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ABSTRACT

A new tracer flow-test system has been developed for in situ characteri-
zation of geologic formations. This report describes two sets of test
equipment: one portable and one for testing in deep formations. Equa-
tiong arc dcrived for in situ dotector calibration; raw data reduction.
and flow logging. Data analysis techniques-are presented for computing
porosity and permeability in unconfined isotropic media, and porosity,
permeability and fracture characteristics in media with confined or
unconfined two-dimensional flow. The effects of tracer pulse spreading
due to divergence, dispersion, and porous formations are also included.

- — DISCI.AIMFR
This
| is bOOK was orenared A an ancrunt of work cponsored by sn apany ul the Untiad $1ates Govern

Neil i ‘
ither the United States Government nor any agency thercof, nor any of their employees, mke:‘:‘nly

warrent impli
ty, expr:s or implied, 'or assumes any legal liabitity or responsibility for the accurocy,
X .of v information, , product, or process dischoe), or
represents that its use would not infringe privately owned rig} = Retescn ¢ cte ||
?z:mmaal product, process, or service by trode name, trodes
Ly y { or imply its ends

hts. Reference herein to any specific | |
mark, manufacturer, or otherwise, dnes 1
|

ion, or favoring by the United




ACKNOWLEDGMENTS

The authors wish to thank those who contributed to the development of the

tracer flow test system.

Hardware Development: C. D. Northam
E. F. Richardson
W. C. Riggan

W. C. Wilson

P. M. Drozda

R. D. Jaocbpon

Ficld Test Operation:



CONTENTS

I.. Introduction ' 9
II. Tracer Test System : 11
IIl. Test Equipment ) ' 17
‘ Automated Deep Well System : : 17
Portable Shallow Well System 23
1V. Data Reduction and Analysis for Two-Dimensional Flow 27
In Situ Calibration 27
Tracer Flow Logging and Raw Data Reduction v 217
Injection Well Logging ’ 2A8
Recovery Well Logging and Data Reduction . 29
Data Analysis for Unconfined Flow : - 36
Divergence of Streamlines ’ ~ 36
Pulse Decay Characteristics ip the Recovery Well - - ' a1
Active Void Volume o ) 45
Compréssible Carrier Fluids 47
Mechanical Dispersion in Porous Media ‘ 50
Pulse Spreading ' 52
Coﬁfined Flow . 57 .
V: Data Analysis of Threc-Dimecensional Unconfined Flow 67A
Divergence of Stream Surfaces ) _ 67
Decay Characteristics of the Recovery Well Pulse Dispersion ‘ 69
Dispersion 4 : ] 70 .
Comments on Confined Flow - : 71
VI. Generalizatinng, Timitations. and Conclusions ‘ ' 72
References ~ : ) - 74
Glossary ' ’ 75
Nomenclatire ’ : _ . 76
TABLES
Table
1 Experimental Flow Test Results ' . 34
2 Calculational Sequence for Tracer Data Reduction : 35

3 Typical Frictional Resistances . ’ 48



Fi

B W N =

0 =N o v

11
12
13
14

15

16
17
18

19
20

21

22
23
24
25
26
27
28
29
30
31
32

re

"ILLUSTRATIONS

Tracer Flow System for Two-Dimensional Flow Between Wells
Tracer Flow System for Three-Dimensional Flow Between Well Ends -
Optional Detectors in the Injection Well

Optional Injection Between Packers Through Three Inlet Pipes, All at the
Same Pressure

Artist's Conception of Deep~Well Tracer Flow Test System

Injector Module - .

Detector Module

Downhole Equipment

Typical Automated Flow Metering System

Mobile Field Support Unit Emplacing ﬁownhole Equipment in Recovery Well
Portable Flow Metering System ' ' ' »
Flow Logger Attachment o

Wiper Head for Flow Logger Attachment

Injection Well Tracer Flow Loggihg

Reco;/ery Well Geometry '

Sample Tracer Data

Equipotential and Streamlines for Flow Between Two Wells

Streamline Layout and Detfinition of Streamline Angle o for an Infinite Line
Source and Sink ’ '

v

Relative Concentration in the Recovery Well

Boundaries of Active Void Volume and Equivalent Output Tracer Pulse for
Two Cutott 'I'imes

Velocity Errors From Using Incompressible Flow Equations and Mean
Density for Isothermal Compressible Flow, N = FL/RH

