs 
can be used to improve coverage. 

The tool works in either oil or water. Changes in bore- 
hole fluid over the log interval are compensated by using 
a ninth transducer to measure fluid velocity. Signal response 
is attenuated by gas, heavy mud, and scale buildup. While 
the caliper reflects reduction in diameter due to scale deposits, 
the thickness measurement responds only to metal thickness. 
This technique is attractive because it allows simultaneous 
acquisition of casing thickness and cement bond information. 

Several different data displays can be made; casing thick- 
ness and radius is available for each of the eight transducers. 
The top of the log in Fig. 6-14 shows a change in casing 

Fig. 613-Principle of thickness measurement with CET tool 

weight easily see” on the caliper, thickness, and apparent 
cross-section. In addition, the lighter weight casing is dis- 
torted at the bottom of this log interval. Although the inter- 
nal caliper shows the distortion, the casing is not eroded be- 
cause the thickness remains constant. 

The deformation was caused by perforation of unsupport- 
ed casing. The casing swelled; however, there was no general 
metal loss. 

Internal and External Corrosion 
The color playback shown in Fig. 6-15 was processed in a 
computing center. The green c”r~e is average casing caliper 
and the red curve is average casing thickness. Even though 
the caliper is generally constant, the center interval of the 
log shows considerable thinning. Therefore, the erosion is 
on the outside of the casing. The corrosion becomes general 
towards the bottom of the log. 

The color map at right shows the individual response of 
all transducers, displayed as if the casing were split verti- 
cally and unrolled. The color coding has been set so that red 
indicates original thickness and violet represents 35 % metal 
loss. 

Finding Leaks 
Often extensive casing damage can be easily located, but a 
considerable amount of data must be acquired to find small 
holes. This may be accomplished with multiple repeat log- 
ging passes and slow logging speed. Logs should be displayed 
on an expanded depth scale. 
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Fig. 6-14-CET thickness presentation 

Noise, temperature, and flowmeter logs find a hole by de- 
tecting a fluid or gas leak through it. Electromagnetic flux 
leakage tools respond to magnetic flux anomalies caused by 
changes in metal volume. Mechanical and acoustic calipers 
give direct measurement of internal diameter changes caused 
by pits, holes, and splits. Such acoustic measurements may 
be acquired at a very high data rate, and presented as a com- 
plete image of the casing interior--as with the digital Ce- 
ment Evaluation Tool (CET) and the Borehole T&viewer 
(BHTV) tool. 

Borehole T&viewer Tool (BHTV) 

The Borehole T&viewer tool, like the CET, monitors cas- 
ing response to high frequency sound pulses. The BHTV tool 
uses a single transducer which rotates at 3 rps and makes 
250 measurements each rotation (Fig. 6-16). Thus, the 

Averages 

Thickness lli~ 
Internal IR 

DEPTH Radius 

(m) - 40% + 20% 

Scale in % 
of Nominal 
Thickness 

I Above 0 
I- I -12 - -0 
I Below -34 

Metal Thickness 
from Resonance 

Fig. 1315-Computed log with color display of CET thickness 
measurements 

resolution is essentially limited only by the physical size of 
the transducer and the data sampling rate. 

Sampling rate (inches of borehole per data sample) trans- 
lates into logging speed. For example a vertical resolution 
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Transducer 

Acoustic Energy 

~ 

Casing 

/+Travel Time-j 

Time 

Fig. 6.16-Principle of BHN measurement 

of 3 in. is possible at 2600 ftlhr, or 0.5 in. at 450 ft/hr. Slow- 
er logging speeds are not generally available on conventional 
field units. As with the CET measurements, interpretation 
is disturbed by scale buildup, fluid changes, and sound- 
attenuating material such as heavy mud. 

Two measurements are presented: the travel time from 
transducer to the casing and the amplihlde of the reflected 
pulse. Travel time is used to calculate internal diameter, and 
amplitxde is an indication of reflectivity or roughness. These 
are commonly displayed as maps, as if the casing had been 
split vertically and unrolled. In addition, the caliper infor- 
mation can be shown for specified depths as a casing cross 
section. 

The two plots in Fig. 6-17 were made for depths selected 
from a field log. The cross-sectional scale can be specified, 
and in this case was deliberately exaggerated. The upper set- 
tion shows that the casing internal diameter is uniform at this 
depth, as would be expected. 

Lower in the well, the internal diameter is enlarged, par- 
ticularly on the low side of the hole. The wear is believed 
to be caused by friction from the pump’s sucker rod. 

Note that although the external diameter is presented, it 
is for reference only since the BHTV tool can only inspect 
the inside of the casing. Inference of outside erosion can only 
be made from the electromagnetic thickness measurement 
or from digital CET resonant frequency measurement. 

._.J ,,,....... . . ..I.. -.......,, “L.., _A’ . ..’ “X,,, ,..’ ,..’ “.., ,: ‘.. :’ 2.. 

l. 0 ,‘:I’ \ / ‘I. ,.: 
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l.,, 
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,..’ 
.._ ,..’ 

‘~~.._,.. 
“. -..__..,_._..... .“’ 

,,.._...” 

Depth = 877 ft 

Inner Diameter = 5.0 in. 
Outer Diameter = 5.5 in. 

Depth = 881 ft 

-. ^ _- ^.._. rig. +Z-I r--an I J internal diameter plots 

Expanded Depth Scale 

As is commonly done when inspecting small features, the 
log in Fig. 6-18 is presented with an expanded depth scale. 
Even so, the image is distorted since the vertical scale is 
different from the horizontal; thus, circular defects tend to 
appear as flattened ovals. This example was logged in 5-i”. 
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0 Transit Time 360 0 Amplitude 360 

8026 

8028 

so30 

803p 

Fig. 6-18-6HTV presentation with expanded depth scale 

casing and presented at a depth scale of l/20, so the image 
is exaggerated horizontally about three times. 

Image maps are conventionally presented so that “nomi- 
nal” appears white. Increases in diameter and roughness are 
dark. Here, a series of perforations 0.32 in. across may be 
seen as dark spots on both transit time and amplitude maps 
and on the caliper maximum. 

This field log illustrates some of the difficulties inherent 
in any search for small casing anomalies. First, logs must 
be inspected on an expanded depth scale. If the approximate 
location of the problem is unknown, this could be a big task, 
since a well only 5000 ft deep would require a log print 250 
ft long for a depth scale of l/20. 

Second, repeat run comparisons are mandatory. On this 
log, even the very high resolution of the BHTV display 
missed some known perforations because of erratic tool 
movement downhole. 

The large defect at 2830.5 m on the log in Fig. 6-19 is 

approximately 30 cm (12 in.) across. Again, the difference 
between vertical and horizontal log scales appears to flatten 
it vertically. It is suspected that this Sin. casing has parted. 

In Fig. 6-20 a hole is clearly seen at 666.4 m. Note that 
the caliper spikes at 665.9 m are normal and are caused by 
the casing collar. This can be established since the anomaly 
is present around the entire circumference of the casing on 
the image maps. 

Multifinger Caliper Tool 
The mechanical caliper is one of the oldest casing inspec- 
tion devices. Modern tools have excellent sensitivity (0.004 
in.) and multiple measuring fingers to cover pipe sizes from 
2 7/s to 13 % in. pipe. The log may be run in any borehole 
fluid, including gas, and the interpretation concept is easy 
to understand. 

The number of fingers vary from 16 to 80, depending on 
tool size, and many different data presentations are possible. 
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Fig. 6-19-BHTV standard presentation on left and expanded depth scale through zone of interest on right 

Often, in order to keep the display simple, only three maxi- maximum rate of 0.2 in. of borehole per digital sample. The 
mum and minimum caliper readings are output. These expanded depth scale display shows the hole at 418 ft. The 
represent each of three 120’ segments of the casing damaged casing was successfully recovered, and is shown 
circumference. in the photograph in Fig. 6-22. 

The field log shown in Fig. 6-21 was made in leaking The 16-finger caliper log shown in Fig. 6-23 was used in 
9%in. casing with the 60-finger caliper. Because the leak 3%in. tubing. The left-hand section of the log displays 
was anticipated to be a small hole, data was recorded at the caliper maximum and minimum, while each individual 
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Borehole T&viewer (BHN) 

Fig. WO-BHN log showing a small hole in the casing 

caliper is mapped at right. The joint-by-joint listing at the 
bottom of the log gives mean diameter, as well as minimum 
and maximum change from nominal value. These can be in- 
terpreted as scale buildup and pitting, respectively. 

Eccentering effects caused by deviated wells can be 
compensated. 

Pipe Analysis Tool (PAT) 
Electromagnetic flux leakage tools monitor casing by mea- 
suring magnetic flux anomalies close to the casing wall with 
pad-mounted sensors. A low-frequency background flux is 
generated from a centrally located electromagnet. In the Pipe 
Analysis Tool (PAT), a secondary measurement of high- 
frequency induced eddy current is made to discriminate in- 
ternal from external defects. 

The flux leakage tool response to holes in casing is good; 
however, such responses are difficult to interpret since simi- 
lar responses may be generated by corrosion, pits, and holes. 
Although potential problem intervals can be identified, it may 
not be possible to determine if holes exist. 

Fig. 6.21-Multifinger Caliper log showing hole in casing 

Fig. 6.22-Photograph of recovered casing from well in Fig. 
6-21 
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Fig. &X3-Multifinger Caliper display in 31/z-in. tubing 

The output will respond to logging speed and the casing’s 
magnetic permeability. As noted previously, magnetic 
permeability varies with steel type and may even change as 
the metal ages. 

The field log in Fig. 6-25 shows two similar pairs of curves 
to the right of the depth track. The left set is generated by 
the lower pad array, and the right set by the upper array. 

The two eddy current responses (ECLA end ECUA) 
represent the inner casing wall, and the two flux leakage 
recordings (FLLA and FLUA) represent the total wall. The 

- - 

Casing 

UPPer 
Array 

Fig. K?4-Schematic of the PAT measurement. Sensing coils 
are pad-mounted in two B-pad arrays between the poles of 
a low frequency electromagnet. The two arrays are radially 
offset for complete coverage. 

all 

Fig. E-25-Pipe Analysis log in good casing 

log shows very little activity other than the normal large 
deflections at casing collars. 

Figure 6-26 shows a pipe analysis log and a photograph 
of a section of the recovered casing. The recovered casing 
verities the PAT log response showing pits which penetrate 
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COBBOSION EVALUATION OF CASING AND TUBING 

60 to 70% of the casing thickness at a depth of 3570 ft. 
The PAT log in Fig. 6-27 indicates even greater corm- 

sion. The recovered casing again verifies the log response 
showing extreme corrosion with pits penetrating 60 to 90% 
of thickness, with l/z to l-in. holes located at 3722, 3728, 
and 3747.5 ft. 

Electromagnetic Thickness 
As discussed earlier in the section on metal loss, the elec- 
tmmagnetic thickness technique is best suited for the 

detection of large scale corrosion such as thinning, holes larg- 
er than 2 in., and vertical splits. 

However, the quantitative conversion of measured phase 
shift to thickness makes the Multifrequency Electromagnet- 
ic Thickness tool attractive for many general corrosion 
monitoring problems. Unlike mechanical and acoustic 
calipers, the ME’M measurement responds to external as well 
as internal erosion. In addition, only this method can detect 
metal loss in the outer casing of multiple strings 

Fig. 6-26-Pipe Analysis log in corroded zone with photograph of recovered casing from same interval 

g, E-27-Extreme corrosion shown on the Pipe Analysis log is verified by the recovered casing, 



A schematic of a test well and the METT log are shown 
in Fig. 6-28. It can be seen that although the phase shift mea- 
surement clearly indicates a 1%-in. change in metal thickness 
in the lowerjoint, only the largest (2-i”.) hole is seen. This 
is because the tool averages all the metal within the zone of 
investigation. 

Irregular holes and vertical splits have a larger effect on 
the log than perfectly round holes. 

5%~in. casing. The phase shift output shows two distinct 
bumps as the two measuring coils pass over a defect. The 
electromagnetic caliper shows an increase in casing diameter; 
the defect, which is approximately 1 ft in length, is in the 
inner casing string. 

Casing Hole and Pitting 
In Fig. 6-30 the phase shift shows a large hole at 2829.5 
m and some metal loss between 2835 to 2840 m. This is con- 
firmed bv the flux leakage loe made with the oioe analvsis Multiple Casing Strings 

The field log shown in Fig. 6-29 covers 3%2-i”. casing inside tool as shown in Fig. 6-3 1. - 
II , 

Fig. 6-28-METT log response to text well shown on right 

Fig. 6-29-An METT log in dual casing string shows a severe defect 
in inner string 
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Fig. 6-30-The Elsctromagnetlc Thickness log indicates a 
large hole in the casing at 2829.5 m. 

Corrosion Protection Evaluation Tool 
Although the tool was designed to monitor electrical corro- 
sion patterns, it is worth noting that the first example in this 
chapter (Fig. 6-2) also indicated a casing leak. The casing 
resistance measurement of the CPBT tool can be expected 
to be fairly uniform. A significant reduction in the amount 
of metal present will increase the resistance. 

MULTIPLE-LOG EXAMPLE 
From the previous examples, it can be seen that very often 
no single log completely describes a problem. Flux-leakage 
tools (PAT) are sensitive to pits and holes, but phase shift 
measurements (METT) are more accurate for thickness, and 
are capable of multistring evaluation. Acoustic monitoring 
with the BHTV tool provides excellent resolution, but not 
thickness. Average thickness may be derived acoustically 

Fig. 6-31-A Pips Analysis log verifies the large hole indi- 
cated in Fig. 6-30. 

with the CET tool, and cement bonding may also be evalu- 
ated. Mechanical calipers may be run in any wellbore fluid, 
but give only internal information. 

Four tools were nm in the well in Fig. 6-32. At the left, 
the flux leakage log from the PAT tool indicates pitting and 
large holes between 2635 and 2640 m. The thickness, com- 
puted from the METT phase shift, shows 100% metal loss 
from 2638 to 2640 m. The acoustic corrosion evaluation de- 
rived from the CET measurement shows that the casing is 
seriously deformed, and the distortion varies radially. Fi- 
nally, the expanded scale display of the borehole t&viewer 
data graphically shows the casing damage. Cross-sectional 
plots of the acoustic calipers show the radial distortion. 

Table 6-1 shows the primary applications for the ccrro- 
sion evaluation tools discussed in this chapter. Table 6-2 
shows the vertical and radial resolution for each sensor and 
Table 6-3 shows the mechanical restrictions for each tool. 
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Pipe Analysis Log Electromagnetic Thickness Log 

Fig. E-32--Response of four corrosion tools run in the same well 
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CORROSION EVALUATTON OF CASING AND TUBING 

Acoustic Corrosion Evaluation 
Expanded 

Borehole Televiewer Cross-Section Plots 
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Corrosion 
Management Multiple Strength Leaks 
(Prediction) Strinas flhickness) [Holes) 

CPET 

METT 

CET 

Multiple 
Calipers 

BHTV 

PAT 

Table 6-l--Primary applications for corrosion evaluation tools 

MElT 

CET 
Multiple 
Calipers 

BHTV 

Vertical Resolution (in.) 

IO 5 

PAT 

Radial Resolution 
Information Gap Between Sensors (in.) 

ME-IT 

CET 

Multiple 
Calipers 

BHTV 

PAT 

ME-IT 

CET 

Multiple 
Calipers 

BHTV 

PAT 

CPET 

Tubing/Casing (Outside Diameter, in.) 

27/8 3% 4% 5% 7 9% 10% 

T 

13% 

Table 6-3-Mechanical restrictions for corrosion evaluation 
tools 

Table 6-2-Vertical and radial resolution for corrosion evalu- 
ation sensors 
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7 
Perforating 

Perforating technology has evolved from the early mechan- 
ical perforators to bullet guns to the shaped charge guns 
which are used on almost all well completions today. The 
shaped charge design has also evolved from the early slug- 
carrying jet into the efficient, high-performance charges cur- 
rently in use. 

Well-completion design is also undergoing a revolution. 
Three advances-the Perforation Analysis program 
(SPAN*), the Measurement While Perforating tool (MWP), 
and the new theory of well testing (Chapter 4)-are contribut- 
ing to the accurate design and testing of individual well 
completions. 

Technical innovation has transformed Tubing-Conveyed 
Perforating (TCP) into a very successful well completion sys- 
tem that permits underbalance perforating with large casing 
guns. In certain areas, it has replaced the wireline-conveyed 
gun. 

SHAPED CHARGE THEORY 

In the late lL?4KJs, C.E. Munrce observed that explosives with 
indentations would imprint on steel plate. Experimenting with 
different cavities, he managed to achieve penetrations into 
steel equal to half the cavity’s diameter. In the late 1930s. 
a Swiss, H. Mohaupt, lined a cone-shaped cavity. Enormous 
penetrations were obtained in solid steel targets. During the 
second world war the lined shaped charge cavity was devel- 
oped into a variety of anti-tank weapons. 

Shaped charges were first used to perforate oil wells in 
1948 and, although many refinements have been made, the 
same basic technology is employed today. 

The shaped charge consists of four basic components: the 
outer case, explosive powder, primer, and metallic liner. A 
schematic of a shaped charge is shown in Fig. 7-1. 

The outer case is manufactured from a variety of materials 
depending on the desired mechanical characteristics. Steel and 
zinc are the most common materials; however, aluminum, 
ceramics, and glass are also used to form the case. Regard- 
less of the material used to form the case, tight tolerances must 
be met to ensure correct operation of the shaped charge. 

Detonating Cord - 

Main Explosive 
Charge 

Liner 

Fig. 7.l-Shaped charge schematic 

The selection of explosive material is based on the well 
temperature and anticipated exposure time at that tempera- 
ture. RDX, HMX, PSF, HNS, PYX, and TACOT are all 
explosives used in oil well shaped charges. The temperature 
versus exposure time curve for each of the explosives com- 
monly used in Schlumberger shaped charges is given in Fig. 
7-2. Most wells are within the RDX temperature range and 
therefore are perforated with shaped charges loaded with 
RDX. The increase in tubing-conveyed perforating (TCP) 
has accelerated the development of high temperature shaped 
charges. Explosives are subjected to elevated temperatures 

Fig. 7-I-P-Temperature ratings of explosive systems 
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for extended periods of time during TCP operations. In the 
intermediate temperature range shaped charges are manufac- 
tured with HMX. For high temperature wells or time con- 
suming completions Schlumberger shaped charges are 
manufactured with HNS. PSF has been used extensively for 
wireline applications in the past, however, it is not recom- 
mended for TCP applications and is being phased out. PYX 
shaped charges are under development. The highest temper- 
ature rated explosive that has been used in oil well perfora- 
tors is TACOT. The low volume of production and many 
steps involved in the manufacture of TACOT result in a very 
high priced explosive. 

The liner is the most important element of the charge. The 
final performance of the shaped charge is largely dictated 
by the liner. In the early development of shaped charges solid 
metal liners were used; however, the slow moving trailing 
section of the jet, commonly known as the slug, obstructed 
the perforation. To overcome this problem, a blend of vari- 
ous metallic powders are compressed to form the liner. This 
allows the slug to disintegrate during the explosion. Liners 
are formed from mixtures of copper, lead, zinc, tin, or tung- 
sten. The density distribution and dimensions of the liner 
must be tightly controlled to maintain consistent, high 
performance. 