Spreading Due to Dispersion Along Streamlines

Variation of tm}ax With Disperéion Parameter g

Permeable Region in a Two-Well Flow Test

Pulse Spreading in the Recovery Well Due to a Permeable Region
Functions of VD/ VO for a Permeable Region

Layout of Sources and Sinks for a Rectangular Confined Region .
Geologic Flow Streamlines for Confined Regions

Relative Times of First Arrival for Confined Regions

Relative Pressure Drops for Cor}fined Regions

Comparison of Confined and Unconfined Decay Characteristics

Confined Two-_Dimensional Flow Approximation for a Circular Zone Altered
Mechanically, Thermally, or Chemically

Page
12
13
15

16
17
18
19
20
21
22
24
25
26
28
30
35
36

44

48

48
51
52
53
55
AR

.57
61
62
63
65

66



Figure

33
34
35

36

ILLUSTRATIONS (Cont)

Equipotentials and Stream Surfaces for a Point Source and Sink in an Infinite
Permeable Medium

Relative Concentration for Unconfined Three-Dimensional Flow With a Step
Input of Tracer ’

Relative Concentration for Unconfined Three-Dimensional Flow With a Pulse
Input of Tracer :

Spreading Due to Dispersion Along Stream Surfaces for 8= 0.1

Page

87

69

70
71

7-8



GEOLOGIC FLOW CHARACTERIZATION USING TRACER TECHNIQUES

l. Introduction
The ability to measure fluid flow characteristics of geological formations is at least helpful
and often essential for gas, o0il, and water extraction, geothermal energy utilization, in situ coal
gasification, in situ oil -shale retorting, and nuclear waste isolation. These flow. characteristics
include formation transmissivity; locations and effective hydraulic radii of cracks; and location,
thickness, porosity, and effective permeability of porous or rubbled layers. These properties

cannot be measured in the laboratory because:

1. Crack patterns in rocks or packing of granular material are disturbed during sample

acquisition,
2. Stresses are relieved when the sémples are removed from the formation,
3. The formations are not homogeneous, and
4. Flow paths in geoldgic formations are not continuous.

This necessitates in situ measurements in the region and depth of interest.

Some measurements are made to characterize a formation and others are made to determine
the effects of mechanical, thermal, or chemical alterations. An example of the latter is the explo-
sive rubbling to facilitate flow in an oil shale retort where the extent of fracturing and the distribu-
tion of porosity, .permeability, and surface area are of interest. In contrast, nuclear waste repos-
itories require a tight formation with a high resistance to flow; in this case, loss of integrity due to
thermal alteration is of interest. In both cases, flow tests are needed before and after the altera-

tions to analyze the mechanisms.

Because of limited accessibility, highly variable and nonuniform formations, and, in some
cases, the requirement of minimal disturbance of the formation, no one testing method can obtain
all the data in all formations. In fact, many formations cannot be completely characterized using
all of the test techniques that are available. In addition to the tracer flow test system described in’

this report, there are numerous other techniques that can be used to provide supplementary. data:

1. Flow nets are used to map streamlines and equipotential lines for steady ground-
water flow in confvined or uncontined aquiters. 'L'he nets are constructed using
potentiometric surfaces generated by measuring the water level in nonproducing
wells. As few as three wells are needed to define groundwater flow at a specific
location.l-3 Direction of flow can be read directly from the flow nets. If perme-
ability is known, the flow rate can be computed: if porosity is also known, veloc-
ities can be computed. Aquifers with anisotropic permeability can be handled

" using transforms.
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Pump-down and recharge of wells can be used to obtain qualitative information such
as communication between wells below given levels and relative water contents.
Some quantitative data on groundwater flow and permeability can be obtained. 2.3
Natural groundwater movement is measured by putting a tracer in one well and
measuring the time required for the tracer to reach wells in the downstream direc-

tion.