When the shaped charge is installed in a gun the detonat- 
ing cord runs along the gun’s length and contacts each charge 
at the primer region. After the gun is positioned correctly 
in the well the detonating cord is initiated by either applying 
current to an electric detonating cap or striking a nonelec- 
tric detonating cap with a firing pin. The wave front from 
the detonating cord travels at about 7000 m/s and reaches 
pressures around 15 to 20 GPa. This wavefront initiates the 
fine-grained primer explosive that fills the short tunnel con- 
necting the detonating cord with the bulk of the explosive. 
The detonation accelerates as it enters the main explosive 
until it attains maximum speed and pressure just before it 
reaches the liner apex. At this point the front advances spher- 
ically at 8000 m/s and develops pressures of 30 GPa. At this 
pressure the charge case and liner provide very little mechan- 
ical resistance. The case is propelled outward and the liner 
is collapsed inward towards the symmetry axis of the charge. 
At the point of impact of the liner on the axis near the apex 
of the liner the pressure increases to 100 GPa. This divides 
the metal into two axial streams: the jet, which moves for- 
ward and the slug, which moves backward, with respect to 
the collision point. During liner collapse these jet and slug 
components accumulate to form a continuous, fast-moving 
stream of metal. The jet tip is moving at about 7000 m/s 
whereas the rear portion of the jet (the slug) is moving at 
about 500 m/s. This rapid increase in length due to the ve- 
locity gradient between the tip and slug allows the jet to pene- 
trate through the casing and into the reservoir rock to a great 

Fig. 7-3-Computer-simulated model 

depth. The sequence of events is simulated using a computer 
model shown in Fig. 7-3. 

The jet can be considered a high velocity, rapidly stretch- 
ing rod which strikes the casing and reservoir rock with an 
impact pressure of 100 GPa. The target material cannot resist 
the jet’s enormous pressure and flows plastically away from 
the impact point. The target material continues to flow in 
a radial direction from the path of the jet until the hoop stress 
around the circumference of the hole is sufficient to stop the 
growth of the hole. The jet continues to penetrate the for- 
mation until the pressure is insufficient to overcome the 
strength of the target material. 

Penetration is accomplished by the high pressure associated 
with the stream of powdered-metal or solid metal pieces, de- 
pending on liner type, forcing the target material aside rather 
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than through a burning, drilling, or abrasion process. Tem- 
perature and explosive gases do not contribute to the penetra- 
tion process. The simplest theory of metal liner penetration 
assumes that both jet and rock behave as fluids. Bernoulli’s 
hydrodynamic theory describes the interaction between jet 
and rock and predicts that total penetration can be increased 
by using a dense, long jet. The expression for penetration 
depth for a nonstretching, high velocity, continuous stream 
of powdered metal particles is: 

p= .J+ (Eq. 7-1) 

where: 

P = penetration 

‘jet = jet density 

0, = target density 
L = length of jet. 

This simple density law formula does not account for the 
stretching and instability of the jet and does not fully explain 
the effect of target strength on penetration. For instance. it 
is much more difficult for a jet to pass through water or air 
than the density law predicts. 

New work suggests that the liner density is more impor- 
tant than predicted by the simple hydrodynamic model. In 
addition, the jet’s velocity profile influences the penetration 
depth. In a general sense this theory confirms the earlier con- 
clusion that increasing the density and length of the jet will 
result in increased penetration. 

GUN SYSTEM DESIGN 
Gun system design begins with the intended end use of the 
system. Will the gun be used for a natural completion where 
penetration length is critical or for a gravel pack where the 
perforation diameter is important? what shot density and 
phasing are required? The maximum diameter of the gun is 
limited by the casing and/or hlbing size used in the completion. 

After these constraints have been defined, the designers 
optimize the performance of the entire gun system. Perfor- 
mance of the system depends not only on the shaped charge 
design but also on the positioning of the charge with respect 
to the carrier wall and adjacent charges. Figure 7-4 illus- 
trates the positioning of the charge within the gun carrier. 
The charge must be positioned to allow the material near the 
base of the liner to collapse onto the axis of symmetry be- 
fore striking the carrier wall. 

The oil industry has equated perforating gun performance 
with the amount of explosive in the shaped charge. Increas- 
ing the overall charge size and thereby increasing the amount 
of explosive does increase performance, however it must be 
remembered that the charge size is constrained by the gun 
diameter and shot density. For a given charge size there is 
an optimum explosive load. Too much explosive may, in fact, 

Fig. ‘I-4-Charge positioning 

decrease the perforation performance. In addition, higher ex- 
plosive loads may contribute to gun splitting or reduced gun 
life in hollow carrier guns and increased probability of cas- 
ing damage when perforating with semi-expendable or ex- 
pendable guns. 

In addition to proper positioning of the charge in the gun, 
the liner geometry and material contribute to the shaped 
charge performance. Deep penetrating charges usually have 
narrow cone angles and dense powdered metal liners. Big 
Hole charges typically have wider cone angles and, in some 
cases, parabolic rather than conical shaped liners. The vari- 
ous shaped charge parameters are illustrated in Fig. 7-5. 

The gun system designer must tane all of these parameter8 
to achieve optimum perfomxmce in a particular gun diameter, 
shot density, and phasing arrangement. 

Fig. 7-CL-Shaped charge design parameters 
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INDUSTRY TESTING OF PERFORATING SYSTEMS 
The American Petroleum Institute (API) has developed 
recommended industry test procedures for oil well perfora- 
tors. These procedures are described in the API RP-43 
manual (1985). The recommended practice describes stan- 
dard test procedures for the evaluation of perforators under 
surface conditions and under simulated well conditions. 

The present API requirement in Section I defines a con- 
crete target (Fig. 7-6) for the evaluation of bullet and jet per- 
forators under multiple-shot, surface conditions. The phys- 
ical characteristics of the perforation at different clearances, 
including penetration into concrete, entrance hole diameter 
in J55 grade casing, and burr height, are evaluated. A regu- 
lar field gun, equipped with randomly selected charges, is 
used in the test. 

In Section II of the RP43 test procedure, a laboratory flow 
test is used to evaluate the perforation characteristics under 
simulated well conditions. Three single shots are fired into 
Berea core targets mounted in steel canisters (Fig. 7-7a). En- 
trance hole diameter in a mild steel face plate and penetra- 
tion into the Berea cores are measured and averaged. Core 
flow efficiency as defined in Figs. 7-7b, 7-7~ and 7-7d is 
derived from the flow measurements. For casing guns the 
test requires a formation pressure of 1000 psi and a well- 
bore pressure of 1500 psi. After firing, an additional 200 
ml of fluid is pumped into the perforated core before revers- 
ing the flow. In the through-tubing gun test, a formation pres- 
sure of 1200 psi is simulated with 1000 psi in the wellbore. 

4% - 16.6 Ib/ft Drill Pipe 

dromite Cement 

TTP . Total Target Pen. 4 
Overall Penetration 

Hydraulic Connection 

Fig. 7-7a-Shots fired into Berea core target 

I 1000 psi 1200 psi 
Establish: Well Pressure Core Pressure 

AP = 200 psi 

Perforate 

I 

1000 psi 
& Flow To Well 
Stabilization Pressure 

1200 psi 
Core Pressure 

AP = 200 psi 
(Kerosene Flow) 

Fig. 7-7b-Through-tubing core flow efficiency in under- 
balanced condition 

Test 
Specimen 

Steel Form 

28.Day 
Concrete 

Fig. 7-6-Concrete target 

The API Section II test has several limitations. Single shot 
performance may not reflect actual performance in a multi- 
ple perforation gun because of the lack of interaction between 
shaped charges. The linear nature of the flow through the 
Berea core results in a strong dependence on the penetration 
of the perforation and a weak dependence on the permeabil- 
ity impairment around the perforation. Finally, the entrance 
hole diameter in the mild steel face plate is not representa- 
tive of the performance in real casings. 

- Berea Sandstone 

I 

1500 psi 
Establish: Well Pressure 

Perforate 
I 

1500 psi 
& Infiltrate: Well Pressure 

Salt 1000 psi 
Wate Core Pressure 

AP = 500 psi 

Backflow To 1000 psi 1200 psi 
Stabilization: Well Pressure Core Pressure 

(Kerosene Flow) 
AP = 200 psi 

Fig. 7-7c-Casing core flow efficiency in overbalanced con- 
dition. Immediately after perforation, salt water flows into the 
core, followed by backflow with kerosene. 

A) Determine 
Original Ko: 

QOPOLO 
Ko = w 

8) Calculate 
Perforation Kp 
From Test: 

QP/JPLO 
KP = A 0 P 

Hassler Unit 

+ Kerosene 
Vtscosity po 

Kp/Ko K, 
‘3 CFE = KI/Ko = T 

Where Ki/Kn reoresents the 

Same Core Mounted 
in Canister,Perforated 
& Kerosene Flowed, 
Viscosity pp 

ratio of the iffective per- 
meability of a target containing 
an ideal (drilled) perforation 
(of the same depth & diameter 
as the perforated one) to the 
original target permeability Kc 

Fig. 7-7d-Core flow efficiency (CFE) determination results 
in a comparison between a drilled, or ideal, perforation and 
the actual perforation. 
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PERFORATING 

API Section I and II tests are routinely performed on deep 
penetrating charges. Only Section I tests are performed on 
Big Hole charges. Shaped charges exceeding 35 g of explo- 
sive are exempt from the Section II test because of potential 
damage to the laboratory apparatus. 

GUN SYSTEM PERFORMANCE 
UNDER DOWNHOLE CONDITIONS 
The performance of the gun system under actual downhole 
conditions is affected by many factors. The overburden stress 
and formation characteristics affect the penetration achieved 
by a jet perforator. These effects are discussed in the sec- 
tion on completion design. 

In addition to the reservoir characteristics, the perforation 
penetration and entrance hole diameter are affected by the 
gun-to-casing clearance, wellbore fluid density and pressure, 
the casing hardness, and gun wall thickness. Although ana- 
lytical expressions are not available to correct surface per- 
formance data given by API tests, the trend of the correc- 
tions is generally known and is covered in this section. 

Penetration decreases with increasing gun-to-casing clear- 
ance because the jet must expend energy to pass through the 
completion fluid. As shown qualitatively in Fig. 7-8 deep 
penetrating charges are affected more than Big Hole charges. 
For this reason the through-tubing perforating guns are posi- 
tioned against the casing wall using mechanical or magnetic 
positioning devices. 

Big Hole 

L 

Clearance 

Fig. 7-a--Effect of water layer thickness 

Although gun-to-casing clearance has little effect on the 
penetration performance of a Big Hole charge it has a large 
effect on the entrance hole diameter. The Schlumberger 
Ultrapack* charge is designed to provide an optimum en- 
trance hole diameter when the gun is positioned in the center 

Centralized 
@ C 

No Positioning 

Gun OD to Casing ID Clearance 

Fig. 7-g--Gun OD to casing ID clearance 

of the casing. The entrance hole diameter versus clearance 
curve is illustrated in Fig. 7-9. Schlumberger Big Hole 
charges are designed to minimize the energy expended in 
producing a hole in the gun wall and maximize the entrance 
hole diameter through the casing and concrete. This design, 
coupled with the high strength of the HSD carriers, actually 
produces a relatively small hole in the gun, but a large hole 
in the casing. If the gun is not positioned it is possible for 
charges to experience both minimum and maximum clear- 
ances resulting in varying entrance hole diameters as illus- 
trated by points A and E in Fig. 7-9. Consistent entrance 
hole diameters can be obtained by standing the gun off of 
the casing. The entrance hole diameter ranges between points 
B and D on tbe curve with the gun positioned. Schlumberg- 
er has positioning devices which stand the gun off of the cas- 
ing yet allow washover if the guns become sanded in after 
perforating. The combination of the Ultrapack charges and 
the positioning devices allows consistent hole diameter and 
increased total area open to flow. 

Wellbore pressure and density have very little effect on 
entrance hole diameter. However, as the pressure increases, 
penetration is reduced. This reduction in penetration may 
be due to the wellbore fluid collapsing onto the rear portion 
of the jet before it is able to penetrate the formation. 

The entrance hole diameter through the casing is affected 
by the ultimate tensile strength of the casing, not the yield 
strength, for high-jet-velocity Schlumberger charges. The 
formula for this correction is given below: 
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E”new 2250 + 4.2 E,(,,,) 

I 
% 

- = 
E”JS 2250 + 4.2 B,(,,) 

(Eq. 7-2) 

where: 

Bh = Brine11 hardness. 

Equation 7-2 is expressed graphically in Fig. 7-10. As 
Brine11 hardness is not a common field unit, a table is provid- 
ed showing the equivalence between casing grade, minimum 
yield, tensile strength, Rockwell, and Brine11 hardness. 

I- 

t 

Entrance Hole ~8. Casing Strength 

!m”d Hardness 

+J-55-+-N-60+P-lo+---, 

Casina Grades and bhvslcal Prow 
T 

calling 

H-IO 

J-55 

K-55 

G75 

L-60 

N-60 

c95 

s-95 

P-105 

P-110 

Y-150 

lockwell I I7 
"6" 

66-67 

61-95 

93-102 

93.103 

1 

93-100 

95.102 

96-102 

Mlnimun 
Yield 

(kpsi) 

40 

55 

55 

75 

60 

60 

95 
96 

105 

110 

150 

Fig. 7.IO-Entrance Hole vs. Casing Strength 
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1 
88 

Tellelle 
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60-64 

75-96 

96-117 

96-121 

95112 

OS-117 

103-117 

109-139 

117-143 

124-164 

159-202 

Many of the Schlumberger high shot density casing guns 
are equipped with scallops on the outside wall of the carrier 
(see Fig. 7-4). The scallop serves two purposes. First, on 
both deep penetrator and Big Hole charges the scallop pro- 
vides a depression to minimize the height of the burr beyond 
the outside wall of the carrier. Second, the entrance hole di- 
ameter in the casing is decreased when the jet most pass 
through more steel in the gun wall. The scallops serve to 
minimize the amount of steel that the jet must pass through 
before striking the casing. This effect is particularly impor- 
tant for Big Hole charges. 

In a deep penetrating charge, most of the penetrating ability 
of the jet comes from the last 25 to 30% of the liner. Addi- 
tional steel close to the charge, such as gun wall thickness 
or additional casing strings, has very little effect on the fi- 
nal penetration depth for large, deep-penetrating shaped 
charges. If burrs are not a problem, then scallops may he 
eliminated on the larger guns equipped with deep penetrat- 
ing charges. On smaller through-tubing guns the effect is 
more significant and the carriers should always be scalloped. 

COMPLETION DESIGN 
The perforation must provide a clean flow channel between 
the producing formation and the wellbore with minimum 
damage to the producing formation. The ultimate test of the 
effectiveness of the perforating system, however, is the well 
productivity (injectivity). The productivity of a perforated 
completion depends significantly on the geometry of the per- 
forations (Fig. 7-11). The major geometrical factors that de- 
termine the efficiency of flow in a perforated completion arc: 
l perforation length, 
l shot density, 
l angular phasing, and 
l perforation diameter. 

The relative importance of each of these factors on well 
productivity depends on the type of completion, formation 
characteristics, and the extent of formation damage from the 
drilling and cementing operations. The next sections explore 
the relative importance of the geometrical factors on natur- 
al, gravel pack, and stimulated completions. 

Natural Completions 

Isotropy 
Productivity analysis of a perforated completion is signifi- 
cantly more complex than an openhole completion due to 
the 3-dimensional nature of the flow. Comparisons are usual- 
ly made in terms of the productivity ratio which is defined 
as the ratio of productivity of a perforated completion to the 
productivity of an ideal opeohole completion. 
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PR = Zn(r,lr,,,)l[ln(r,lr,J + skin] , (Eq. 7-3) 

where: 

PR = productivity ratio 

‘e = drainage radius 

‘W 
= wellbore radius. 

Many investigators have studied the effect of perforating 
parameters on well flow efficiency. Muskat (1943) present- 
ed the first analytical treatment of the problem in 1942. 
McDowell and Muskat (1950), using electrolytic tank ex- 
periments, reported productivity results for perforations ex- 
tending beyond the well casing. They showed the importance 
of perforation penetration on well productivity and concluded 
that the analytical treatment given in Muskat’s earlier anal- 
ysis was not accurate. 

Harris (1966) and later Hong (1975) studied the produc- 
tivity of perforated completions using a finite difference 
method. Although the model provided useful insight into the 
problem it was limited to wedge-shaped perforations. 

Locke (198 1) applied the finite element technique to model 
the full 3-dimensional problem of flow into perforations by 
properly taking into account the actual geometry of perfora- 
tions and the spiral nature of their distributions around the 
wellbore. In a natural completion in a homogeneous, isotrop- 
ic reservoir, Locke determined that productivity improves 
with shot density, penetration is much more important than 
perforation diameter (provided the diameter is greater than 

0.25 in.) and penetration through the damaged zone is very 
important. In addition, an angular phasing of 90” improved 
productivity significantly when compared to 0 ’ phasing and 
only slightly when compared to 120 ’ and 180 ’ phasing. The 
nomograph developed by Locke from his finite element 
model from which productivity ratios and skin factors can 
be estimated is shown in Fig. 7-12. 

Following is a guide to the use of the productivity ratio 
nomograph. 

1. Enter with perforation length on the upper-left stem. 
This length can be found from API RP-43 test data, 
corrected for overburden conditions if applicable. The 
example case shows 12 in. 

2. Proceed horizontally to the appropriate perforation di- 
ameter, again obtained from API RP-43 test data. Ex- 
ample: 0.5 in. 

3. Go down to the appropriate damaged zone thickness, 
6 in. in the example (point a). Now measure along 
the 6 in. line from the vertical axis to the appropriate 
KJK, line (line b-c example: 0.4). Transfer distance 
bc to b ‘c ‘, beginning at point a. From point c ‘, go 
to step 4. (The results of the nomograph assume that 
the damaged zone is completely pierced). 

4. Go down to the appropriate crushed zone permeabil- 
ity reduction line (Kc/Ku); crushed zone thickness is 
assumed constant at 0.5 in. Kc/Ku may be estimated 
on the basis of core-flow efficiency data from API 
RP-43 or similar tests. A value of 0.2 has been sug- 
gested in the literature and as such has been used in 
this example. Further work is needed to define this 
parameter under downhole conditions. 

5. Cross over to the shot-density (perforation&t) line. 
6. Go up to the angular phasing line. These phasings 

refer to real perforators: 90’ phasing means the shot 
pattern follows spiral path, each shot offset by 90” 
from the two adjacent shots. 

7. Read right to the productivity ratio (0.88 in the ex- 
ample) and the skin factor figures. These figures, used 
in conjunction with reservoir producibility calcula- 
tions, will permit prediction of the production to be 
expected from a particular well. 

The nomograph is drawn for a borehole size of 6 in. 
However, the effects of varying borehole size are par- 
tially compensating, and the nomograph can be used as 
is with coherent results over a considerable range of bore- 
hole sizes. An additional correction for a 12-in. borehole, 
160-acre spacing, is shown. At point d, one simply raises 
the line to the 12 in., 90” line and then continues to the 
productivity scale (0.87 in the example). 
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Fig. 7-12-Nomograph for productivity ratio 

Tariq (1984), using a finite element model with a careful- 
ly chosen mesh size, confirmed Locke’s findings qualitative- 
ly, but determined that the model was consistently optimis- 
tic by 5 to 10%. Figures 7-13 and 7-14 illustrate the effect 
of penetration length, shot density, angular phasing, and per- 
foration diameter for an ideal case of no crushed zone, no 
damaged zone, and isotropic formation. Although it is 
difficult to rank the importance of each of the geometrical 
factors, it is generally agreed that perforation length, shot 
density, and angular phasing are significantly more impor- 
tant than perforation diameter in a natural completion. 

Turbulent Flow 
Tariq considered the case of turbulent flow in the near 

wellbore region. In high rate oil and gas wells turbulence 
can cause a reduction in productivity. The effect of turbu- 
lence in the near wellbore region is reduced for deep penetra- 
tion lengths due to the increase in area open to flow. Figure 
7-15 illustrates the 90” phasing case. Combining deep 
penetration lengths with angular phasing between adjacent 
perforations is an effective way to minimize the effect of tur- 
bulence in high flow rate wells. 