Geophysical methods can be used to help understand regional hydrology by measur-
ing infiltration capacity, locating water tables, and defining the stratigraphy of

the formation. Techniques include magnetic, gravity, seismic, electrical re-
sistivity, spontaneous electrical potential, core logs, caliper logs, radioactive .
logs, and infiltrometers. Acoustic techniques5 have generally been ineffective in
providing the detail necessary for formation evaluation. Sll.lrface uplift measure-
ments can provide some information on void creation during fracturing G—‘Vents,6
Downhole TV logging can yield information on visible fractures in the immediate
vicinity of a.Wellbox-e.G The porosity ot_‘ some formations can be deterinined by '
grouting or potting a well and then coring or overcoring the filled region.7 Al-
though the core will show the voids, it does not indicate if there is continuity for
fluid flow. Flow channels between wells can be located by pumping a geologic

dye between the wells prior to grouting to stain the walls of the open channels.

A downhole flow logging system measuring total gas flow versus depth will yield
information on permeability of a formation as a function of depth,8 although little
information on the type of fracturing or rubbling responsible for the flow paths
can be obtained with the systemn, OSteady [low is established betweeinn two wells,
and a flow-rate meter is placed in the bottom of the outiet well. The meter is
slowly raised and a plot of flow rate versus depth is obtained. Uniform perme-
ability is represented by a steady increase in flow rate. A step increase in the
flow rate represents a horizontal crack and a ramp represents a vertical 6r
angled crack. Quantitative data can be obtained using the pressure drop between
holes and the rate of flow change with depth. Flow rates can be measured with
hot-wire anemometers or turbine-type meters. The gas flow logger has some
limitations: measurements cannot be made in low-permeability formations; the
outlet well must have a uniform smooth cross section that can be sealed with
wipers; and test wells must be féirly large, because the flow meters are in the

logger.

Flow measurementé between two wells (without tracer) can provide information
on the overall transmissivity of a formation; however, little detail on the distri-
bution of flow throughout the formation is obtained. Twé—well tracer flow sys-
tems using injection and detection at the surface have provided some qualitative
information on the number and type of flow paths in some formations.g'uA Loca-

tions of the flow paths could not be measured and the output from different flow



paths could not be separated. Also, because the flow path through the wellbores
can be long compared to that through the formation, the system can suffer from
a serious loss of resolution in measurements of both tracer arrival time and
pulse spreading. Another qualitative tracer-test system measures flow around
a packer in a single drill hole.12 Flow paths from a well to the surface can be

found by pumping a gas tracer such as SF_ into a well, capping all surrounding

6
wells, and traversing the surface with a detector (sniffer).

The tracer flow system described in this report can be used in some formations and configura-
tions to obtain quantitative data not possible with other test methods. Measurements are made be-
tween two or more drill holes, so disturbances to the formation made by drilling have a negligible
effect on the test region. Since measurements are made using tracers and multiple downhole
sensors, no well seals are required, and tests can be made in rubbled regions. These features,
along with downhole injectors, make it possible to determine the location of two-dimensional flow
paths and to separate data from multiple-flow paths. A three-dimensional flow version is also
available for isotropic formations. Quantitative data, including pqrosity, permeability, and frac-

ture sizes, can be obtained for many formations.

Section II of this report describes the total tracer flow system; Section III describes two types
of test equipment for gas flow using Kr-85 tracers; and Sections IV and V contain the derivations for
data reduction and analysis. Several options are given for both testing and data reduction. The

options selected will depend on the formation examined and the data required.

II. Tracer Test System

" The tracer test system measures flow properties between two or more drill: hoies. The major
differences between this and similar systems is the additional downhole injection and sensing, and
the associated methods of data reduction.3’13’14 There are two basic test configurations; the sys-
tems for two-dimensional flow between parallel drill holes shown in Figure 1, and the system for
three-dimensional flow between well ends shown in Figure 2. Both configurations can operate with
either gas or liquid carrier fluids and either chemical or radioactive tracers and detectors. ’Air
and water are the most common carrier fluids. In addition to being readily detectable, the tracer
must be ndndegradable, not absorbed by the formation, not masked by existing minerals, not in-

gested by organisms, and ndn_polluting. Therefore, the selection of the tracer can be location- and

formation dependent.

Krypton-85 is a typical radioactive gas tracer used with Geiger tube, semiconductor PIN, or
scintillation detectorgy Sulfur hexafluoride (SFG) is a typical chemical gas tracer used with gas
chromatograph detectors. Numerous tracers can be used in liquids, including methanol and ethyl

alcohols, acetone, MEK, formic acid, acetic acid, formaldehyde, acetaldehyde, sugar, sodium,

11



potassium, lithjum, phenols, iodine, EDTA, and nonbiodegradable detergents. Tracer detection is
usually by chemical analysis, but in some cases electrical conductivity measurements can be used.
Although gas flow tests are faster and usually more convenient than liquid tests, their applications
are limited to situations where flow of gas is of interest or where the formation is dry or can be
pumped dry. In the latter situation, the formation must be blown dry using pressures higher than

the test pressure. Any capillary water remaining in the formation could result in erroneously low

permeability measurements.