To determine the optimum perforation geometry, consider- 
ation must be given to the characteristics of the reservoir in- 
cluding anisotropy, laminations, natural fractures, formation 
damage, and underbalance. To assist in designing an effec- 
tive perforation program all available information from open- 
hole logs, cores, and well tests should be used. 
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Anisotropy 
Most reservoir rocks have lower vertical permeability than 
horizontal permeability. Productivity is drastically reduced 
by the presence of permeability anisotropy. Figure 7-16 il- 
lustrates the effect of anisotropy on the productivity ratio. 
The reduction in productivity is much smaller for high shot 
densities; therefore, increasing shot density is an effective 
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Fig. 7-15-Influence of turbulence on productivity ratio 
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Fig. 7-16-Productivity ratio vs. perforation length- 
anisotropic case 

way of overcoming the adverse effects of anisotropy. At low 
shot densities the angular phasing between perforations has 
very little effect in an anisotropic environment as illustrated 
in Fig. 7-17. Figure 7-18 shows similar results for 12 shots 
per foot (spf). Similar effects to those described in the low 
shot density case are seen at a much reduced level. 
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Shale Lduninations 
Most sandstone reservoirs contain shale laminations. The 
presence of shale influences the flow pattern and must be 
considered during the design of the perforated completion. 
Research indicates that performance of a laminated forma- 
tion is essentially independent of perforation location at high 
shot density. At low shot density the sand/shale distribution 
controls the performance of the shale laminated formation. 
Increasing the shot density is an effective way to improve 
productivity. 

Natural Fractures 
Productivity of perforated completions in natural fracture sys- 
tems is highly dependent on the hydraulic communication 
between perforations and the fracture network, and varies 
with the type, orientation and interval of natural fractures. 
Different perforation parameters assume a variety of sig- 
nificances for each type of fracture system; however, per- 
foration length and number of fracture planes seem to be the 
important parameters. 

Formation Damage 
During drilling and cementing of casing both mud and ce- 
ment filtrates invade the formation. This zone of reduced 
permeability around the wellbore is usually referred to as 
the damaged zone. Similarly, during the perforating process 
a zone of reduced permeability referred to as the crushed 
zone is created around the perforation. These permeability 
impairments may significantly reduce the flow efficiency of 
a perforated completion. 

Significant reduction in productivity occurs if the perfo- 
rations do not extend beyond the damage zone. For forma- 
tions that are suspected to have been damaged substantially 
the first concern should be the provision of perforation length 
in excess of the damaged thickness. 

Although a crushed zone surrounding the perforation is 
seen in surface tests there is no conclusive evidence as to 
the extent of the permeability impairment in this zone. In 
laboratory experiments the thickness and permeability 
damage of the crushed zone appears to be determined by the 
type of shaped charge, the formation type, the underbalance 
used, and the cleanup conditions. At present, the common 
practice is to assume a crushed zone of 0.54. thickness with 
reduced permeability of 10 to 20% of the virgin formation. 

Underbalance 
The importance of shot density in improving productivity, 
especially in shale laminated formations, has been discussed. 
This discussion refers to effective shot density or the num- 
ber of perforations actually producing. Field experience has 
suggested that underbalanced perforating (lower pressure in 
the wellbore versus the formation pressure) is an effective 
method to create open, undamaged perforations. The under- 
balanced pressure selected must be sufficient to expel debris 
for improved productivity, yet, at the same time avoid 
mechanical failure of the formation. If past field experience 
is not available for selecting the optimum underbalance the 
guidelines outlined herein should be used. 
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Guidelines for Selecting Optimum Underbalance I 
l Bell’s Criteria l Safe Limits of Underbalance 

Based on experiences around the world, Bell (1984) sug- 
gested the following criteria for selection of optimum 
underbalance: 

From the productivity standpoint, one should strive for 
the highest value of underbalance. However, there are 
a number of reasons why one should limit the drawdown 
imposed on the formation. 

Permeability 

>lOO md 

<lOO md 

Required Underbalance (psi) 

Oil Gas 

200-500 looo-2ooo 

1000-2000 2ooo-moo 

1. The drawdown should not cause mechanical failure 
of the formation. The Sand Strength Analysis 
Program* outputs a value of safe underbalance based 
on the mechanical properties of the formation as esti- 
mated from sonic logs. 

l King’s Charts 
King, et al. (1985) published empirical charts (Figs. 7-19 
and 7-20) based on a field study of 90 wells perforated 
with TCP in sandstone formations. The underbalance was 
considered sufficient wherever the subsequent acidizing 
did not improve the well’s performance. These charts 
show the correlation between the underbalance pressure 
used in perforating, the formation permeability, and the 
type of reservoir fluid. Both Bell’s data and King’s corre- 
lations suggest that, whatever the fluid content or the for- 
mation permeability, the underbalance should be at least 
200 psi. 

2. Excessive drawdown may lead to mechanical defor- 
mation of the casing and may cause permeability 
damage in the near wellbore region due to movement 
of fines. 

3. Initial spurt rates under high drawdown can be so high 
as to reach the critical velocity through the comple- 
tion, i.e., the drawdown is limited by the area open 
to flow. Imposing higher values of drawdown than is 
needed to reach critical flow is useless and only en- 
dangers the completion mechanically. 

n Optimum Underbalance Based on 
Capillary Pressure 
The underbalance selected should be sufficient to over- 
come the capillary forces for the removal of invaded mud 
filtrate. The local capillary pressure can be determined 
using core analysis. It can also be calculated assuming 
capillary pressure as a function of the height above the 
free water level and the difference in fluid densities: 

p, = co, - Phc) x h x g > ml. 7-4) 

where: 

PW 
= water density 

phc = hydrocarbon density 
h = height above free water level 

g = gravity. 

The underbalance should be approximately twice the 
capillary pressure as it has to act at some distance in the 
reservoir. This approach addressed the cleanup of the for- 
mation damage by drilling/completion fluids, but it does 
not consider the cleanup of a perforation through flush- 
ing of loose debris and removal of crushed zone around 
the perforations. 

l Schlumberger Perforating and Testing Center 
Experimental Results 
A series of experiments (Halleck and Deo, 1987) con- 
ducted in Berea sandstone cores of a specific permeabil- 
ity give new insight into the perforation cleanup 
phenomenon. The cleanup after underbalanced perforat- 
ing occurs in two stages, first through high transient fluid 
gradients and, second, by steady-state pressure gradients 
across the zone of reduced permeability. The first lasts 
only a short period of time and involves limited flow 
volumes, while the latter occurs over an extended peri- 
od of flow. For sufficiently high underbalance (800 to 
1000 psi), the initial surge is enough to effectively clean 
the damage and little, if any, cleanup occurs during post- 
shot flow. For lower values of underbalance (200 to 600 
psi), the post-shot flow does remove some damage, yet 
a significant amount of damage is locked in place and 
cannot be cleaned even at subsequent high differential 
pressures. Figures 7-21 and 7-22 present these results. 
The results of these experiments confirm in a broad sense 
both Bell’s and King’s conclusions that underbalances of 
500 to 1000 psi are needed to obtain maximum flow rates 
in sandstone cores. 
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Fig. 7-19-Underbalance pressure used on tubing-conveyed 
perforating in gas zones in sandstone 

Fig. FPO-Underbalance used on tubing-conveyed perforat- 
ing in oil zones in sandstone 

Sand Control Completions 
In unconsolidated formations the mechanical failure of the 

formation and subsequent production of sand is a critical 

problem. Gravel packing is the most common technique for 

controlling sand production in unconsolidated formations. 

The technique involves perforating the formation, cleanup 

of perforations using wash or back-surge and placement of 

appropriately sized high quality sands called “gravel” be- 

tween the unconsolidated formation face and the screen. The 

pressure drop due to liquid flow through a filled perforation 
tunnel is given by: 

APL = 0.888 g 
Q2 

+ 9.1 (W13) & - 
A ’ 

(Eq. 7-5) 
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Fig. 7.21-Extent of flow improvement in brine-containing 
cores. Differences between initial and maximum CFEs show 
little improvement for shots fired with more than 500 psi 
underbalance. 

Shooting Underbalance 

Fig. 7.Z-Total weight of debris washed from brine-free 
cores by postshot flow 

where: 

APL = pressure drop, psi 

L = length of perforation tunnel, ft 

P = fluid viscosity, cp 

k = permeability of tunnel fill material, darcies 

Q = flow rate, bpd 

A = cross sectional flow area of perforation tunnel, ft2 

; 

= fluid density, lb/ft’ 

= beta factor (inertia coefficient for sandstone), ftY’. 

It can be seen from the above equation that the pressure drop 

across the tilled perforation tunnel is dependent on the CTOSS- 

sectional flow area. For an optimum gravel pack comple- 
tion large, consistent, perforation diameters and high shot 
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density are required. The large perforation diameter must 
be maintained through to the cement/formation interface or 
the pressure drop will be larger than anticipated. Penetra- 
tion must be sufficient to reach the formation. 

Stimulated Completions 
Many low permeability wells will not flow and must be 
stimulated by acidizing and/or hydraulic fracturing. In some 
cases, ball sealers may be used to seal off a zone taking fluid, 
thus permitting pressure to be applied to other zones. This 
procedure is repeated until all zones are hydraulically frac- 
tured. In other cases the hydraulic fracturing operation may 
be staged. In this case, the first zone is selectively perforat- 
ed, fractured, and then sealed using a frac plug. The frac 
plug isolates previously fractured zones from the subsequent 
stage. This operation is repeated for the remaining stages. 
After the entire hydraulic fracturing job is completed the frac 
plugs are retrieved and the well put on production. 

For hydraulic fracturing operations the perforation di- 
ameter is the crucial parameter. The number and size of per- 
forations are governed by hydraulic horsepower available, 
formation breakdown pressures, proppant diameter, and flow 
rates. 

SCHLUMBERGER PERFORATION ANALYSIS 
PROGRAM (SPAN) 

General 
As can be seen from the preceding discussion, perforated 
well completion design is a complex problem. Choice of an 
optimum perforation geometry for a particular formation, 
constrained by the casing and tubing diameters, is difficult 
and has in the past largely been accomplished by trial and 
error. The SPAN program predicts the outcome of any per- 
forating job allowing the completion engineer to compare 
a variety of alternatives. The program consists of a penetra- 
tion predictor module and a productivity calculation module. 

The penetration module computes the perforation length 
and diameter for deep penetrator and Big Hole shaped 
charges for a given completion and formation. The most re- 
cent version employs the physics approximated by Allison 
and Vitali’s (1963) l-dimensional hydrodynamic theory to 
compute perforation length and diameter for deep penetra- 
tor charges. This basic theory of penetration assumes that 
both jet and rock behave as fluids if the penetration pressure 
exceeds the rock strength. Theory indicates that penetration 
depth is dependent on the jet-to-target density ratio as well 
as the jet length. As described in an earlier section the den- 
sity ratio is controlled by the selection of liner material. 

In the SPAN program penetration for the deep penetrat- 
ing shaped charges is calculated using the basic theory 
described above and by using experimental data. 

Schlumberger is presently developing a new penetration 
prediction algorithm for deep penetrating charges to improve 
the accuracy of the predictions. 

For each of the Big Hole charges the relationship between 
penetration and gun-casing clearance has been determined 
experimentally and is used to predict penetration. The pro- 
gram takes into consideration the type of charge, gun phas- 
ing and position, casing specifications and positions, com- 
pletion fluids, and borehole size. 

Entrance Hole Diameter Prediction 
The entrance hole diameter estimations are based on experi- 
ments using grade J55 steel plates. In addition, for each of 
the Big Hole charges, the relationship between entrance hole 
diameter and gun-casing clearance has been determined ex- 
perimentally and is used to predict entrance hole diameters. 
In the SPAN program entrance hole diameters are comput- 
ed as if the casing is grade J55 with an average yield of 
65,000 psi. Corrections are then made by the program for 
other casing grades using the following formula: 

where: 

x = 2.0 x (casing yield, kpsi) + 60 
y = 2.0 x (65 kpsi) + 60 = 190. 

where “casing yield” is for the new casing and “65 kpsi” 
is the yield strength of J55. 

Penetration Correction for Formation Characteristics 
Perforation penetration is believed to decrease with overbur- 
den stress and formation strength. The SPAN program al- 
lows perforation penetration to be corrected for these charac- 
teristics before estimating productivity by using either of the 
following methods. 
l Thompson’s Method (1962), which correlates formation 

penetration to the compressive strength of the rock accord- 
ing to the following formula: 

P = P, 40.086 x (c, - c)/lOOO) , (Eq. 7-7) 

where: 

P = formation penetration 
P,= penetration in a reference formation 
c, = compressive strength of the reference formation, psi 

(In the SPAN program reference formation is Berea 
sandstone with a compressive strength of 6500 psi.) 

c = compressive strength of the producing formation, psi. 
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l Saucier and Lands Method: This involves the use of mul- 
tiplication factors derived on the basis of experiments for 
three classes of rock: sot? rock represented by Austin lhne- 
stone, medium hardness rock represented by Beret sand- 
stone, and hard rock represented by Wasson dolomite. 
These results are shown graphically in Fig. 7-23. 

0 5 10 15 
Effective Stress x IO3 psi 

Fig. 7.23-Curves for approximating downhole penetrations 
after accounting for casing and cement thicknesses 

l No Correction: The latest test performed by Schlumberger 
using large-scale, multiple perforation targets cast seri- 
ous doubts on the previously observed stress effect. In 
these tests no significant differences in penetration depths 
for isotropic stresses up to ECKIO psi were observed. More 
work is underway to resolve this issue. In the meantime, 
the SPAN program supports a “no correction” option. 

The SPAN program performs the penetration computations 
twice, for the most favorable case when the gun lies in the 
same eccentered position as the casing and for the unfavora- 
ble case when the gun is on the opposite side of the hole. 

Figure 7-24 is a typical SPAN plot showing a cross sec- 
tion of the charge penetration. Figure l-25 is a listing of the 
perforation geometrical characteristics from SPAN analysis. 

Productivity Calculation 
In the productivity module the SPAN program uses Locke’s 
and Hong’s results to calculate the productivity of the per- 
forated completion using the perforation parameters which 
are input directly or calculated in the penetration module. 

Locke’s finite element model was described in an earlier 
section. Hong also used a numerical technique to study the 
effects of perforation parameters on productivity. He present- 
ed his results in the form of nomographs for simple and stag- 
gered perforation patterns. In the SPAN program one has 
the choice of using either Locke’s or Hong’s nomograph. 
Hong’s nomograph is less accurate than Locke’s data; 

BBS, 

Fig. 7-24-00s~ section showing charge penetration depth 

Fig. 7.25-Perforation characteristics 

however, it covers a broader range of perforation parameters 
and anisotropy. 

Figures 7-26 and 7-27 show typical outputs of the produc- 
tivity module of the SPAN program. Again the best and worst 
case corresponds to the position of the gun. 

The productivity module also includes a skin analysis. The 
three skin factors included in the analysis are skin due to 
partial penetration for the pay zone, skin due to well 
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Fig. 7-27-Change from openhole production 

deviation, and skin due to invasion damage. A listing of the 
variation of the total skin with different parameters is also 
included in the output (Fig. 7-28). 

WELL COMPLETION TECHNIQUES 
There are three basic techniques employed today to perforate 

Shot Density 
perft 
Total Skin 

1. Best Case 

Worst Case 

Productlvlty 
Ratio 

2. Best Case 

Worst Case 

b = 0.25 0.36 0.48 0.58 0.63 0.87 
b = 0.50 0.56 0.69 0.76 0.83 0.86 
b = 0.75 0.72 0.83 0.91 0.96 0.99 
b = 1.00 0.81 0.91 0.99 1.02 1.05 

b = 0.25 0.14 0.20 0.28 0.34 0.39 
b = 0.50 0.24 0.34 0.46 0.53 0.58 
b = 0.75 0.34 0.46 0.59 0.67 0.72 
b = 1.00 0.41 0.55 0.68 0.76 0.81 

pay zone open to flow 
1) Total skin is computed by the method of Saidikowski with Odeh’s 

correction factor 
2) Production ratio is computed for steady state flow 
3) Skin due to perforations and damage only 

b = Fraction 

b = 0.25 12.25 
b = 0.50 
b = 0.75 X:23 
b = 1.00 1.77 
b = 1.00(3) 1.77 

b = 0.25 46.56 
b = 0.50 23.58 
b = 0.75 15.02 
b = 1.00 10.83 
b = l.OQ(3) 10.83 

2.0 16.0 

8.28 
3.46 
1.61 
0.76 
0.76 

30.56 
14.66 
9.04 
6.35 
6.35 

3.76 
1.20 
0.10 

- 0.35 
- 0.35 

12.47 
5.55 
3.01 
1.62 
1.82 

Fig. 7-26-Output showing variation of total skin using differ- 
ent parameters 

a well. Although the variations are virtually endless, the fol- 
lowing discussion is limited to a basic description of the three 
techniques. 

Wells can be perforated using casing guns conveyed on 
wireline, through-tubing guns, and tubing-conveyed guns. 
These methods are illustrated in Fig. 7-29. Because each 
method has advantages and limitations, the completion en- 
gineer must choose the most appropriate technique for each 
well. 

Wireline Casing Gun Technique 
Perforating with a casing gun conveyed on wireline has been 
a standard technique for many years. Before the tubing and 
wellhead are put in place, a hollow carrier casing gun is lo- 
wered into the well on wireline, positioned opposite the 
productive zone, and detonated. The main advantages of this 
system are as follows: 
l The diameter of the gun is limited only by the ID of the 

casing; therefore, large, high performance shaped charges 
can be conveyed in a multiphase, high shot density carrier. 

l The casing gun offers high reliability because the blast- 
ing cap detonating cord and shaped charges are protected 
from the wellbore environment and the carrier is mechan- 
ically strong. 
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Derrick, ’ 

iun 

Casing Gun Completion Through-Tubing Gun Completion 
Well Pressure > Formation Pressure Well Pressure < Formation Pressure 

Tubing-Conveyed Completion 
Well Pressure c Formation Pressure 

Fig. 7-29-Well completion techniques 

l Selective firing is available between guns. 
l Guns are accurately positioned opposite the zone of in- 

terest using a casing collar locator. 
l No damage occurs to the casing and virtually no debris 

is left in the well. 

There are two main limitations to this method: 
l As a general practice, the well must be perforated with 

the wellbore pressure greater than the formation pressure. 
This pressure differential may prevent optimum cleanup 
of the perforations. The situation is aggravated when per- 
forating in drilling mud. The mud plugs are difficult to 
remove even when subjected to high reverse pressure. Per- 
forating in clean liquids such as salt water is recommended. 

l The strength of the wireline and the weight of the casing 
guns limits the length of the assembly which can be run 
on each trip into the well. 

Schlumberger offers a family of hollow carrier, steel, 
port plug casing guns in diameters ranging from 3% to 
5 in. with a maximum shot density of 4 spf and an angu- 
lar phasing of 90”. In addition there is a family of high 
shot density guns which may be conveyed on wireline 
ranging in diameter from 2% to 7% in. with shot densi- 
ties from 5 to 12 spf. 

Through-Tubing Perforating Technique 
In 1953, Humble Oil and Refining Co. pioneered the 

permanent-type well completion. This technique involves set- 
ting the production tubing and wellhead in place and then 
perforating the well with small diameter guns capable of run- 
ning through tubing. The main advantages of this technique 
are as follows: 
l The well may be perforated with the wellbore pressure 

below the formation pressure allowing the reservoir fluids 
to instantly clean up the perforating debris. 

l Completion of a new zone or a workover of an existing 
zone does not require the use of a rig. 

l A casing collar locator allows for accurate depth 
positioning. 