To
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Figure 1. Tracer Flow System for Two-Dimensional
Flow Between Wells
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Temperatures, pressures, and flow rates at the inlet and outlet of the well can be measured

either with an automated metering system or simpler manual flow panels.

Injector

>

g

Flow Paths .

—_—

Figure 2. Tracer Flow System for Three-Dimensional
Flow Between Well Ends

Tracer injectors are

.electronically controlled from the surface and are thé positive displacement type, capable of multiple

injections be

In operation, the flow -metering equipment indicates when steady flow has been established be-

tween refills,

The output of the detectors is recorded on strip charts or magnetic tape.

tween the wells. The next step for the two-dimensional flow system is calibration and flow logging.

A short (usually < 1 s), rectangular pulse.of tracer is released by the recovery well injector and
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travels up the well and past the detector string. The tracer intensities versus time, as measured
by the detectors, are used for flow logging (i.e., measuring location and magnitude of flow into the
recovery well (Section IV)). These data are also needed to reduce the raw tracer data taken when
the tracer is injected in the inpht well. While steady flow between the two wells is maintaiﬁed, a
short tracer pulse is injected into the input well at the top of the region of interest at the same
time the detector recorders are started. The tracer travels to the exhaust well through various
flow paths and the tracer intensity is measured as a function of time by the detector string. A
pulse that is detected at a deep location i‘s repeated as it passes each higher detector. The times
of arrival of the tracer at the sensors, the area under the pulses, the pulse spreading, the decay
rate of the pulses, and data from the flow logging test are used in conjunction with the flow rates, .
temperatures, and pressures measured by the flow metering equipment and well geometries

to compute the flow properties between wells (Section IV). The tracer from the input well is also

used for in situ calibration of the sensors by equating integrated detector outputs. In situ calibra-

tion is important because detector sensitivity varies with lateral position of the detector and flow

patterns in the well (Section IV).

Flow logging in the exhaust well can be refined by adding more sensors or repeating the run

with the sensors moved to different locations. Flow logging in the input well is done by:
® Reversing the test equipment,
® Adding a detector string in the input well (tigure 3 and Section IV), or

® Using packers in the input well (Figure 4), and making repeated tests with the
injection region in different locations.

The flow system for three-dimensional flow requires only one injector and one detector be-
cause the wells are cased almost to the end of the hole (Figure 2). In situ calibration and raw data
reduction are not required for the three-dimensional flow version. Therefore, a secondary injec-
tor in the exhaust well is not needed. Data analysis techniques are given in Section V. The selec-
tion of the two-or three-dimensional system depends on the formation to be testéed. Neither system

is limited to vertical drill holes.



Multiconductor,
Load-Bearing
Cable

Inlet Flow
Temperalure,

Formaltion
of
Interest

Y _

- Figure 3. Optional

Pressure, and
\ _Flow Monitors
4/ Surface
lﬁjection r
Well :

Primary
Injector

Detector
-

=3
gl

L —

Detectors in the Injection Well

Flow Through Formation

15



16

— — — With tracer

Inlet Pipes

Packers

Y
\v._\\

Without Lracer

v

Figure 4.

v

£ L

rod Lo

Ll

Dectectorso

-

(ptional Injeclion Between Fackers Through Three Inlet
Pipes, All at the Same Pressure



III. Test Equipment

There are two tracer flow systems currently in operation at Sandia National Laboratories.
Both use air as the carrier, Krypton-85 as the tracer, and Geiger-Muller tubes as detectors. One
system was designed primarily for testing in oil shale formations and is capable of operation at
depths to 600 m. This system operates from a van that contains a powered draw works and
automated control, recording, and data reduction equipment. The other system is smaller and
lighter and was designed for testing to depths of 20 m in less accessible locations such as mine
drifts. It is less expensive but requires hand emplacement of downhole equipment and manual data

readout.