The main limitations of this method are as follows: 
l To allow the gun to run through tubing, smaller shaped 

charges, with reduced penetrations, must be used. To 
achieve maximum penetration with through-tubing perfo- 
rators the gun is usually positioned against the casing to 
eliminate the loss of performance when perforating 
through the liquid in the wellbore. This arrangement re- 
stricts the gun to 0” phasing. 

l In an effort to improve the penetration performance, gun 
system designers eliminated the hollow steel carrier and 
placed pressure tight capsule charges on a strip or wire. 
These guns are called expendable or semi-expendable de- 
pending on whether the wire or strip is retrieved. Remov- 
ing the steel carrier allows a larger charge to be used; 
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however, charge case debris is left in the well after perforat- 
ing and the casing may be damaged by the detonation, 
l The charges are exposed in the expendable and semi- 

expendable systems restricting these guns to less severe 
well environments and lower running speeds. 

Schlumberger offers a line of hollow carrier HyperDome* 
guns in diameters ranging from 1% to 2% in. The Enerjet* 
gun is a high performance, semi-expendable gun offered in 
ll%a-in. and 2%-in. diameters. 

Tubing-Conveyed Perforating Technique 
Although various attempts were made to convey perforat- 
ing guns into the well on tubing it was not until the early 
1980s that widespread use of the service began. The basic 
technique involves assembling hollow carrier steel casing 
guns vertically with a firing head on top. There are several 
types of tiring heads including drop bar, differential pres- 
sure, direct pressure, and electrical wet connect. On top of 
the firing head is a sub used to allow reservoir fluids to flow 
into the tubing. A production packer is attached above the 
fluid communication sub. This entire assembly is then low- 
ered into the well on the end of the tubing string. The string 
is depth positioned usually with a gamma ray survey. After 
the guns are positioned, the packer is set, and the well is 
readied for production. This includes establishing the cor- 
rect underbalance condition in the tubing. The guns are then 
fired and the surge of reservoir fluids is used to clean up 
the perforations. Depending on the situation the guns may 
be retrieved or dropped to the bottom of the well. Many var- 
iations of the procedure described above are in use today. 
The main advantages of this technique are as follows: 

The well can be perforated with large diameter, high per- 
formance, high shot density casing guns with the wellbore 
pressure lower than the formation pressure (under- 
balanced) allowing instantaneous cleanup of the 
perforations. 
The wellhead is in place and the packer is set before the 
guns are fired. 
Large intervals can be perforated simultaneously on one 
trip into the well. 
Highly deviated and horizontal wells can be perforated by 
pushing the guns into the well. 

The main limitations of the technique are as follows: 
l Unless the guns are withdrawn from the well it is difficult 

to confirm whether the entire gun fired. Effective shot de- 
tection systems may overcome this limitation. 

l Explosives degrade when exposed to elevated tempera- 
tures, reducing shaped charge performance. It takes many 
times longer to run a TCP string into the hole than a wire- 
line gun. To compensate, a more expensive and, in some 

PERFORATING 

cases, less powerful explosive must be used on TCP 
operations. 

l Selective perforating options with TCP are limited. Limit- 
ed entry perforating may not be economical with TCP. 

l Accurate depth positioning of the gun string is more 
difficult and time-consuming than wireline depth 
positioning. 

Schlumberger offers a family of high performance TCP 
guns ranging in diameter from 2X to 7 % in. with shot den- 
sities ranging from 5 to 12 spf. 

COMPLETION EVALUATION 
After the well has been perforated the completion engineer 
is interested in verifying the initial productivity prediction. 
Completion evaluation has always been expensive and time 
consuming, involving at least a few days of well testing and 
production logging. For this reason it is often bypassed. To 
assist the completion engineer in evaluating the perforated 
completion to determine formation permeability, reservoir 
pressure, and skin, Schlumberger has developed a Measure- 
ment While Perforating (MWP) tool to measure downhole 
pressure and temperature immediately after perforating. If 
a high positive skin is calculated, the completion engineer 
may elect to reperforate the formation or perform addition- 
al remedial treatments such as acidizing or fracturing. 

The Measurement While Perforating tool can be used to 
fire both wireline and tubing-conveyed guns. Before the guns 
are fired, the pressure sensor on the MWP tool can be used 
to verify that the correct underbalance condition has been 
established Figure 7-30 illustrates downhole pressure and 
temperature recordings versus time before and after perfo- 
ration. Before the guns were fired the pressure gauge 
registered 3308 psi, equivalent to the head of the brine 
cushion filling the tubing. After perforating, formation fluids 
surged into the well and pressure increased, eventually reach- 
ing reservoir pressure. 

The well test program (Chapter 4) is used to provide on- 
site basic well test analysis in real time. Data can be ana- 
lyzed while the test is in progress, ensuring that interpreta- 
ble data is collected. The capabilities of the WTQL Well Test 
Program include: Horner, MDH, t%, convolution spherical 
plots, and multirate buildup/drawdown/falloff. Results of the 
analysis for the example described above appear in Fig. 7-3 1. 
The slope of the line on the pressure versus convolution time 
plot is inversely proportional to the formation permeability 
multiplied by the bed thickness. The intercept of the pres- 
sure axis gives a measure of the skin. A conventional well 
test confirmed the permeability value but indicated a much 
lower value of skin. It appears that the perforations had been 
cleaned up between the two tests. 
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Fig. 790-Temperature and pressure vs. time measured by the MWP system while per- 
forating a Texas gas well 
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Fig. 7-31-Convolution analysis results in a special plot where 
the test data assume a linear trend. The line’s slope gives perme- 
ability and the ordinate intercept gives skin. 
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Mechanical Rock Properties 
vs. Completion Design 

The theoretical foundation for many well completion designs 
lies in rock mechanics - the science of how rocks respond 
to stress. Of particular importance is a subsection of rock 
mechanics. Rock-failure mechanics figures largely in two 
well completion services: hydraulic fracturing, the pump- 
ing of special fluids into a well to fracture the reservoir and 
increase hydrocarbon yield, and sanding control, which pre- 
vents the collapse and flow of loosely consolidated rock or 
sand near the wellbore during production. 

Hydraulic fracturing was introduced in 1947. By 1955 the 
procedure had been performed in more than 100,000 wells, 
and today is used in more than half of the wells drilled. Suc- 
cess of a hydraulic fracture treatment is dependent on the creat- 
ed fracture geometry, which in turn is related to the mechan- 
ical properties of the formation and bounding layer rocks. 

Formation collapse into a producing well presents a differ- 
ent problem. When proration ended in the U. S. Gulf Coast 
in 1970, well production rates were increased. In some wells 
unconsolidated sands could not withstand the increased 
production rates and flowed with the oil into the well, result- 
ing in wrecked completion hardware and eventually a 
blocked-up well. Several techniques were used in an attempt 
to alleviate the problem. These included perforating the cas- 
ing with many small-diameter holes to encourage the sand 
grains to bridge and form an arch around each perforation, 
injecting plasticizer through the perforations to strengthen 
the formation, and gravel packing. Today, the most preva- 
lent remedy is the gravel-pack completion, which blocks the 
influx of loose sand with specially selected gravel held in 
place by screens. 

Well completion design theory used in rock mechanics is 
grounded in fundamental work by Coulomb and Lame’, Otto 
Mohr, and Karl Terzaghi. Today, the use of computers has 
propelled rock-mechanics theory into the domain of 
3-dimensional models that account for variables that were 
unmanageable only 15 years ago. Rock mechanics influences 
every aspect of completion design, helping to determine 
whether to perforate or gravel pack, or which zones to 
hydraulically fracture. 

The following sections include a discussion of the various 
elastic constants required to characterize rock strength. These 
elastic constants are used to define parameters that control frac- 
ture geometry and wellbore failure. Finally, wellbore failure 
mechanisms and fracture geometry modeling are presented. 

ELASTIC CONSTANTS 
The mechanical properties derived from testing rock sam- 
ples in the laboratory, such as the measurement of the strain 
for a given applied stress, are stutic elastic constants. Dy- 
numic elastic constants are derived from the measurement 
of elastic wave velocities in the material. Array-Sonic log- 
ging and waveform analysis provide the means for obtain- 
ing continuous measurements of compressional and shear ve- 
locities. These data, in conjunction with a bulk density per- 
mit the in-situ measurement and calculation of the mechani- 
cal properties of the rock. The elastic mechanical proper- 
ties, in terms of elastic wave velocities (or transit times) and 
bulk density, are shown in Table 8-1. 

The standard practice is to use measured values of com- 
pressional travel time ($) and shear travel time (t,). When 
shear travel time cannot be measured (i.e., in soft forma- 
tions or poor cement jobs), predictions based on Poisson’s 
Ratio and elastic moduli are not recommended. However, 
ks data may be replaced with synthetic shear travel times 
computed from lithological models, using compressional 
travel times and bulk density that have been corrected for 
hydrocarbon effect. It should be noted that even though the 
hydrocarbon corrections are applied for the lithological model 
inputs for synthetic $ computations, hydrocarbon corrections 
are not made when the raw data are used for the elastic 
properties computation. 

The classic relationships in Table 8-l do not account for 
the influence of fluid type on the sonic log responses. Gener- 
ally this makes little difference in the case of carbonates, 
which have a large surface area of contact through solution 
welding or mineralization. Although minimal in low porosity 
sandstones, the effect should not be ignored, particularly 
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I DYNAMIC ELASTIC PROPERTIES 
I 

Y Poisson’s Ratio 

G Shear Modulus 

Lateral strain 
Longitudinal strain 

Applied stress 
Shear strain 

‘h(r,lr,)2- 1 

(r,lrJ2- 1 

eb 
-Gxa 8 

E Young’s Modulus 

Kb Bulk Modulus 

Applied uniaxial stress 
Normal strain 

Hydrostatic pressure 
Volumetric strain 

2G (1 + v) 

I I Cb Bulk Compressibility Volumetric deformation 1 

(with porosity) Hydrostatic pressure Kb I 

Rock Compressibility Change in matrix volume ~ 
cr (zero porosity) Hydrostatic pressure egh$z -‘&lx a 

01 Biot Elastic Constant 
Pore pressure 
proportionality 

l-c, 
Cb 

Note: Cdl a - 1.34 x 10’0 I, Qb I” gh+ and , I” fdn 

Table 8-1 -Dynamic elastic properties 

when the reservoir fluids are highly compressible. An ex- 
ample would be when free gas is present at reservoir 
conditions. 

The effect of fluid can be mathematically modeled. The 
ratio $/-t,, derived from the expressions for bulk modulus 
and shear modulus, is as follows: 

ks/tc = (413 + K/G)% . (Eq. 8-l) 

If the rock were fluid-free, i. e., the pores contained a vacu- 
um, K and G would be equal to the dry frame moduli, Z$,.y 
and Gdry. Since in-situ pores do contain a fluid, a stiffening 
term K should be included, so that K = Kdv + Kp. At low 
sonic requencies, G and Gdry can be assumed equal. The P 
shear/compressional ratio can then be expressed as: 

&/kc = 413 -I Kdry + Kp 
> 

‘/2 

Gdry ’ 
(Eq. 8-2) 

where Kp (according to both Biot and Gassman theory) is 
a function of porosity, bulk modulus of both the dry frame 
and the grains, and the fluid compressibility. Assuming that 
G dry = G = ,Qbhs2, and knowing the parameters required 
for Kp, the derivation of the dry frame bulk modulus and 
Poisson’s Ratio is straightforward. 

INHERENT STRENGTH COMPUTATIONS AND 
THEIR RELATIONSHIP TO FORMATION 
COLLAPSE 
To determine whether a formation will collapse under nor- 
mal drawdown conditions it is first necessary to predict the 
critical wellbore pressure at which a cavity cannot maintain 
a stable shape. When the wellbore flowing pressure falls be- 
low the critical pressure, the failure of the cavity becomes 

“catastrophic” and results in formation collapse. Several 
criteria have been introduced that control, the collapse 
phenomenon. The Mohr-Coulomb and extended Griffith 
failure criterions are by far the most widely applied and are 
used in the Sand Strength Analysis Program. Recent works 
by Morita et al have combined tensile failure with shear slip- 
page in formation collapse modeling. 

Stresses around a Producing Cavity 
The effective principal stresses acting on an element at the 
surface of a cavity around a producing perforation are u,!, 
ai, and a$ (Fig. 8-l). Radial stress due to the wellbore pres- 
sure is a,!, while ai and a,$ are tangential to the cavity sur- 
face. The three principal stresses are orthogonal. The pore 
pressure at the surface of the cavity is equal to the well pres- 
sure, pW. The total stresses at the cavity surface are: 

u, = u; + apw = pw (Eq. 8-3a) 

Ue = UJ + cYpw (Eq. 8-3b) 

a+ = a; + apw , (Eq. 8-3~) 

where: 

a = 1 - <C,lCb) 
Cr = compressibility of rock matrix 
C, = bulk compressibility in psi-‘. 

Fig. B-l-Sanding model diagram 

A radial pore pressure differential (p - p,,,) extends from 
the surface of the cavity to the far fie d where the reservoir P 
pressure is pe. 

Far field vertical stress can be assumed to be equal to the 
overburden: 

uz = Pab * (Eq. 8-4) 

The effective vertical stress is, therefore, the overburden 
minus the effect of pore pressure: 

UZ ’ = Pob - aP~ . (Eq. 8-5) 
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In the absence of a tectonic component, the minimum 
horizontal stress can be defined as: 

- ap& + ap* , (Eq. 8-6) 

or, rearranging, 

‘ix = pob (+) + ffpP (’ - &) * 

(Eq. 8-7) 

Solution to the “Collapse” Problem 
The total hydrostatic stress, g, is defined as: 

s = f [uz + ax + UJ (Eq. 8-8) 

assuming horizontal stresses are equal (isotropic), ax = a,,. 

Therefore, from Eqs. 8-7 and 8-8: 

s = +- pub + 2Pob (*) + 2”pP cf-y 
(Eq. 8-9) 

The conceptual basis for determining formation collapse 
is founded on the stability of a cavity surrounding a produc- 
ing perforation. The shape of a producing cavity is at its most 
stable form when the tangential stresses at the surface of the 
cavity are equal, i.e., when ue = u6. Therefore, the total 
hydrostatic stress at the cavity surface is: 

s = + [a, + IJo + a+] . (Eq. 8-10) 

The stresses at the surface of a cavity with F applied and 
p,,, in the wellbore are: 

ur = Pw 1 

and from Eq. 8-10, 

3- 1 Ue=U~=~S -Fpw. (Eq. 8-11) 

Tangential stress is reduced by Aa0 due to the radial pore 
pressure differential: 

a; = ug - Au, - a~,,, , 

where the superposed tensile stress is: 

Ace = a(pp - PJ ( 1 - 1 1 y > 

a()‘= 2 I&+$, -P&J ( 1 - & > -01Pw * 

(Eq. 8-12) 

Effective principal stresses on element at surface of stable 
cavity are: 

3 - u;==s -pw (+ + a) - “<Pp - PJ(l - &) 

(Eq. 8-13) 
when 

ai = ue’ 

a; = Pw (1 - a) * (Eq. 8-14) 

Griffith Failure Criterion 
The Griffith failure envelope for the element at the surface 
of the cavity, extended to three dimensions by Murrell (Fig. 
8-2) is: 

(u+$)* + (~;-a,!)* + (~;-a;)* = 24T, (ue’+q’+u;), 

(Eq. 8-15) 
where To = tensile strength. 

CO= Uniaxial Compressive Strength 
To = Tensile Strength 

Fig. 8-2-The Griffith Failure Envelope extended to three 
dimensions by Murrell 

a& ai, and ui are substituted in the Griffith equation to solve 
for p,,,. The value of p,,, predicted to produce unstable con- 
ditions is designated p,, the critical wellbore pressure for 
shear failure. 

In Fig. 8-3, the pore pressure is shown on the left of track 
1 scaled in psi/ft representing p,lTVD. Anticipated draw- 
down is depicted by a band between pp and the flowing well 
pressure pw. Whenever p,,, is less than pc, the area between 
the curves is shaded to represent zones of potential failure. 
The interval 2873 to 2977 m is perforated over one of the 
zones predicted to fail. Sand production from this interval 
is confirmed by the cavity log recorded with a 23/,-in. densi- 
ty tool. The perforated interval 2887 to 2889 m has also 
caved. The other weak zones were avoided in the perfora- 
tion program. 

The mathematical properties of the Griffith Failure Criteri- 
on in Eq. 8-15 are such that if two out of the three stresses 
are set to zero, the third stress, being at the critical condition, 
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Fig. 89-Formation Strength Analysis log 

must be equal to the uniaxial compressive strength, C,. 
Thus, C, = 12 To. By knowing C,, the failure envelope 
is fully defined. 

Mohr-Coulomb Failure Criterion 
The Mohr-Coulomb Failure Criterion was used in the Sand 
Strength Analysis program prior to the introduction of the 
Griffith Model (Coates and Denoo, 1980 and 1981). Its ap- 
plication to sanding problems has been described in detail 
by Edwards et al (1983). In general, it differs from the 3-D 

Griffith Model in that an element on the borehole wall is ex- 
amined rather than the cavity shape. 

ax and oy are far field total stresses. ax is derived as shown 
in the next section. a,, is the maximum horizontal stress and 
is equal to uz multiplied by the tectonic unbalance factor, 
uy /uX, which will be described later. Only two principal 
stresses on the element in the borehole wall are noted; ef- 
fective radial stress, a,!, and effective tangential stress, ui. 

In the case of a “step” pore pressure profile, effective 
stresses on the element of borehole wall are: 

and 

a: = Pw - “Pp (Eq. 8-16) 

a’@ = 3u, - a,, - p,,, - apP . (Eq. 8-17) 

Mohr’s Circle is a graphic representation of the variation 
in shear stress along a plane and the normal stress across 
the plane, as y (the angle that the direction of the normal 
stress makes with the greater principal stress) changes from 
0” to 90” (Fig. 8-4). The shear stress is: 

7 = k (ui - q!)sin 27 . (Eq. 8-18) 

The normal stress is: 

u; = - ; (ue’ + q!) + + (UJ - u;)cos 2y . (Eq. 8-19) 

For MechPro P = 30° 

Fig. 8-4-Mohr’s circle showing 30-degree failure-envelope 
line 

The initial shear strength, rj, is derived from an empiri- 
cal model based on Deere and Miller’s work (1969) and 
elaborated by Coates and Denoo (1981): 

(Eq. 8-20) 

where: 

E = Young’s Modulus in psi 
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cb = bulk compressibility in psi-’ and 
V cloy = the volume of clay. 

A formation collapses due to shear failure when the induced 
shear stress exceeds an amount depicted by the failure enve- 
lope. If the Mohr’s Circle just intercepts the failure line, the 
point of contact identifies both the critical shear stress and 
the angle y between the normal to the shear plane and the 
direction of the maximum stress. 

The Coulomb failure line is a linear approximation of the 
Mohr failure envelope. It is depicted as follows: 

7 = Ti = L7 cm p ( 

where fl = angle of friction. 

(Eq. 8-21) 

The condition of instability occurs when: 

a; - 0; 
2 = [T,COS @ - “’ i “’ ]sin /3 . (Eq. 8-22) 

By substituting u; and a;from Eq. 8-16 and Eq. 8-17 in Eq. 
8-22, a solution for pw is provided. 

The model is more representative of producing conditions 
by allowing for a radial pore pressure gradient from the well- 
bore to the far field. Critical wellbore pressure, p,, using 
the Mohr-Coulomb Criterion becomes: 

1.50, - 0.50~ - OSa&(~) - 1.7327, 
PC = 

1 - OS&$) 

(Eq. 8-23) 

Experience has shown that the results are pessimistic in com- 
petent sands, but closely match the Griffith results in uncon- 
solidated formations. 

In an example from a chalk reservoir in the North Sea (Fig. 
S-5), the well pressure desired by the operator is compared 
with the critical well pressure estimated to cause failure. In- 
tervals where well pressure is lower than the critical pres- 
sure (blue) were considered susceptible to failure. 

Producing the well at the desired production rate would 
cause most of the upper oil-bearing zone to collapse, a catas- 
trophe that had previously occurred in other wells. In this 
case the weak zones were sealed, zones below them were 
perforated, and communication was reestablished to the 
producing horizons through hydraulically-induced fractures. 