Automated Deep Well System

Figure 5 is an artist's conception of the deep well system, showing the field support van and
instrumentation placement in a cutaway formation. This system consists of a downhole tracer injec-
tor located in an injection wellbore, and four downhole detectors plus a second injector in a produc-
tion wellbore. (Figure 1 illustrates the system schematically.) Injector and detector systems are
capable of operating at depths to 600 m (1970 ft) in 7.6-cm (3-in.) or larger diameter wellbores.
Cabling systems are compatible with standard field equipment and procedures. The injector sys-
tems are capable of injecting (at pressures up to 6.9 MPa (1000 psi)) up to 60 pulses of the tracer
gas on one filling. The detector system includes an array of four detectors with variable 0.6=- to
5-m spacing between detectors. The gas flow metering system used with the tracer apparatus is
capable of measuring flows between 0.3 and 170 m3/hr. The details of each component of the sys-

tem are discussed below.

compressor B I i >
£ qu -~ ‘1H 4

u//
' S 3
INJECTOR DETECTORS |
UP TO 600 m 4 . |
|
|
FORMATION
oF
INTEREST
|
l
‘
|
v

Figure 5. Artist's Conception of Deep-Well Tracer Flow Test System
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The injector module (Figure 6) is a 1.5-m X 6.3-cm-diameter cylinder, with a 160-cm3 bladder
accumulator connected through a solenoid valve to the outlet. The remaining volume of the cylinder
is pressurized and used to drive the accumulator. This volume can produce up to 60 approximately
equal-sized pulses of tracer gas at 6.9 MPa (1000 psi), the maximum injection wellbore pressure for
which the system is designed. The injector is suspended on approximately 600 m of seven-conductor
cable. Low voltage (28 V) electrical pulses transmitted down one conductor of the cable are used to
operate the solenoid, giving control from the surface of the amount of tracer injected. Additional
control of injected tracer quantities can be achieved by careful dilution of the tracer prior to load-

ing of the injector module.

7-Conductor Cable

Load-Bearing Connector
Driver Cas Reservoir

Overall Length: 60 in. (1.52 m)
Diameter: 2.5 in. (6.3 cm)

~—Bladder Accumulator

| —Solenoid V\alve

W iection Nozzle

(a) Schematic

(b) Disassembled

Figure 6. Injector Module



The arrangement of the detectors in the recovery well is illustrated in Figure 1. An individ-
ual detector is shown both physically and schematically in Figure 7. The spacing between the four
detectors used in the recovery well can be varied to provide the required resolution and formation
coverage. The active element in each detector is a 25 cm long Geiger-Miiller (GM) tube. To pro-
vide maximum sensitivity to Kr-85 decay (99. 5% of which is beta), the tube is unshielded except for
a flow-through protective case. Power is brought to each detector by one lead of a seven-conductor
cable. The 28-Vdc signal is filtered and then stepped up to 900 to 1000 Vdc by a dc/dc converter to
drive the GM tube. The detected signal (ac) is amplified and transmitted to the surface on the same

line that supplies the dc power. All electrical components are waterproofed for use in wet environ-

ments.

Load-Bearing Cable

Waterproof
Connector

Signal/Power Line
Signal-Amplifier
Filters

Filters

Sy

ﬁ-—-i Converter
|

%l—F'low-Th rough
7eCondicto 7 I Protective Case
Cable

el GM Tube
5/8 » 10 in.
(1.59 .. 25.4 cm)

Overall Length: 20 in. (50.5 c¢m)

Waterproof 3
Diameter: 3 in. (7.6 cm)

Connector

7-Conductor
Cahle

(a) Schematic
Waterproof
Connector

/

)/

1

7-Conductor Cable

(b) Photo
Kigure 7. Detector Module
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A second injector (similar to that described above) is suspended below the bottom detector to
provide tracer pulses of known size for the purpose of flow logging during tracer tests. This injec-

tor is operated by electrical signals sent over one of the remaining conductors of the main cable.

The seven-conductor nonload-bearing cable used between detectors terminates immediately
above the top detector at a junction box. The junction box is connected to the surface by 600 m of
standard load-bearing, seven-conductor cable. Equipment below the junction box is supported by

0.32 cm aircraft cable. Figure 8 shows all the downhole equipment for the option shown in Figure 1.

Primary
Injector

Secondary
Injector

-

Figure 8. Downhole Equipment

Additional instrumentation to support the tracer tests includes a remole-reading flow meter
measuring the total gas flow at the top of the recovery well. Recovery well temperature and pres-

sure are also monitored at the surface (Figure 9).
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Figure 9. Typical Automated Flow Metering System

Control and data collection systems are contained in Sandia's Mobile Field Support Unit
(MFSU), a self-contained four-wheel-drive van instrumented to support oil shale field experiments.
Cabling and draw works for lowering the injector and detector systems downhole are also housed
in the MFSU. Figure 10 shows the MFSU lowering the detector/injector string into the recovery

well. This van is also used to operate the anemometer flow logger described in Reference 8.

The first step in the operation of a test is placing the injeclor in the injection well near the
top of the formation of interest. Next, the detector string is lowered into the recovery well.
Steady-state air flow is then established between the two wells. The logging injector attached
below the detector string is fired at incremental depths in the region of expected flow paths, and
the detector readings are noted. No detector response is an indication that the injector is below
the bottom flow path in a stagnant region and the string must be raised before the test begins. The
logging injector is also used to measure total gas flow versus depth in the recovery well. This is
done by injecting a short pulse of tracer with this injector and monitoring the arrival time and
intensity of the injected pulse as it travels up the wellbore past each of the detectors in turn. The
primary injector is then fired for a known amount of time (typically 0.1 s), causing a pulse of
tracer gas (typically 1 to 100 mCi) to be injected into the air flow. The pulse of tracer flows with
the air through the formation to the reco;/ery well. As the tracer enters the recovery well and

flows up the wellbore, it is detected by the detector array.
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Figure 10. Mobile Field Support Unit Emplacing Downhole
Equipment in Recovery Well

Data from each of the detectors (i.e., GM tube outputs) are fed simultaneously into bolh
digital and analog ratemeters. Analog ratemeter output is then recorded by a four-pen strip chart
recorder for immediate operator observation. (Level detectors are used to start the chart recorder

when a signal above background is first detected. )



The output of the digital ratemeters (i.e., counts per time interval in digital form for each
channel) is recorded by a data logger at a selectable interval of 1 to 1000 s. Flow, temperature,
and pressure data are also recorded by the data logger. In addition, when possible, the data are
fed directly into a sméll minicomputer (housed in a separate trailer) for on-site data reduction.
The tracer system has been field tested at several in situ oil shale retorts following a checkout
under controlled conditions using a pipe network with flow restricted by valves and sand-packed

sections of pip’e.13

Portable Shallow Well System

The portable system operates in the same manner as the deep well system described in the

previous section. The same detectors are used and the same injector can be used; a smaller model
capable of about 10 pulses per filling is also available. For the three-dimensional flow option, only
one injector and one detector are used as shown in Figure 2.- Injectors-and detectors are positioned

by hand, and separate load-bearing and electrical cables are used. Flow is metered and regulated

at the top of the injector and recovery wells using rotometérs and fémperature and pressure gauges

mounted on. the flow panels (Figure 11). A bypass is provided for startup. After flow is established,

the flow rates are measured by one of the rotometers. The pressure regulator on the exhaust panel

is used to provide the positive gauge pressure required in the recovery well for tests in some forma-

tions, such as:

a, Wet formations, in which the pressure in the test region must be maintained at
or above the hydrostatic pressure to prevent water from returning after the

formation has been dried.

h. Formations with very little resistance 1o flow, which require pressure in the

recovery well to limit flow to reasonable rates.

c. Formations in which back pressure is needed to simulate a high-pressure pro-

cess that could open flow passages.

. Data is read manually, and the only data rcduction that is done in the field is that which is

necessary to verify test conditions and to assure that all the needed data is acquired.

When the walls of the recovery well are smooth and uniform, -a mechanical flow logger can
be used with the flow panels to provide supplementary data (Figure 12). This logger can be used

s

in emaller dj,ametér wells than other loggers > because metering is done at the surface. How-
ever, it is limited to shallow depths. In operation, the wiper head (Figure 13) is lowered to the
bottom of the recovery well and slowly raised to the surface while fl,‘ow rates versus wiper depth
are recorded. By changing the quick-discbnnect low-pressure air line, the head can be converted
from an integrating flow logger to an entry locator. Simultaneous entry locator é.nd integrated
flow readings can be made by using twn output flow panels with hoses attached to each of the two
outlets in the wiper head. Typical locator and ihtegrated output traces are shown in Figure 12

for several types of flow paths.
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Figure 11. Portable Flow Metering System
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The other option that has been used with the portable system is the detector string in the

injection well similar to that shown in Figure 3. .This allows simultaneous logging of both wells,

The portable unit has been field-tested during near-surface heater experiments at Oak Ridge,

Tennessee and the Nevada Test Site.