STRESS ANALYSIS IN RELATION TO HYDRAULIC 
FRACTURING 
A known regional overburden gradient can be used in the 
computation. However, the MechPro program has the capa- 
bility for integrating openhole density log and pseudodensi- 
ty data to the surface to obtain the cumulative weight or to 

Sulk Volume 

Fig. 8.5-MechPro failure prediction example from a well 
drilled into a North Sea chalk formation 

extrapolate from density log data along predefined trends 
(Fig. 8-6). 

The vertical stress, oz. is assumed to be equal to the over- 
burden pressure: 

az = P,, (Eq. S-24) 

The minimum horizontal stress, ox, is obtained assuming a 
horizontally constrained elastic model. Three options are 
available: 

. the classical or Terzaghi equation: 

ux = & (Pob - p,,) + pP (Eq. 8-W 
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Fig. 8-8-Overburden pressure extrapolation 

l A modified version for anisotropically stressed formations 
with unidirectional microcracks is currently under inves- 
tigation. Termed “hard rock”, the experimental equation 
simplifies to: 

5 = & bob - app> + pp . (IQ. 8-X) 

l The equation to derive the radial and tangential stress in- 
puts to the GriffW~ and Mohr-Coulomb Failure Criteria is: 

5 =-& ,, (pob - apP) + apP . (Eq. 8-27) 

All three equations ignore the magnitude of the tectonic 
stress. For simplicity, the term “tectonic component” is used 
to represent that part of the horizontal stress which is not 
due to overburden. In the minimum horizontal stress direc- 
tion the magnitude is TX. 

The tectonic component can still be present in seismically 
inactive areas. It is assumed that for a given structure, TX 
is constant. The three equations are examined on a plot of 
the Poisson’s Ratio term J$ against minimum horizontal 
stress (Fig. 8-7). Equations 8-25 and 8-26 intercept the stress 
axis at the pore pressure, pp. Equation 8-27 intercepts the 
stress axis at apP, and is, therefore, highly influenced by 
the ratio of rock grain compressibility to framework com- 
pressibility. As c,/Cb approaches one, Q! approaches zero. 

MECHANICAL ROCK PROPERTIES VS. COMPLETION DESIGN 

0 “PP PP 

Minimum Horizontal Stress, ax 

Fig. 8-7-Determination of “tectonic component” 

If a tectonic component TX exists, all three relationships 
should move an amount equivalent to TX along the stress 
axis. The slope is equal to the effective overburden stress, 
pOb - cope. In the Terzaghi case (Y is one. 

Calibration with Mini-Frac Data 
Analysis of downhole pressure and spinner flow rate during 
a mini-frac operation can help to determine the minimum 
horizontal stress. A mini-frac is a series of pumping tests 
carried out to determine parameters required to plan a 
hydraulic fracture operation. It is preferably conducted with 
the same fluid specifications that will be used in the full 
hydraulic fracture treatment, but without the proppant. The 
operation consists of: 

l pumping at stepped rates and measuring the downhole 
pressure for fracture initiation, extension, and reopening. 

l shut-in by instantaneously switching off the pumps and 
measuring the falloff in downhole pressure and spinner 
response. 

Several plotting techniques are available to help identify 
the wellbore pressure which exactly balances the minimum 
horizontal stress at the point when the fracture closes. This 
is called the closure pressure (or stress) and is deemed to 
be equal to the minimum horizontal stress at the fracture in- 
terval (Nolte, 1979). A recent innovation by A. Amin (1984) 
accounts for wellbore storage effects by examining the down- 
hole spinner response following shut-in. This technique is 
derived from the investigations into “after-flow analysis ’ ’ 
by Meunier et al (1983). 

The procedure for calibrating the log-derived results is to 
plot the computed effective minimum horizontal stress 
against &. Points representing the effective closure stress 
obtained from the mini-frac pressure analysis, plotted against 
the computed -&, should be marked on the same plot. 
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The calibration technique can be improved by conducting 
the mini-frac in several intervals with straddle packers. Ideal- 
ly, the mini-frac tests should be in zones of different Pois- 
son’s Ratio to give sufficient range on the crossplot to de- 
rive a scaling factor. 

The calibration method is illustrated in Fig. 8-8. The most 
appropriate equation is selected, considering the tectonic na- 
ture of the region. The effective closure stress is obtained 
by subtracting the pore pressure component. For Eq. 8-25 
or Eq. 8-26: 

0; = ax - pp 9 (Eq. 8-28) 

or for Eq. 8-27: 

a; - ax - ap P’ (Eq. 8-29) 

(1) (2) and (3) 
/ 

(1) Eq. 8-25 

l From Mini-Frac 

Choose (1) for Match 

Offset B = Tectonic Stress TX 

Effective Minimum Horizontal Stress, u;C 

Fig. 88-Calibration of closure stress 

a scaling factor A and offset B are selected to obtain the best 
match with the test data. Calibrated closure stress, ax, can 
now be defined: 

ai (calibrated) = A ai + B . (Eq. 8-30) 

For the Terzaghi case: 

ax (calibrated) = A (a, - pP) + B + pp . (Eq. 8-31) 

The offset B is considered to represent the tectonic compo- 
nent, TX. 

Figure 8-9, from a study by Draxler and Edwards (1984), 
shows that the minimum computed ax value, within the frac 
test interval, was about equal to the test value, indicating 
a negligible TX component. 

Fracture Pressure Computations 
Fracture initiation pressure, or formation breakdown pres- 
sure, pb, is a function of: 

pb = 3u, - uy - app + To , (Eq. 8-32) 

where: 

TX = minimum horizontal stress 
uY = maximum horizontal stress 
pp = pore pressure 
CY = Biot poroelastic constant 
To = tensile strength. 

Models for a, computations were shown in the previous sec- 
tion. uY is usually defined in terms of the tectonic unbalance 
factor uyluX. This factor is elusive in current oil industry 
practice, though frequently measured in mining engineer- 
ing and indirectly obtained in geological and geophysical sur- 
vey holes. The existence of tectonic unbalance can be in- 
ferred from borehole deformation tests or from breakout 
identification from multiple-diameter caliper logs. Pore pres- 
sure is obtained from wireline formation tests or from pres- 
sure buildup tests. 

Alpha is made unity whenever the Terzaghi or “hard 
rock” relationship for ax is used, simplifying the calcula- 
tion of fracture initiation to: 

pb = 3~7, - Uy - pp + To. (Eq. 8-33) 

To compute the fracture reopening pressure, pfr, the tensile 
strength, To, is made zero: 

& = 3u, - uy - pp . (Eq. 8- 34) 

In a naturally-fractured zone, an interval selected for 
hydraulic fracturing would be intersected by many joints. 
Although individual pieces of rock could possess a high ten- 
sile strength, the interval as a whole would have negligible 
tensile strength. In such a case, the reopening pressure would 
be the same as the initiation pressure. 

After fracture initiation, continual pumping would result 
in the fracture propagating in a plane parallel to the maxi- 
mum stress and perpendicular to the minimum stress. Frac- 
ture extension pressure is lower than the reopening pressure, 
but must exceed the minimum horizontal stress. It is a func- 
tion of the minimum horizontal stress, pump rate, hydraulic 
fluid characteristics, leakoff due to microfissures, and matrix 
permeability. 

HYDRAULIC FRACTURE GEOMETRY ANALYSIS 
Hydraulic stimulation has proven to be a dominant factor 
in the success of marginal wells in low-permeability, low- 
porosity, dense rocks. Twenty percent or more of the total 
well cost can be involved in fracturing; proper treatment de- 
sign is a must if low-production wells are ever to reach pay- 
out. The treatment design is critical. Too small a fracture 
treatment may result in such inadequate drainage of the reser- 
voir that the well remains unprofitable. Conversely, too large 
a treatment can be an unnecessary waste of completion funds 
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Fig. 8-g--Example showing a negligible TX component within the frac test interval 

and render the well unprofitable; worse, the fracture may 
migrate into a nearby aquifer. 

in the plane that is perpendicular to the direction of least com- 
pressive stress (a, or a+. The pressure required to induce 
this fracture is called the initial or breakdown pressure. Once 

Fracture Height a fracture has been initiated, the pressure necessary to hold 
When pressure is increased in the borehole, rupture occurs the fracture open (in the case of a vertical fracture) will be 
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equal to the minimum total horizontal stress, Ahmed (1988). 
This stress is often referred to as closure stress. In tectoni- 
cally relaxed areas, the least principal stress is generally 
horizontal. Fracturing should therefore occur along vertical 
planes. 

Hydraulic fracture design depends on two sets of varia- 
bles: the distribution and magnitude of in-situ minimum 
horizontal stress in the producing and surrounding forma- 
tions, and the flow behavior of the fracturing fluid. These 
variables determine: 
l the direction and geometry (height, length, and width) of 

the created fracture, 
l whether multiple zones should be fractured one at a time, 

in groups, or simultaneously, 
l design parameters of hydraulic fracturing, such as horse- 

power, pumping pressure, and proppant transport, and 
l the fracturing fluid flow behavior and efficiency. 

During a fracturing job, the fracture fluid creates tension. 
In a vertical fracture, its pressure counteracts the earth’s com- 
pressive horizontal stress. The fracture grows vertically if 
the stress-intensity factor, K, top or bottom, exceeds the for- 
mation’s fracture toughness, Klc. Predicting vertical propa- 
gation therefore depends on calculating the stress-intensity 
factor at the fracture’s vertical extremities. 

The crucial variables in this calculation are fracture height, 
fluid pressure in the fracture, and the magnitude of mini- 
mum horizontal stress, which varies with depth, z. Several 
theorists have proven the fundamental result as follows: 

h 

K 1 
top = - s n&K -h 

@H (z> - P,,J$ 

and 
h 

Ktop and Kbot are the stress-intensity factors at the top and 
bottom of the fracture. The fracture height, 2h, is normal 
to the minimum horizontal stress. 

Disregarding friction losses in the fracture, fluid pressure 
is assumed equal to borehole fluid pressure, pe Determin- 
ing whether a vertical fracture extends is a matter of cal- 
culating Ktop and Kbot, and determining where fracture 
toughness is exceeded, if at all. Each time the fracture ex- 
tends, stress-intensity factors must be recalculated. 

The FracHite* Program 
The FracHite program calculates the fracture’s vertical ex- 
tension using the continuous horizontal-stress values from 
the MechPro program and an approximation to the integrals, 
which includes the fluid-gravity effects within the created 
fracture. It does this for a sequence of increasing pumping 
pressures. The FracHite log also provides a picture of the 
fracture geometry, assuming a 2-dimensional, wedge-shaped 
fracture. If more than one zone is being fractured simultane- 
ously, the program calculates the percentage of fracturing 
fluid that enters each fracture, based on zone thickness and 
material balance, and provides a picture of each fracture’s 
geometry. 

Figure 8-10 shows FracHite log results for an East Texas 
well with two producing zones. Both zones were fractured 
simultaneously. The left track shows the expected vertical 
propagation as fracture pressure increases in 300-psi steps. 
The middle track depicts the vertical and horizontal extent 
of each fracture. The right track is a lithologic analysis from 
openhole logs. According to the program, fracture-initiation 
pressure in the top zone is 600 psi lower than in the bottom 
zone. FracHite results predict the consequence of this differ- 
ence. The top zone opens first and takes most of the fractur- 
ing fluid. This is exactly what happened during the fracture 
job with the fracturing fluid pumped at 900 psi. 

To monitor the vertical extent of the fracture, the prop- 
pant was tagged with a radioactive marker and gamma ray 
logs were run before and after the fracture operation. In- 
creased radioactivity, indicating successful fracture initia- 
tion, was noted in the vertical intervals predicted by the 
FracHite log for borehole fluid at 900 psi. Production logs 
show that only the top zone contributed to production as 
predicted by the FracHite log. A second FracHite result (Fig. 
8-11) shows what would have happened had the zones been 
fractured independently. 

Fracture Propagation Azimuth 
In areas where the overburden exceeds the minimum horizon- 
tal stress, the hydraulic fracture plane would tend to be ver- 
tical and to propagate normal to the minimum stress direction. 

The minimum stress direction can be inferred from the 
breakout orientation (Fig. 8-12). Programs now exist to help 
in the task of identifying breakouts and their azimuth from 
multiple-diameter, oriented caliper logs. Fig. 8-13 shows an 
example of a breakout orientation log computed from a 4-arm 
dipmeter tool. 

In very shallow holes, the least principal stress would likely 
be the vertical stress. Therefore, fracturing would tend to 
be horizontal and the fracture pressure would be sufficient 
to lift the overburden. 

8-9 



MECHANICAL ROCK PROPERTIES VS. COMPLETION DESIGN 

Fig. B-10-FracHits log and production logs showing the results from fracturing both 
zones simultaneously 
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Fig. 8-13-Breakout orientation log computed from a 4-arm dipmeter tool 

8-12 



Cased Hole Seismic 

In the early stages of planning exploration and development 
in a new area, surface seismic surveys are used extensively 
to delineate prospective structural or stratigraphic traps. Re- 
cent improvements in digital filtering and processing tech- 
niques have led to high-quality results under favorable con- 
ditions. The resolution of surface seismic surveys, however, 
is still fundamentally limited by low operating frequencies. 

When wells are drilled, opportunities exist to improve this 
situation through the use of well logs. After editing and 
calibrating against check shots, openhole sonic and density 
logs can be used to generate synthetic seismograms. If open- 
hole data are not available, in many instances a cased hole 
sonic log can be recorded for this purpose (see Chapter 3). 
These synthetics are extremely valuable in verifying reflec- 
tion events in a seismic section and relating seismic features 
to geological structures. Velocity anomalies, which may cause 
exploration wells to be drilled off-structure, can be resolved. 

A more recent geophysical application of wireline logging 
measurements involves the preparation of a vertical seismic 
profile (VSP). In this technique, an air gun vibroseis, or other 
seismic source on the surface generates the input signal that 
is detected by a downhole geophone. As the sound energy 
travels only once through the weathered surface layers, the 
resultant profile has much better resolution than the surface 
seismic around the borehole, and, in favorable cases, can 
identify reflectors far below the total depth of the well. 

Unlike many wireline services, openhole and cased hole 
seismic results are similar since the casing typically does not 
affect the seismic signal. In fact, cased holes eliminate some 
of the openhole operational problems associated with poor 
hole conditions and highly deviated wells. Also, special mul- 
tisensor array tools for VSP acquisition can be used in cased 
holes that are not practical for openhole operations. 

CASED HOLE SEISMIC EQUIPMENT 
The equipment shown in Fig. 9-l consists of a downhole tool 
with geophones, the CSU surface recording system, offset 
shooting equipment, and an air gun system. 

The most commonly used energy source offshore is the 

air gun. Its safety, reliability, cost, broad spectrum, simple 
signature, and transportability make the air gun a convenient 
seismic source. An array of synchronized air guns can be 
used if a large power output for deeper penetration is need- 
ed. The air gun firing chambers may incorporate a wave- 
shaping kit that significantly reduces the bubble effect and 
provides a clean signal. The air compressor and air storage 
bottles provide an adequate air supply for fast, uninterrupt- 
ed operations. Other sound sources, such as vibroseis units, 
are routinely used in the field depending on specific appli- 
cations and local conditions. 

When using an impulsive source such as an air gun, the 
source signal is recorded at the surface by a hydrophone. 
This allows a precise determination of the time break and 
permits continuous monitoring of the gun signature. The 
recorded source signature is used to enhance the signals 
recorded by the geophone in VSP processing. 

The data are recorded digitally on magnetic tape with the 
CSU system. The seismic waveforms can also be stacked 
to improve the signal-to-noise ratio. 

The downhole tools currently in use are the Well Seismic 
Tool (WST*), the Seismic Acquisition Tool (SAT*), and the 
Downhole Seismic Array tool (DSA*). The WST tool has 
four uniaxially stacked geophones that are primarily sensi- 
tive to movement in the vertical direction. The SAT tool has 
three mutually orthogonal geophones (which may also be 
gimbal-mounted for use in deviated wells) for 3dimensional 
operation. This arrangement provides an x, y, z system of 
reference where each arriving ray can be represented by a 
vector. Among other applications, the ability to record and 
process signals in three axes allows the recording and in- 
terpretation of shear waves, salt proximity surveys, and long- 
offset VSP surveys. The DSA tool (Fig. 9-2) uses eight sen- 
sor packages (shuttles) which are positioned along an insu- 
lated multiconductor bridle cable at intervals of up to 50 ft. 
The sensor package contains a vertical geophone for signal 
acquisition, a magnetic clamping device to secure the pack- 
age to the casing, a shaker element to generate mechanical 
vibrations for reference, and electronic circuitry to transmit 
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Fig. S-l-Well seismic tool hardware 



Fig. 9-e--Schematic of DSA tool in operation 

signals to the cartridge. In the cartridge, the signals pass 
through antialiasing filters, sample-hold circuits, and mul- 
tiplexers, and are then digitized and telemetered to the sur- 
face. The tool can be combined with a casing collar locator 
for depth control. 

DIGITAL CHECK-SHOT SURVEY 
At each depth, the interval velocity of the formations between 
the source and the borehole geophone is measured. With an 
air gun source, the hydrophone monitors the signature and 
timing of the source signal, and the downhole geophone 
records the direct and reflected arrivals. 

Transit time is measured from the first break of the hydro- 
phone (surface) recording to the first break of the geophone 
(downhole) recording. Several shots are usually made at the 

CASED HOLE SEISMIC 

same level and stacked in order to improve the signal-to-noise 
ratio. 

If the hole is deviated or if there is a significant source 
offset, the transit times obtained must be converted to true 
vertical depth (TVD) transit times. Correction to the seis- 
mic reference datum (SRD) is also necessary if the source 
is above or below the seismic datum. The corrected, stacked 
magnetic tape data can then be converted to a standard SEG- 
Y tape format. 

TIME-TO-DEPTH CONVERSION AND 
VELOCITY PROFILE 
Check-shot surveys are used to correct the velocities obtained 
by the integration of the sonic interval transit times. The ad- 
justed sonic may then be used for the translation of surface 
seismic time into depth and in the calculation of formation 
acoustic impedance necessary for the generation of a 
Geogram* synthetic seismogram and for other applications. 

Formation velocities obtained by the integration of sonic 
logs may differ from those obtained by surface and check- 
shot surveys for the following reasons: 
l Because of velocity dispersion with frequency, seismic ve- 

locities (measured at roughly 50 Hz) may be as much as 
6% lower than sonic velocities (measured at 20,000 Hz). 

l Borehole effects, such as those caused by formation al- 
teration, may decrease the apparent sonic log velocities. 

l The sonic transit time measurement is fundamentally 
different from the surface seismic measurement. The sonic 
log velocity is measured in a continuous manner along- 
side the borehole, while the seismic waves reaching the 
geophone(s) take the most direct acoustic (shortest) path. 

The long-spaced (LSS) or Array-Sonic tools are required 
for cased hole logs and provide better data than BHC sonics 
in open holes. However, all recorded sonic logs should be 
edited to correct for borehole effects. To adjust a sonic log 
correctly, check shots are required, Check shots should be 
made at the SRD, at the tops of significant formations, at 
the top of the sonic log, and spaced not greater than 500 ft 
apart. 

Seismic time is normally referenced from the check shots, 
and sonic log measurements are adjusted accordingly. The 
adjustment consists of computing the raw drift, selecting the 
drift curve, adjusting the sonic log, and checking the validi- 
ty of the result. 

Raw drift is defined as the correct shot time minus the in- 
tegrated sonic time. The selected drift curve is derived from 
the raw drift values. The knees of the selected drift curve 
are usually located at changes in lithology , borehole condi- 
tions, sonic log character, and the drift data. The correction 
determined by the selected drift curve is distributed to the 
sonic transit times over the interval defined by consecutive 
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knees. The check of the adjusted sonic is made by ensuring 
that the integrated sonic time and the corrected shot time 
agree at each shooting level within the accuracy of the shot 
time. Obviously, the more check shots, the more accurately 
this can be done. 

A section of a sonic calibration log is shown in Fig. 9-3. 
The uncalibrated transit time, calibrated transit time, and 
gamma ray curve are displayed along with bulk density, 
spontaneous potential, and differential caliper data from open- 
hole logs. In the left track, vertical depth, shot numbers, cor- 
rected shot times, uncorrected l-way integrated sonic times, 
and corrected 2-way integrated sonic times are displayed. 

In addition to providing data for sonic calibration, check 
shots allow a time-to-depth conversion to be made when no 
sonic log has been recorded. A similar, related application 
is the determination of the weathering correction and the 
thickness of the weathered zone. 

GEOGRAM PROCESSING 

The seismic waveforms propagating through the earth are 
affected by each lithologic bed boundary. Specifically, at the 
interface of two formations of contrasting acoustic im- 
pedances, part of the energy will be transmitted across the 
interface and some will be reflected. The amount of seismic 
energy transmitted and reflected depends on the acoustic im- 
pedance contrast between the two formation beds. The acous- 
tic impedance of a formation, Z,, is given as: 

z, = PV 9 (Eq. 9-l) 

where p is the formation density and v is its interval velocity. 
The amount of reflected energy between two adjacent beds 

depends on the relative impedances of the two beds. The 
reflection coefficient, R, is defined as: 

412 - TX1 
% = za2 + z ’ 

a1 

(Eq. 9-2) 

where Z% and Zal are the acoustic impedances of layers 2 
and 1. 

The subsurface can be approximated for seismic purposes 
by a series of layers having specific acoustic impedances, 
which can be used to produce a series of reflection coeffi- 
cients at the boundaries (Fig. 9-4). Since a sonic log mea- 
sures acoustic velocity and a density log measures bulk den- 
sity, the sonic and density logs can be used to compute the 
reflectivity series, which can then be convolved with a suita- 
ble wavelet. The result is a Geogram display (synthetic 
seismogram). 

Geogram processing produces an ideal seismic trace only 
if the sonic and density logs have been properly recorded, 
edited, and adjusted to represent the subsurface undisturbed 
by drilling. Special programs allow the recomputation of 
sonic velocities and bulk densities, taking into account the 

Fig. Q-3-Sonic calibration log 
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Fig. 9-4-Ideal seismic record giving position (in time) of 
reflector and value (amplitude) of reflection coefficient 

effect of the invaded zone; this is particularly important in 
gas-bearing formations. Geogram processing enables qualita- 
tive correlations as well as quantitative evaluations of seis- 
mic data to be made. 

The Geogram processing sequence is shown in Fig. 9-5. 
The first two steps, which involve editing and sonic adjust- 
ments, arc normally made during the time-to-depth conver- 
sion. Once the reflectivity series and transmission losses have 
been computed, the decision must be made on what type of 
wavelet to use for convolution. In order to give the best ap- 
proximation of the actual source signature, several wavelets 
arc available. These include Ricker minimum- or zero-phase, 
Klauder, spike with Butterworth filter, or other user-defined 
operators. 

The Geogram display can be made with or without multi- 
ples and/or transmission losses, and with any desired fre- 
quency or band of frequencies. A typical Geogram display 
is shown in Fig. 9-6. 

The structural dip, as interpreted from a dipmeter survey, 
can be incorporated into the presentation to permit the Geo- 
gram results to be projected away from the well (Fig. 9-7). 

A Geogram display can help in the qualitative evaluation 
of the seismic sections by providing the following: 
l an ideal seismic trace as a reference for the surface seis- 

mic data 
. time-to-depth conversions 
. detection of multiples 
. seismic character correlation 
* direct correlation with log intervals. 

Seismic modeling can also be enhanced and processing 
time decreased by assuming a realistic model based on the 
Geogram computation. The original log data can be modi- 
fied and used to generate new synthetic seismic traces. Other 
applications are inverse modeling and the design of the decon- 
volution operator. Furthermore, any log data, raw data, or 

Fig. B-5-Geogram processing chain 

processed data can be presented on a time scale for correla- 
tion with the seismic data. 

VERTICAL SEISMIC PROFILE 
Vertical seismic protiling is a technique of simultaneously 
recording the upgoing and downgoing wavetrains (Fig. 9-8). 
This represents a major advantage over the conventional sur- 
face reflection seismic technique, which records only the up- 
going waves. By recording a sufficient number (50 or more) 
of fairly regularly spaced levels in the well, the upgoing and 
downgoing wavefields can be separated by computer proccss- 
ing. An analysis of the upgoing and downgoing components 
permits the detailed study of the change of the seismic 
wavetrain with depth. The acoustic properties of the earth 
can then be directly linked to and interpreted in terms of the 
subsurface lithology. The use of downhole sensors reduces 
the signal distortion caused by the low-velocity shallow lay- 
ers since the signal passes only once through the surface 
layers. 

The total wavefield recorded at the detector in the bore- 
hole consists of signals arriving from above the tool 
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Fig. 9-7-Dip extrapolation: left part of section and right part of Geogram survey were put together and vice versa 

Fig. 9-8-A VSP trace contains upgoing and downgoing waves. Multiples can clearly be seen on the display. 
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(downgoing) and the signals arriving from below the tool 
(upgoing). The downgoing signals are the direct (first) ar- 
rivals and the downgoing multiples. The upgoing signals con- 
sist of the direct reflections and the upgoing multiples. 

Advantages of the vertical seismic profile technique 
include: 
l recording a real seismic trace in the borehole rather than 

relying on a synthetically generated seismogram 
l measuring the spectral content of the downgoing seismic 

signal as a function of depth 
l establishment of a precise link between the surface seis- 

mic results and well logs, since the VSP is a high- 
resolution measurement 

l the recording of signals with an improved high-frequency 
content, since they cross the highly absorptive low-velocity 
layers near the surface only once 

l improved seismic resolution of subtle stratigraphic fea- 
tures around the well, such as faults or pinchouts 

l the recording of deep reflector signals that are not received 
at surface; this is particularly useful in structurally com- 
plex areas 

l an excellent record of the band-limited reflection coeffi- 
cient series through deconvolution of the VSP. 

‘--yi%$Y I Oow”go,“g upgoing 

Fig. O-O-Processing of VSP’s involves three major steps: 
data editing for optimized shot quality, upgoing and down- 
going wavetrain separation, and deconvolution. 

1 

VSP PROCESSING 
The VSP processing sequence (Fig. 9-9) usually includes 
most of the following steps: 
m shot selection by an analyst to reject the noisy, poor- 

quality shots 
l consistency check of the surface hydrophone signal 
m median stacking of shots 
l check of coherence between a reference level and all 

others 
B monitoring of phase shifts and acoustic impedance at 

all levels 
l bandpass filtering to eliminate noise and remove 

aliased frequencies 
l filtering to help eliminate tube waves 
l true amplitude recovery by a time-variant function to 

compensate for spherical spreading 
l velocity filtering to separate the upgoing and down- 

going components of the total wavefield 
l autocorrelation of the downgoing wave after filtering 

for selection of the proper deconvolution parameters 
using the downgoing wave field as a deterministic 
model 

l predictive deconvolution to remove source signature 
effects and to improve resolution 

l time-variant filtering to match the surface seismic data 
l corridor stacking: summing all the upgoing waves 

recorded in a window following the first break. 

A vertical seismic profile display using data from the 
Downhole Seismic Array tool is shown in Fig. 9-10. The 
corridor stack from this presentation is shown superim- 
posed on the surface seismic section in Fig. 9- 11. 

OFFSET VERTICAL SEISMIC PROFILE 
A normal VSP survey in a vertical borehole with horizontal 
bedding gives very limited lateral information. However, 
with dipping reflectors, a normal VSP survey can provide 
some information on the updip features (Fig. 9-12). 

An offset VSP (Fig. 9-13), however, offers the possibili- 
ty of large lateral coverage. Lateral coverage of up to one- 
half of the source offset distance can be achieved in the direc- 
tion of the source. Profiling of a feature can be done by us- 
ing a fixed offset source position some distance from the well 
and moving the geophone(s) in the well, or by having the 
geophone(s) fixed and moving the source. 

WALKAWAY SURVEYS 
A walkaway survey provides a 2-dimensional seismic pic- 
ture of the formations on either side and below a well. This 

9-8 



CASED HOLE SEISMIC 

TEXAS GULF COAST EXAMPLE 
ZERO PHASE PROCESSING - - NORMAL POLARITY 

Fig. QlO-VSP using DSA tool 

Fig. 9-I 1 -VSP corridor stack from Fig. 9-10 superimposed 
on surface seismic section 
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by a boat with the energy source, moving at a constant speed 
and direction along a 3 km line that passes close to the well. 
Seismic shots would be generated with an air gun at 30 m 
intervals along this line and a downhole geophone would mo- 
nitor the arrivals. Each pass of the boat would generate 100 
seismic wave traces at each geophone position. Accurate 
navigation fixes are obtained for each shot position along 
the survey line by placing navigation equipment on both the 
rig and boat. The seismic wave pattern created by this multi- 
source/single receiver arrangement is particularly useful in 
investigating complex formations. 

The following illustrations show the family of borehole 
seismic surveys and the development of a walkaway survey. 
The first illustration (Fig. 9-14) shows the results of a check- 
shot survey. The impedance log (sonic x density) has been 
corrected with the check shot times to match the seismic times 
and a Geogram display computed from the data. Both logs 
are superimposed on the surface seismic section to allow 
correlation of the log data with the surface seismic events. 

Figure 9-15 illustrates a ZVSP. In the ZVSP survey, the 
events beyond the check shot’s first arrivals are recorded and 
interpreted, providing a time and depth record of upgoing 
reflected events. To obtain quality reflected data, a higher 
density of receiver positions is used than in the check-shot 
survey. A corridor stack of the VSP data is shown superim- 
posed on the surface seismic section to allow correlation of 
depth and time. 

Fig. 412-VSP: stationary source, moving receiver 

is achieved by using survey techniques developed from Zero 
Offset VSP (ZVSP) and Offset VSPs (OVSP). Walkaway 
surveys are unique, however, in that they always employ a 
multiple source and single receiver arrangement. 

A typical offshore walkaway survey would be carried out 

Fig. 9-l 3-Offset VSP: moving source, stationary receiver 
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1500 1000 500 A 500 1000 1500 m A 

Fig. Q-14-An impedance log and Geogram log are shown superimposed on the surface seismic section 

1500 1000 500 , 500 1000 1500 m A 

Hg. y-15--c;orrluor stack of the VSP is superimposed on the surface seismic section to allOW correla- 
tion of depth and time 

The same data from the previous acquisition has been The OVSP is illustrated in display (a) of Fig. 9- 17. In this 
processed with 2-dimensional model data to extend the off- case, the source is substantially offset from the well. This 
set position of reflection points on the dipping horizons (Fig. shifts the reflection points away from the well and produces 
9-16). coverage of an extended area around the well. This is 
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1500 1000 500 P 500 1000 1500 m 

Fig. 416-Same data as Fig. 9-15, processed with 2-dimensional model data to extend the offset 
position of reflection points on the dipping horizons 

500 1000 1500 500 1000 1500 m , 

Fig. 417-The (a) display shows the Offset VSP events superimposed on the surface seismic section. The (b) display shows 
the combined results of the OVSP and modeled VSP data. 

particularly useful for detection of faults and formation pin- 
chouts. The OVSP events are shown superimposed on the 
appropriate part of the surface seismic data. The display (b) 
shows the combined results of the OVSP and modeled VSP 
data. 

Note that there is no reflector coverage below total depth 
of the well. A particular attraction of walkaway surveys is 
that they provide better continuity and more complete cover- 
age, especially below the bottom of the well. 
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The use of the Downhole Seismic Array tool to acquire 
the data can significantly reduce the acquisition time and im- 
prove the consistency of the seismic signal from level to level 
in the well. Figure 9-18 shows a schematic of the operation- 
al setup for a walkaway VSP job on land. Two vibrators, 
in radio contact with the logging unit, were used as the energy 
source. The shot points were located at 75 m intervals and 
were moved out 3 km from the well in each of the four or- 
thogonal directions. At each shot position, eight levels were 
recorded with the DSA tool. 

The east-west walkaway VSP results are shown on the left 
in Fig. 9-19. Faults, nearby and intersecting the well, were 
determined from this seismic section. The north-south walka- 
way section is shown on the right. 

DSA TOOL FOR VSP ACQUISITION 
The Downhole Seismic Array tool, with its eight single-axis 
geophone array configuration, provides several advantages 
over single level tools for VSP acquisition in cased holes: 
l time savings. One obvious advantage is the savings in time 

since eight levels are recorded at each firing of the ener- 
gy source. 

Fig. 9-18-Schematic of operational setup for a walkaway 
VSP job on land 

West Offset (ft) East North Offset (ft) South 1000 750 500 250 We” 
250 500 250 250 500 ._ . -_ - -_, ---- 

Fig. 9-19-The east-west walkaway VSP results are shown on the left, and the north-south results on the right. 
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reduction in tube-wave effects. The DSA tool provides 
some advantages in areas where strong tube-waves may 
contaminate the waveform data. The strong clamping 
force, the small cross-sectional area, and the streamlined 
shape of the shuttle help to reduce the effect of tube-waves 
on the seismic data. 
reduction of navigation errors in walkaway VSP opera- 
tions. In offshore multioffset operations, the seismic source 
is moved by a boat at a constant speed. The DSA tool ac- 
quires signals from eight levels while the boat is making 
a single path, reducing navigational errors over single level 
tools. 
reduction of effects of source signature changes. The ef- 
fects of source signature changes due to such things as 
changes in gun pressure, gun pit alteration, or tide levels, 
are reduced because the eight shuttles receive signals which 
originate from the same shot. 
accurate transit times between levels. Since the DSA ge- 
ophones are equally spaced on a cable, potential distance 
errors are eliminated. 

PRIMARY USES OF THE VSP SURVEY 
The enhanced resolution of the VSP makes it possible to veri- 
fy or deny the presence of reflections that are indistinct or 
doubtful on seismic sections near the well. The VSP is par- 
ticularly well suited to determine the conditions existing be- 
low the well’s total depth. Overpressured zones, gas sands, 
and deep reflectors can be verified or recognized. 

Since the downgoing wavefield is recorded, multiple 
reflections can be identified and removed. The same down- 
going wave information can be used to reprocess surface seis- 
mic profiles traversing the vicinity of the well. 

Perhaps the most common use for the VSP is a link be- 
tween reflections observed on a surface seismic profile and 
specific petrophysical properties measured in the borehole. 
The correlation role of the VSP is important for reservoir 
development applications. 

Finally, by positioning the seismic source a significant dis- 
tance from the well, structural and stratigraphic features from 
hundreds to thousands of feet from the well can be delineat- 
ed and verified against the surface seismic. 

PROXIMITY SURVEY INTERPRETATION 
Proximity surveys have been used for many years to define 
the shape of salt domes. Now a program is available to en- 
tirely mechanize the interpretation process. After a well has 
been drilled on the flank of a salt dome, a downhole sensor 
is lowered into the hole and anchored at numerous depths. 
An energy source is positioned directly over the top of the 
structure. A travel time is measured from the source to each 
of the downhole sensor locations. From prior knowledge of 

salt velocities, velocities of formations encountered in the 
well, and at least one salt tie point, distances from salt to 
sensor positions can be calculated, and the shape of the salt 
flank determined. 

Given the layer velocities and the source and receiver lo- 
cations, the transit times to each receiver are measured by 
ray tracing. Next, an initial model is generated on the com- 
puter containing the known source and receiver locations and 
the layer velocities. The program then calculates, for each 
source-receiver pair, all the possible travel paths the acous- 
tic energy could have taken with the total time equal to the 
measured time. A line through all the refraction points con- 
tains all the possible locations for the salt interface calculat- 
ed from one receiver. The resulting oval is called an apla- 
natic surface (Gardner, 1949). The computation can be per- 
formed for combinations of source and receiver, and will 
result in a series of aplanatic surfaces. The best fitting line, 
tangent to all the ovals, is the final solution for the location 
of the interface. 

The technique is illustrated in a well in the Gulf of Mexi- 
co. Using accurate source-receiver travel times and the 
source-receiver positions, the initial model was generated. 
The salt was a known distance from one receiver, which ena- 
bled the use of the refraction oval technique for the determi- 
nation of the salt top. The formation velocities adjacent to 
the salt were determined from a vertical check shot and the 
aplanatic surfaces were generated, as shown in Fig. 9-20. 
The salt flank was interpreted as the common tangent line 
illustrated in Fig. 9-21. 

The mechanized proximity interpretation gives results con- 
sistent with the interpretation made with wavefront charts, 
but is much less time consuming. 
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10 
Other Cased Hole 
Services 

This chapter is a discussion of several cased hole services 
that were not covered in previous chapters. The Guidance 
Continuous (GCT*) tool for directional measurements, the 
Freepoint Indicator tool and backoff service, the PosiSet* 
mechanical plug back tool for through-tubing bridge plug 
operations, the wireline formation tester, the CERT elec- 
tromagnetic fishing tool, and the Formation Subsidence Mon- 
itor Tool (FSMT) are all examples of cased hole services 
designed to meet important special requirements. 

GUIDANCE CONTINUOUS TOOL (GCT) 
The Guidance Continuous tool provides a highly accurate, 
continuous gyroscopic directional measurement in cased 
holes. The measurement is based on a 2-axis gyroscope 
whose spin axis is maintained in the horizontal direction and 
is aligned towards the north. The position of the gyro is 
sensed by an accelerometer and a gyro-axis position resolv- 
er. This information is combined with data from another ac- 
celerometer to derive the azimuth and inclination of the hole. 

Knowledge of the precise bottomhole location of a well 
and the well trajectory is required in several situations, prin- 
cipally including: 

l cluster drilling operations on multiwell platforms, 
l exact location of both the blowout well and the relief wells, 
l precise targets within reservoirs for infill drilling, 
l precise location of old wells in secondary recovery 

projects, and 
l lease boundary, regulatory, and unitization requirements. 

A 3-dimensional well trajectory schematic is shown in Fig. 
10-l. The position of the target is defined by: 
l the bottomhole coordinates which are the north and east 

departures of the projection of the bottom of the well on 
a horizontal plane. The coordinate system is formed by 
the north/south and east/west axis centered on the 
wellhead; 

l the True Vertical Depth (TVD) which is the’actual depth 
of the well measured along the vertical axis; and 

l the azimuth of the hole with respect to geographic north, 
the inclination, and the well depth The north/south depar- 
ture, east/west departure, and TVD are then computed 
from these measurements. 

The accuracy of the cased hole GCT measurement is also 
illustrated in Fig. 10-l. In the 4000-m well with a 2000-m 
departure, the bottomhole position will be determined with 
a maximum error of f 10.4 m in the horizontal plane. 

East 

Fig. 1 O-l -Representation of a 3-dimensional well trajectory 

The GCT tool is composed of a 3%in. sonde containing 
the gyroscope, an electronic cartridge, a telemetry cartridge, 
an auxiliary measurement sonde for temperature and down- 
hole head tension measurements, and an anchoring device 
for wellsite calibrations. The measurement is based on a 
2-axis gyroscope whose spin axis is maintained in the 
horizontal direction and aligned to north (or to a faed known 
direction). The principle of the measurement is shown in 
Fig. 10-2. 
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Fig. IO-Z-Principle of the GCT measurement 

The gyroscope and a Z-axis accelerometer arc mounted 
on an inertial platform, Their measurements are combined 
to derive the azimuth and the inclination along the hole (Fig. 
10-3). The well trajectory is computed from the azimuth and 
deviation information combined with the measured depths. 

Accelerometer 

Sagem Gyroscope Gyro\ Axis 1 
Position 
Resolver I , I 

Flg. 10.J-The GCT measurement system 
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The tool position is compared to a reference defined by: 
l the horizontal plane (accelerometer measurement) and 
. a known direction (gyro information). 

The initial orientation of the gyro to a fixed direction is per- 
formed at the tool calibration phase. 

MEASUREMENT THEORY 
The gyroscope is composed of a disk, rotating at high speed, 
held by a system of gimbals which allows the frame of the 
gyro to move in any position while the gyro spin axis re- 
mains fixed (Fig. 10-4). The fast rotational speed of the 
flywheel tends to keep the gyro axis pointed in a fixed direc- 
tion. This direction is used as a reference for the guidance 
tool. The gyro disk (flywheel) when submitted to a torque 
due to external forces (earth rotation, mechanical unbalance) 
moves at a right angle to the applied torque and starts a 
precessional movement. The torque applied to the gyro can 
be estimated by measuring the precession speed. 

Gimbals 

, c,b Spin Axis 

Precession Movement 
Caused by External 

Bearin! 

Frame 

a 

Fig. 10.4-GCT gyroscope 

The gyroscope in the GCT tool contains a scrvo- 
mechanism composed of two position sensors and two tor- 
quing motors. These are used to cancel the torque created 
by external forces. This technique is used to counterbalance 
the torque due to the mechanical imperfections of the gyro 
and to measure the precessional speed movement caused by 
the earth’s rotation. This speed is proportional to the earth’s 
rotation component along the gyro axis and depends on the 
angle between north and the gyro spin axis. The detection 
of the precessional movement allows the computation of this 
angle. 

The accelerometer is a type of pendulum which detects 
and measures any acceleration (Pig. 10-5). This movement 
is proportional to the acceleration of gravity which created 
it. The accelerometer used in the GCT tool works along two 
orthogonal axes, and, therefore, measures two orthogonal 
components of gravity. 
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Pendulum 
or Acceleration 

Position Detector 

Fig. lOd-Schematic of an accelerometer 

Calibration 
Mechanical imperfections and gain and offset of the sensors 
are two parameters that are characteristic of each particular 
tool and they are determined during the shop calibration as 
follows: 
l Mechanical imperfections of the gyro and the accelero- 

meter: Gyro imperfections such as gyro mass imbalance, 
aerodynamic friction, and colinearity error between spin 
axis and accelerometer X-axis are measured so that com- 
pensations can be made. 

l Gain and offset of the tool sensors: The gain and offset 
of accelerometer and gyro position sensors are measured 
for use in the tool response computation. 

At the wellsite a calibration is performed to: 
l position the gyro axis and align it to north; 
l position the gyro axis in a chosen direction. After seek- 

ing north, the orientation of the gyro may be changed. The 
best choice of orientation is the average hole azimuth; 

l compute the correction necessary to compensate for the 
effect of the earth’s rotation. A correction is applied, 
through the servomechanism, to the inertial platform. 

The wellsite calibrations are performed with the tool an- 
chored inside the casing so that the tool is fixed in respect 
to the earth, providing a stable reference position during 
gyrocompassing seeking north. 

Log Quality Control 
After the calibration, the tool is pulled back to the surface 
and the survey started. The log is normally recorded both 
in and out of the hole so that the results can be compared 
for closure. Closure is defined as the distance between the 
top of the well as originally recorded and the top of the well 
as recorded by the GCT tool after the survey. Tool mea- 
surement errors are cumulative; therefore a small closure 
indicates a good log. The well trajectory, deviation, and cur- 
vature of the up and down runs are compared and must 
repeat. 

Accuracy 
The accuracy of the measurement is assured for operations 
in cased holes with an uncentralized tool. The north-seeking 
accuracy of the gyro is better than 0.1’) and the drift, after 
applying the correction computed during calibration, is less 
than 0.1 “/hr. 

The accuracy of the tool measured in terms of horizontal 
errors in the north and east direction is: 

N or E = 0.4% X (cos 45”)/(cos L) x H + 0.06% D, 

where: 

(Eq. 10-l) 

H = horizontal departure 
D = tool depth 
L = latitude. 

These specifications can also be defined with respect to the 
axis passing through the top and the bottom of the well, and 
the axis perpendicular to it. Then the error on the azimuth 
(0.4% H), which affects only the reading perpendicular to 
the hole direction, can be removed from the error in the other 
directions: 
A (along axis top/bottom of well) = 0.06% D 
A (axis orthogonal) = 0.4% H + 6% D. 

Equation 10-l shows that errors on departures become too 
large for geographical latitudes higher than 70 ‘. This is due 
to the difficulties in finding the north direction with a gyro 
in high latitudes. Gyrocompassing uses the horizontal com- 
ponent of the earth’s angular speed and this component be- 
comes too small near the pole. Optical sighting may eventu- 
ally overcome this problem. 

The accuracy of the bottomhole position is, at least, bet- 
ter than half of the closure between the up and down runs 
(Fig. 10-6). The closure specification is: 

Closure (&, Ay) < 2(0.4% =-$H + 0.06% 0). 

(Eq. 10-2) 

An after-survey calibration is also performed with the tool 
anchored in the casing. A new north is found and compared 
to the north found before the survey to determine any gyro 
orientation error. 

Wellsite Processing 
The data is processed in real time by the CSU logging unit. 
The information required includes: 
l shop calibration data tape 
l latitude of the well 
l “grid angle departure” (GAD parameter), which is the 
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DEPTH NORTH EAST DOG.LEG AZIMUTH DEVIATION 

9868.83 - 617.70 2094.89 2.0 123.73 11.70 

9868.81 - 617.69 2094.88 2.0 123.74 Ii.70 
9868.59 - 617.67 2094.85 2.0 123.73 il.69 
9867.34 -617.63 2094.64 2.0 123.69 11.67 
9864.81 - 617.25 2094.21 123.64 11.65 
9862.35 - 616.97 2093.79 

:: 
123.58 Il.64 

9859.90 - 616.70 2093.38 .8 123.50 11.65 
9857.50 - 616.43 2092.98 1.5 123.44 11.68 
9855.01 - 616.15 2092.56 1.2 123.39 11.71 
9852.47 - 615.87 2092.13 .9 123.38 11.73 
9850.07 - 615.60 2091.72 3 123.43 Il.74 
9847.57 -615.32 2091.29 1:: 123.48 11.75 
9845.14 - 615.04 2090.86 123.57 11.75 
9842.76 - 614.78 2090.48 1.1 123.69 il.75 
9840.29 -614.50 2090.06 1.7 123.76 1173 
9837.27 - 814.16 2089.55 1.1 123.79 11.69 

9837.06 -614.13 2089.51 7.8 123.83 11.66 
9836.31 - 614.05 2089.39 7.8 123.70 11.84 
9829.41 - 813.28 2088.23 1.6 123.35 il.65 
9821.75 - 812.43 2088.93 .9 123.17 11.72 
9814.15 -611.58 2085.63 .6 123.33 il.77 
9806.60 - 610.73 2084.35 2:: 123.55 11.80 
9797.99 - 809.75 2082.88 124.08 11.82 

9788.72 - 608.68 2081.31 .Q 124.29 11.82 

9779.47 - 607.62 2079.74 1.8 124.37 11.86 
9770.17 - 608.52 2078.16 .8 124.62 11.89 
9760.78 - 605.43 2076.58 1.2 124.58 11.90 
9751.28 -604.31 2074.95 .4 124.47 Ii.95 

9741.89 - 803.21 2073.35 1.2 124.55 11.99 
9732.25 - 602.07 2071.70 124.59 12.03 
9722.21 - 600.88 2069.97 

:: 
124.29 12.02 

9712.01 - 699.69 2068.21 .3 124.12 12.05 

9701.93 - 598.51 2068.47 .4 124.21 12.08 
9691.68 - 597.30 2064.69 .I 124.26 12.10 
9681.56 - 596.10 2062.94 .4 124.25 12.13 

9671.46 - 594.90 2081.18 .4 124.28 12.18 
9661.29 - 593.69 2059.40 .4 124.39 12.19 
9651.19 - 592.48 2057.64 1.0 124.42 12.24 
9640.98 -591.26 2055.85 .3 124.25 12.29 

NRA 106.000 DEG GAD 0.0 DEG 
IED 0.0 LEG IDD 61.0000 F 
LATD 70.3200 IND 0.0 F 
GRAV 9.82612 MIS2 ALTI 40.0000 F 
TTRB 4.00000 DEGC HTEM 120.000 DEGC 
BHS CASE ENVT FIEL 
DO 0.0 F BS 8.50000 IN 

NAME VALUE UNIT NAME VALUE UNIT 

PARAMETERS 

Closure Check 

*AX 
D “” :A Depth 

//////I I////// f - 

Bottom 

Fig. IO-64llustration of the closure check 

angle between geographic north and client north, positive 
in the NE direction 

l coordinates of the origin of the log if they are different 
from zero (see Fig. 10-7). 

Vertical 

A Vertical 

Well Origin 
. 

Offset TVD = IDD 

Fig. lo-7-Illustration showing offset of the origin 

The CSU software: 
l computes the earth rotation components to keep the gyro 

in a fixed direction in the earth’s reference field using 
calibration data and latitude 

l computes stretch on the cable and provides corrected 
depths using uphole and downhole tension measurements 

l uses calibration data to correct for mechanical imperfec- 
tions of the inertial platform. 

The program uses accelerometer data to compute the azimuth 
and deviation and depth data to integrate the trajectory along 
the borehole. Computations are made every 10 sec. 

Presentation of Results 
Presentations available at the wellsite include well trajecto- 
ry plots and a listing of the results. 

A tabular listing of results is shown in Fig. 10-8. The listing 

Fig. IO-8-Listing of GCT results 

includes depth, north departure, east departure, true verti- 
cal depth, dogleg severity, azimuth, and deviation. The in- 
sert shows the parameters that were input by the engineer: 
ALIT = altitude of the wellhead 
GRAV = gravitation 
LATD = latitude 
GAD = grid angle departure 
IDD = initial depth departure 
IND = initial north departure 
IED = initial east departure 
NRA = angle between geographic north and the spin po- 

sition chosen for navigation. 

Several well trajectory plots can be made by the CSU sys- 
tem in the playback mode. Fig. 10-9 shows the projection 
of the well on a N-S vertical plane. In this example the well 
origin is not at zero on the crossplot. 

The well projection is shown on a vertical E-W plane in 
Fig. 10-10. Projection can be made on any other vertical 
plane if desired. The well projection on a horizontal plane 
is shown in Fig. 10-l 1. 
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TVD (ft) 

Fig. 10.9-Well projection on a vertical N-S plane 

TVD (ft) 
I 
Fig. 10.lo-Well projection on a vertical E-W plane 

Fig. 10-l 1 -Well projection on a horizontal plane 

Fig. lo-12 shows a plot of well curvature (dogleg severi- 
ty) versus true. vertical depth. Dogleg severity is measured 
in degrees per 10 m or 100 ft. The tool can handle rather 

Fig. lo-12-Plot of well curvature 

Fig. lo-13-Well inclination vs. depth 

rapid hole direction changes; azimuth shifts up to lO”/sec 
and inclination variation of up to lO”/lOO m. 

The well inclination versus true vertical depth plot is shown 
in Fig. 10-13. Both down and up runs are shown for 
comparison. 

FREEPOINT INDICATOR (FPIT) TOOL 
Some of the major causes of stuck pipe are: 
l differential sticking caused by heavy mud and/or highly 

deviated holes 
l keyseated pipe caused by doglegs 
l unconsolidated formations collapsing around the pipe 
l sloughing or swelling shales. 

Once the pipe is stack, anempts to free it are usually made 
by jarring and by circulating a friction reducer. If these at- 
tempts are unsuccessful, a wireline service is usually run to 
locate the deepest free point of the stuck pipe and then the 
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pipe is backed off just above this point. After the free pipe 
is recovered, a common procedure is to washover the stuck 
section of pipe and reconnect with a jar near the stuck sec- 
tion for retrieval. 

By using stretch and torque measurements, the Freepoint 
Indicator tool accurately determines the free point in any 
string of pipe stuck in the hole including drillpipe, drill col- 
lars, tubing, and casing. 

The FPIT tool, shown in Fig. 10-14, consists of two an- 
chors and a sonde. A backoff can be successful only if the 
desired backoff joint is free in both stretch and torque. The 
FPIT sonde contains two sensors, one which detects stretch 
and is not affected by torque, and one which detects only 

torque. With measurements from both sensors, the interpre- 
tation of the results is completely reliable. 

The torque sensor can measure both right- and left-hand 
torque, giving the added capability of showing that applied 
left-hand torque has reached the point to be backed off. This 
is particularly useful in deviated wells where torque has to 
be worked down. These measurements can be read directly 
on the bar graph display on the FPIT module in the CSU unit. 

In most cases, the FPIT tool can be combined with the 
backoff shot allowing the backoff to be made immediately 
after the detection of the deepest free point. This results in 
a very high success rate in backing off at the first attempt. 

The CSU program allows the full integration of the drillers’ 
parameters and pipe string configuration (such as weight be- 
fore sticking, pipe dimensions and depths) to provide a com- 
putation of the required pull and torque to be applied for op- 
timum sensor readings. Once the survey has been complet- 
ed, the program gives the estimated stuck point and the 
recommended number of primacord strands to be used for 
the backoff shot on a summary listing (Fig. 10-H). If more 
than seven strands of primacord are required, the backoff 
shot must be run separately. A log is also presented as shown 
in Fig. lo-16 that provides a pipe sketch and displays the 
stretch and torque measurements. 

Fig. lo-15-Freepoint Indicator summary listing 

Fig. lo-14-Freepoint Indicator tool 
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Fig. IO-16-Freepoint Indicator log 

HYDRAULIC SEALING 
The need for hydraulic isolation of selected portions of the 
wellbore became more important with the introduction of 
cemented casing strings and wireline gun perforating. Bak- 
er Oil Tools developed a setting tool in the 1940s that would 
allow sealing devices to be run in the well and set with wire- 
line. Today, all commercially available wireline sealing 
devices such as production packers, cement retainers, bridge 
plugs, and tubing stops can be accurately set with depth con- 
trol provided by a casing collar locator and a Gamma Ray log. 

Through-Tubing Bridge Plug (Plus Plug*) 
The need for a device to permanently plug casing without 
pulling tubing to effect plug backs, water shutoffs, and gas 
shutoffs was recognized early on. Finding an effective solu- 
tion to this problem, however, has proven difficult. 

The Through-Tubing Bridge Plug (Plus Plug) was in- 
troduced in the early 1960s. Although it was considered a 
breakthrough in bridge plug technology, the Plus Plug still 
presented problems. 

The Plus Plug tool assembly consisting of a positive dis- 
placement dump bailer, a vent tube with a mechanically- 
timed vent valve, and a collapsed packer bag is run in and 
positioned in the well. The dump bailer is actuated and 

cement is forced into the packer bag, inflating it to the di- 
ameter of the casing. The remaining cement is dumped 
around the vent tube. Subsequent dump bailer runs place an 
additional column of cement around the vent tube, which is 
open to allow the movement of well fluids. 

After the cement has set up within the bag and in the 
column above the vent tube, the timer closes the vent tube 
and additional cement is dumped to strengthen the plug. The 
perational sequence is illustrated in Fig. 10-17. 

Run In 

“p” “C” “D” 
- 18 hr- 

Baa Set Initial Plug Final Plug 

Fig. 10-l ~--PIUS Plug operational sequence 

The Plus Plug has several design features to enhance the 
success rate: 
l The expanding cement that is forced into the bag is never 

in contact with the well fluids and remains free from 
contamination. 

l The packer bag effects a hydraulic seal between the vent 
tube and the casing. Therefore, the vent hole through the 
plug permits the well fluids to move through the plug 
without contaminating the cement around the vent tube. 

l The mechanically timed shutoff valve prevents the move- 
ment of well fluids through cement dumped on the final 
run. 

While the Plus Plug was probably the best through-tubing 
bridge plug available, it has been plagued with a variety of 
problems over the years. In many cases it worked just as 
designed, even under extreme conditions; other times it failed 
under seemingly ideal conditions. The basic problem is the 
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mixing of cement in small quantities for use under various 
downhole conditions. A project to develop a mechanical plug- 
back tool that does not require cement for hydraulic integri- 
ty has been under development for several years. 

PosiSet.Mechanical Plugback Tool 
The recently introduced PosiSet through-tubing bridge plug 
satisfies the same basic need for a simple, cost effective, 
through-tubing system to facilitate plugback and reperforat- 
ing operations in wells with water production or depleted zone 
problems, The operational sequence is shown in Fig. lo- 18. 

The PosiSet plug is illustrated in Fig. lo-19 in both the 
running in the well and after setting configurations. The plug 
consists of: 
l upper and lower anchors, 

l metal backup elements, and 
l elastomeric seal elements. 

The seal elements are constrained within specially treated 
plastic sleeves when running in through the small diameter 
tubing. Positioned at the desired depth, the setting sequence 
begins. Activation of the setting tool energizes the top an- 
chor first and then the bottom anchor and the elastomeric 
seal elements. The constraining sleeves around the seal ele- 
ments are burst as the elements are compressed. The metal 
backup elements are also flattened, forming an antiextrusion 
system for the seal elements. The mandrel lock serves as a 
restraining ratchet system during the setting process. With 
the seal and backup elements fully compressed, the anchor 
arms “bite” into the casing to lock the plug against 

Fig. lo-18-PosiSet mechanical plugback tool operational sequence 
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L Mandrel-, 
Lock 

L Wwr~ 
Anchor 

Metal Backup 
Elements 

--Seal --. 
Elements 

Metal Backup 
Elements 

--Lower-- 
Anchor 

w 
Running In 

Fig. lo-19-Schematic of PosiSet through-tubing plug 
operation 

differential pressure forces. Finally, a tension stud in the rod 
system breaks, allowing the tool string to separate from the 
plug * 

The setting tool is powered by a downhole hydraulic mo- 
tor . During the setting process, the motor-pump-intensifier 
system pumps in a high volume mode until the pressure de- 
mand increases. The intensifier is then activated to break out 
the seal elements, compress the backup elements, and shear 
the tension stud. This allows a relatively fast setting time 
(25 to 60 min) depending on the casing size. 

An emergency release system provides separation of the 
plug assembly from the rest of the tool string in the unlikely 
event the plug hangs up. 

The main advantage of the mechanical plugback tool is that 
no cement is required in the setting operation. Of course, 
the plug can be, and normally is, used as a platform for sup- 
plementary cement, depending on the pressure rating require- 
ments. Another important feature is that the setting action 
is independent of hole deviation. 

CASED HOLE WIRELINE FORMATION TESTER 
The wireline formation test tools provide a safe, economi- 
cal, and reliable method for testing potential producing zones 
behind casing. The applications in cased hole are the same 
as those in openhole testing. These include the measurement 
of formation pressure, the determination of formation fluid, 
the determination of oil and gas ratios and oil gravity, and 
the location of gas-oil or oil-water contacts. 

One of the primary applications for cased hole wireline 
testing is pre-abandonment testing in old wells. Before the 
well is plugged and abandoned, a TDT log (or GST log de- 
pending on the conditions) is run to identify other potential 
pay zones. Starting at the bottom of the well and working 
up, the potential zones are tested with the wireline tester. 
If the test results indicate a producer, a bridge plug is set 
and the zone perforated for production. If not, the process 
is repeated on the next potential pay zone up the hole. 

Wireline testing in cased holes offers the following tech- 
nical advantages: 
l The tests are made through clean perforations sealed from 

the borehole fluid. 
l For safety, the well may stay under complete hydrostatic 

fluid control during the testing operation. 
l Invasion is generally not a problem so interpretation of 

the results is straightforward. 
l There are usually no packer seal problems in casing. 
l Precise depth positioning is provided by gamma ray and 

casing collar logs. 

One condition is essential for cased hole wireline testing: 
a good seal in the casing/formation annulus must exist. A 
log for cement evaluation before testing is recommended, 
even though conclusive tests can often be obtained above the 
cement top because formation sloughing and mud hydration 
create the necessary seal between casing and formation. 

Cased Hole Wireline Tester Tools 
Two types of formation tester tools are currently in use. Both 
the Formation Interval Tester (FIT) tool and the recently in- 
troduced Dual Shot Repeat Formation Tester (RFK-V) tool 
are available in limited areas. 

FORMATION INTERVAL TESTER (FIT) 
With the FIT tool, a hydraulic multiplier system actuates a 
backup shoe which pushes the tool against the casing and 
causes sealing of the small circular packers. One or two holes 
are perforated through the casing within the area sealed by 
the packers. An initial shut-in pressure measurement is 
recorded and then the sample chamber is opened to flow. 
A recording of flowing pressure is made and when the cham- 
ber is filled with formation fluids a final shut-in pressure is 
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recorded and the chamber sealed. The tool is then returned 
to the surface and redressed for the next test. 

DUAL SHOT KIT WITH REPEAT 
FORMATION TESTER 
The RFK-V kit modifies the openhole RFT* tool. The probe 
block contains two shaped charges that can be fired indepen- 
dently, allowing two samples or pressure tests per trip in the 
well. Operationally, the tool is similar to the RFT tool in 
that the tool may be set as many times as necessary and the 
packer seal integrity can be checked before the casing is 
perforated. 

Interpretation 
Interpretation of fluids recovered in cased hole tests is some- 
what more meaningful than openhole recoveries, particularly 
in old wells. Since the invaded zone generally disappears wi- 
thin a few weeks or months after casing is set, the cased hole 
test recovers virgin formation fluids and therefore is indica- 
tive of expected production. 

Fig. lo-20 shows logs on a well that was tested with the 
FIT tool. The primary objective of the cased hole evaluation 
was to identify the fluid type and to determine productivity. 

The openhole neutron-density logs do not indicate free gas, 
but it was thought that the gas effect might have been masked 
by excessive filtrate invasion. The cased hole CNL log, 
which should be free from invasion effects, overlays the 
openhole log, confirming that free gas is not present. 

The FIT tool recovered 1650 cc oil, 15 cu ft gas (GOR 
1440 cu ft/bbl), and no water, in 23.5 min of sampling time. 
Pressures recorded with an Amerada gauge measured 583 
to 864 psi flowing and 4476 psi shut-in. 

CORRELATED ELECTROMAGNETIC 
RETRIEVAL (CERT) TOOL 
The CERT tool is a wireline electromagnetic fishing device 
designed to retrieve metallic junk in cased or open holes. 
It offers the following advantages over permanent magnet- 
type fishing tools: 
l The tool is nonmagnetic when the power is off so it will 

not disrupt navigational instruments during transport to 
the well. 

l The tool is not activated until fishing depth is reached so 
that a clean surface is maintained for maximum lifting 
capacity. 

l Casing collar and gamma ray logs can be run with the 
CERT tool for positive depth control. 

l A “fish detector” circuit provides an indication of fish 
contact and/or loss so that the progress can be monitored 
all the way to the surface. 

SP 
Gamma Rav 
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0 API Units151 .-----------. 

- 

Resistivity 
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I 16 in. SN 2r 
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Fig. lo-20-FIT test confirms the openhole and cased hole 
CNL interpretation 

The CERT electromagnet is five times more powerful than 
a permanent magnet of the same size, a fact which greatly 
enhances the chance of a successful fishing job. The 5-in. 
CERT tool has a flat plate lifting capacity of 1000 lb com- 
pared to 200 lb for a permanent magnet. Fig. lo-21 shows 
a plot of vertical lift force versus distance for a 5-in. CERT 
tool and permanent magnet. The l%s-in. CERT tool has 
a flat plate lifting capacity of 120 lb. 

Tools are available for various tubing and casing sizes. 
Nonmagnetic guide shoes, matched to the casing size, pre- 
vent the tool from bypassing the fish and direct it toward 
the CERT tool’s contact area. 

SUBSIDENCE MONITORING 

Introduction 
Terrain subsidence caused by hydrocarbon production has 
been a major concern in some areas for many years. 
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Fig. lo-21-Plot of vertical lift force vs. distance 

Reservoir compaction can be modeled with laboratory- 
measured rock compressibility and pressure decline. 
However, results show that the process is far more complex 
than this and downhole compaction measurements are the 
only practical way to monitor subsidence for accurate 
modeling. 

In the United States, production from the overpressured 
Wilmington Oil Field had caused widespread subsidence in 
the City and Port of Long Beach. Newsreels in the late 1940s 
showed wellheads standing 15 ft above ground. Total subsi- 
dence reached as much as 30 ft in some areas before further 
sinking was halted by water injection. A monitoring of com- 
paction has been performed in several wells since 1949. 

In the Bolivar Coast field of the Maracaibo Basin, 
Venezuela, compaction measurements have been made since 
1956. In this field, production casings were being damaged 
and, in addition, surface facilities were sinking below lake 
level, necessitating the construction of dikes. The solution, 
as at Long Beach, was to identify the contracting zones, so 
that water injection could be effectively applied. 

Of the other subsidence projects throughout the world, the 
Groningen program in the Netherlands has probably been 
the most publicized. Compaction measurements were start- 
ed there in 1967. A large part of the land surface of the 
Groningen field lies on the average between 0 and 1 m above 

sea level, so it was very important to get an early under- 
standing of the ultimate degree of subsidence. 

Subsidence Measurement Techniques 
Two subsidence measurement techniques have been used 
throughout the years. One uses a multiple casing collar tool 
to calculate the compaction of the lengths of individual cas- 
ing joints and then relates this to formation subsidence. The 
other uses a multidetector gamma ray tool to monitor the 
movement of radioactive markers in the formation itself. 
Most subsidence monitor projects use one, or a combina- 
tion, of these techniques. 

Assuming a good cement bond between the formation and 
casing, the casing collar technique may be a good measure 
of formation compaction during the early stages of subsi- 
dence. However, when casing shortening exceeds the maxi- 
mum elastic deformation of the casing, collar movement will 
probably no longer be representative of formation move- 
ments . The measurement of fixed radioactive markers placed 
in the formation should then provide a better measurement 
of compaction. 

THE FORMATION SUBSIDENCE MONITOR TOOL 
(FSMT) 
A new Formation Subsidence Monitor Tool (FSMT) is now 
available in limited areas for compaction measurements. The 
FSMT tool has four gamma ray detectors for accurate mea- 
surements of radioactive bullets placed at spacings between 
9 and 12 m apart in the formation (Fig. 10-22). The detec- 
tors are mounted at precise spacings, defined by invar 
spacers, to minimize changes in detector spacing from tem- 
perature variations. The temperature inside the tool is also 
recorded for computation of residual changes in detector 
spacings. 

The tool is centralized by two 4-arm Teflon@-covered cen- 
tralizers to reduce uneven tool movement. An accelerome- 
ter in the central housing measures any speed variations dur- 
ing logging so that corrections can be applied. 

Cable Motion Measurement 
The movement of the logging cable is measured with a dedi- 
cated integrated depth wheel (IDW) measuring device. This 
device is identical to the standard cable measuring device; 
however, the IDW device is mounted at the wellhead to 
eliminate depth errors induced by sheave motion or cable 
sag. The absolute accuracy of the IDW is 3 parts in 10,000. 
Therefore, the errors induced in the measurement between 
adjacent peaks by adjacent detectors should be negligible. 
The IDW emits depth pulses every 0.1 in. 

@ Teflon is a registered trademark of E.I. Du Pont De Nemours and 
Company 
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Fig. 10-22-A schematic of the FSMT tool 

Radioactive Bullet Placement 
Each bullet contains 100 microcuries of Cs 137, emitting 
monoenergetic gamma rays of 663 keV. The radioactive 
material is encapsulated in a sealed stainless pellet, which 
in turn is sealed in the hardened steel bullet body. 

The bullets are shot into the formation by a special select 
fire gun, either in open hole before casing is set or through 
casing, The explosive load is tailored to place the bullet into 
the formation far enough so that it will not be affected by 
any relative movement of the casing/cement with reference 
to the formation, but not so far that the radioactive peak is 
not seen clearly by the FSMT detectors. 

Fig. lo-23-An ideal case for a e-detector tool 

Measurement Theory 

The errors in measurement will come from errors in mea- 
suring detector spacings bl and b2, in cable measurement 
errors, and tool yo-yo effects. Since subsidence monitoring 
is usually performed with dedicated tools and since temper- 
ature and pressure conditions are likely to be about the same 
on all log runs, bl will likely equal b2. 

It is possible to measure the distance between radioactive In practice, the spacing between radioactive bullets will 
markers with a single detector gamma ray tool, but not with not be exactly 10 m, but will vary within a 9.5 to 11.5 m 
the accuracy required for subsidence measurements. The sim- range, Figure lo-24 illustrates such a case. At the initial 
plest practical tool would be one with two gamma ray de- measurement, Sl = bl - Xl. Any error in measuring Sl 
tectors separated by a distance approximately equal to the stems from tool calibration and the measuring system. The 
spacing between the bullets. With this technique, the cable smaller the value of Xl, the smaller the error. 
will only move a short distance for the detection of adjacent Following subsidence, s2 = b2 - X2, and the subsidence 
markers by upper and lower detectors. Only this short can be calculated. 
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distance is subject to errors in the cable measurement sys- 
tem. The closer the match between the spacing of the bullets 
and detectors, the better the accuracy. 

2-Detector Tool 
In the ideal case for a 2-detector tool (illustrated in Fig. 
10-23) the initial gamma ray log will have both peaks at the 
same depth. However, after subsidence, S2 will be less than 
Sl and the peaks no longer coincident: 

S2 = b2 - S , (Eq. 10-3) 

where S is measured by the depth measuring system. There- 
fore, subsidence is determined as follows: 

S = Sl - S2 = bl - b2 + S . (Eq. 10-4) 

Initial Bullet Spacing S, = Detector Spacing b, 
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Fig. 10-24-A normal case for a P-detector tool 

Subsidence S = Sl - s2 
= bl - Xl - (b2 - X2) 

or bl - b2 - (Xl - X2). (Eq. 10-5) 

The sources of error are now: 

l measurement of detector spacing on both runs, 
l measurement of cable movement on both runs, and 
l variations of tool movement relative to cable movement 

at surface. 

of the adjacent bullets. The displacement of peaks is consi- 
dered positive when the peak on the lower detector log cor- 
responding to the lower bullet is recorded higher than the 
peak on the upper detector from the upper bullet. If the peak 
on the lower detector log is lower, it is given a negative sign. 

Therefore, a 4-detector measurement, a downhole ac- 
celerometer for compensation of tool yo-yo effects, more ac- 
curate cable movement measurements, digital recording, and 
digital processing provides improved accuracy. 

4-Detector Tool 
A 4-detector tool brings two major advantages to the mea- 
surement. First, four independent measurements of each 
bullet pair spacing are made. Second, the possibility of a de- 
tector pair spacing being close to the bullet pair spacing is 
greatly increased, reducing the errors from uneven tool 
movement and cable measurement. A 4-detector measure- 
ment schematic is shown in Fig. 10-25. 

The distance, S, between radioactive markers can be ob- 
tained from the four following relationships: 

FSMT Tool Calibrations 
The primary calibrator for the FSMT tool is a solid invar 
bar in which radioactive markers have been placed at pre- 
cise intervals as shown in Fig. 10-26. Each calibrator has 
been certified by the Bureau des Mesures in Paris. 

I 5 Pips 
Yzm Apart - 

5 Pips 
8 m - Xrn Apart I 

S=(a+b)-X (Eq. 10-6) 

S=(a+b+c)-2 (Eq. 10-7) 

S=(b+c)-Y (Eq. 10-8) 

S=b-t. (Eq. 10-9) 

Fig. lo-26-Primary calibrator for the FSMT tool 

The bar is clamped to the outside of a riser pipe at a dis- 
tance sufficient to make the peaks on the gamma ray log from 
the calibrator about the same as the peaks from the radioac- 
tive bullets in the formation. After logging the riser pipe, 
the calibrator’s radioactive marker positions are calculated 

In each case, S (the distance between adjacent bullets) is equal 
to the spacing between any two gamma ray detectors less 
the displacement of the peaks recorded by these two detectors 
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using the exact computation routines that are used in nor- 
mal logging, and are compared to the certified values. This 
comparison yields a conversion factor, from measured to true 
distance, which eliminates errors introduced by detector spac- 
ing measurements and the cable measurement device. Mul- 
tiple passes are made to ensure that the conversion factors 
are coherent. A typical FSMT surface calibrator log is shown 
in Fig. 10-27. 

AACC (G) AGRP (CPS) AGR4 (CPS) ----- --- ------- 
0.0 2.0 0.0 5000.0 0.0 5000.0 

CS (FIHR) AGRl (CPS) AGR3 (CPS) _---_-- ----- 
350.0 250.0 0.0 5000.0 0.0 5000.0 

File 
30 

Log Scale = l/40 

Fig. lo-27-FSMT tool surface calibrator log 

Logging Procedure 
Following calibration, at least three logging runs are made 
over the zone containing the radioactive markers at a speed 
of 1.5 m/min (300 ft/hr) . Data from the four gamma ray de- 
tectors and the accelerometer are recorded on tape every 0.1 
in. of cable movement. 

Log Data Processing 
After the gamma ray data are filtered and normalized, the 
marker positions are calculated. First the gamma ray peaks 
are identified using a simple threshold detection. Then the 
approximate center of the peak is detected using a center of 
gravity technique. This center point depth is corrected for 
variations in tool motion using input from the accelerome- 
ter. The true marker position is then determined as a func- 
tion of the position of the points of inflection on the filtered 
gamma ray curve on either side of the rough marker position 
and the slope of the tangent through these points of inflection. 

Presentation of Results 
A computation of results is available at the wellsite with the 
CSU field unit: however, a more complete computation is 
usually made at a Schlumberger computing center. The 
results include a calibration summary and a results summary 
for each marker, relative to the previous (lower) marker. 
A results summary example is shown in Fig. 10-28. The sum- 
mary table combines the marker spacing results for three runs, 
interpreted both with and without accelerometer compensation. 

The heading line gives the interval number, tool number, 
logging date, and well name. The main section of the sum- 
mary is divided into three columns, one for each run. The 
reference depth of the interval is given for each run. The 
upper portion of the listing contains the results from the 
processing with accelerometer compensation and can be ex- 
plained as follows: 

l RELATIVE PEAK POSITIONS show where the program 
has found the peak to be, relative to the GR 1 peak. The 
first figure is always zero. 

l MARKER PRECISION is an indication of how accurate- 
ly the peak was defined. A low value here implies a good 
peak profile. 

l MARKER SPACINGS ACCELEROMETER are the 
spacing results from the four possible equations. Their ord- 
er, in terms of the relative peak spacings used as inputs, 
is S41 S31 S42 S32. The average of these four is given 
on the next line. 

l S12-L12 and S34-L34 are quality indicators. In the per- 
fect case, tool travel downhole is equal to the cable travel 
measured at surface and the values will be zero. 

l The standard deviation of the four marker spacings from 
each pass is listed on the last line of this section. 

l On the extreme right of the table, the results from all three 
log passes are evaluated in the overall average and stan- 
dard deviation. If all results from all passes are used, then 
the NO. USED indicator will be 12. 

The lower half of the summary lists the results calculated 
without using accelerometer data. 

Graphical Summary 

The graphical summary below the main table (Fig. 10-29) 
is a plot of the marker spacing results. The distance scale 
is indicated across the top of the plot. Again, the upper half 
is for results with accelerometer data and the lower half 
without. 

The four results from each run are plotted with a number 
1,2,3, or 4 corresponding to the equation number. The aver- 
age for each run is X and the overall average of all the log- 
ging runs is A. 
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CASED HOLE LOG INTERPRETATION PRlNClPLES/APPLlCATlONS 

I INTERVAL 3 TOOL 3 15-AUG-85 ONY-1 0 

I RUN 01 DEPTN 39.170 I RUN 02 DEPTH 39.473 I RUN 03 DEPTH 39.462 I 

RELATIVE PEAKS POSITIONS I 
0.0000 I 

0.9642 (I 

-0.9876 0.0272: 
MARKER PRECISION lnnl I 
0.4673 I 

0.5846 I 
0.4730 ” 

RELATIVE PEAKS POSITIONS I RELATIVE PEAKS POSITIONS 0 
0.0000 I) 0.0000 0 

0.9652 I 0.9660 I) 
-0.9879 I -0.9678 I 

0.0270” 0.0288I 
“ARKER PRECISION Inn, ” HARKER PRECISION ,mni a 
0.4966 ” 0.5277 I 

0.6074 (I 0.6275 ” 
0.5913 I 0.4765 II 

n 0.3902” 0.4655” 0.4248” 
I MARKER SPACINGS ACCELEROMETER 1 MARKER SPACINGS ACCELERObfETER 1 “ARKER SPACINGS ACCELERO”ETER “N0.USF.D: 
I 11.5531 ” 11.5533 . 11.5515 a 12 
I 11.5529 I) 11.5532 I) 11.5531 * 
I 11.5533 . 11.5545 ” 11 .5536 I 
I) 11.5531r 11.5544” 11.5551”OVER.AVER.: 
1 *v.raq* : 11.5531 x *veraqe : 11.5539 ” Average : 11.5533 I 11.5534 
I I ” ” 
I s12-Ll2: s34-L3.l: I) s12-Ll2: S3J-L34: 0 s12-L12: S)I-L34: I 
I 0.19mm -0.20mm I 1.21nm -0.14mm * 2.04mm l.Samm “OVER. S.D: 
“STANDARD DEV.: 0.1300 nn “STANDARD DEV.: 0.6100 MM “STANDARD DEV.: 1.2600 nn II 0.8815 

RELATIVE PEAKS POSITIONS x RELATIVE PEAKS POSITIONS I) RELATIVE PEAKS POSITIONS I 
0.0000 I 0.0000 I 0.0000 I) 

0.9645 x 0.9645 I 0.9656 I 
-0 .9869 I -0.9860 II -0.9802 I 

0.0273” 0.0276” 0.0263” 
MARKER SPACINGS NO ACCELERO. I !4ARKER SPACINGS NO ACCELERO. I “,,RKER SPACINGS NO ACCELERO. XNO.USCD: 

11.5530 (I 11.5527 I 11.5520 I 12 
11.5522 1 11.5513 I 11.5535 a 

11.5535 I) 11 .5532 I 11.5536 n 
b 11.5527” 11.5518U 11.5551UOVER.AVER.: 
n Av*rasa : 11.5529 a *“.r.-a. : 11.5522 I) A”.laq* : 11.5536 a 11.5529 
* I I) I 

: 
s12-L12: s34-L34: I s12-Ll2: s34-L34: I s12-L12: s34-L34: I 

0.50mm -0.82rnrn n 0.49mm -1.4488 I 1.61mm 1.51mm #OVER. S.D: 
#STANDARD DEV.: 0.4800 NM “STANDARD DEV.: 0.7600 NK “STANDARD DEV.: l..OOO M I) 0.9704 

l : ACCELERO,,ETER CORRECTED, 0: RAW UNCORRECTED POSITION. X: AVERAGES. A: OVERALL AVERAGE 

Fig. lo-28-FSMT log results summary table 

ORAPNICAL SUIVURY 11.5400 11.5500 11.5600 
l ---- * ---- + ---- *__ --+----.----+---------+---- ----+ 

: 
x3 I PASs.1’ 
21X4 v PASS2. 

: 
1 2x 4 I PASS3 

A # OVER, AV. 
+ ---- - -_-_ + -___ --_ --+----.----+----.----+---- -----+ 

: 
24x3 # PASS10 

2X13 n PASS20 
4 1 cx I # PASS30 
I A I) OVER. AV. 

+----.----+----.----+----.-- --+----‘----+---- ----+ 

I 

Fig. 1099-Graphical summary of FSMT log results 
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