IV. Data Reduction and Analysis for Two-Dimensional Flow

The data reduction and analysis techniques derived in this section are for two-dimensional
flow perpendicular to the injection and recovery wells (i.e., in the x,y plane). The test configura-
tions used to oBtain the input data.for these techniques are those shown in Figures 1 and 3. Porous,
rubbled, and fractured formations are covered. Analyses are abplicable to test regions confined
only by planes perpendicular to the wellbores or completely enclosed by impermeable boundaries.
Included are in situ calibration, raw data reduction, corrections for compressible flow, computa-
tions for porosity, permeability and fracture size, and the effects of streamline divergence, dis-
persion along stream lines, and porous region pulse spreading. Although the air/Kr-85/GM tube
system is used for illustrative purposes, these data reduction techniques can be adapted to any

tracer/carrier-fluid/detector system.

In Situ Calibration

In situ calibration of the GM tubes is important because sensitivity varies with lateral posi-
tion of the detector in the well, flow constrictions caused by the detectors and cables, and flow
patterns in the well. This calibration can be accomplished in the injector well becaus'e, as part of
the carrier fluid and tracer floﬁ into the formation from the well, the amount of tracer in the injec-
tion well is reduced by the same ratio by which the velocity is decreased. As a result, there is no
change in the number of detected tracer decays at any point in the well. The amplitude and duration
of the GM tube output pulse remains the same; the only change in pulse shape is caused by boundary-
layer spreading as the tracer flows down the well. Therefore, the sensi'tivity of all injection well

sensnrs can be adjusted to give the same reading from a pulse released from the primary injector.

Similar principles apply to recovery well calibration. The single pulse in the ihjection well
becomes multiple pulses in the recovery well caused by flow through different paths in the forma-
tions. The pulses are also spread out by divergence and dispersion. Therefore, the integrated
output of the recovery well detectors, rather than the output amplitudes, must be equated for calibra-
tion. Only the primary injeclor can be used for calibration since detector output from a flow-
logging injector pulsc becomes smaller as flow enters the recovery well from the formation. (When
the primary injector is used, flow entering the recovery well contains a fixed proportion of tracer.)
Calibration in the récovery well is automatically accounted for in the raw data reduclion technique

developed in this report. . .

Tracer Tlow Logging and Raw DNata Reduction

In addition to characterization of the formation, the tracer tests can also be used for flow
logging (i.e., measuring locations and quantities of fluids that enter or leave the wells for a given
pressure differential). Except for certain situations that will be described later in this scection,
the locations of flow paths can only be defined as being between a pair of sensors. Changes in
_velocitie‘s in the wells, and hence in the times for a pulse to travel between sensors, are propor-

tional to quantity of fluid that has entered or left the well. This principle can be used to compute
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sizés of the flow paths between sensiors in both wells. In the injection well, transit time between
detectors is inversely proportional to the flow velocity in the well. In the recovery well, the reduc-
tion in the integrated signal (from the flow logging injector) between detectors is propoftional to

the flow entering between the detectors. The flow logging injector is used so that only one pulse
passes the detectors and pulse separation is not needed. Logging of both wells can be helpful in
determining the slope of flow paths, the branching of fractures, and fluid leakage from the test

rcgion.

No raw tracer test data reduction is required for the injection well, because only one pulse
passes each detector, and the detector 6utput does not change iﬁ amplitude or length as flow leaves
the well., llowever, except‘in. homogenous porous formations or those with very widely spaced
fractures, the raw tracer data from the recovery well cannot be used in data analyses or for log-
ging. The recovery well data reduction converts the raw data to the amount of tracer entering the
well ih the region below each tr‘a,cer" by separating the pulses and by eorrecting the amplitude ol
the pulse to account for dilution as flow enters the well. Recovery well dé.ta reduction includes
the calibration, gives the result of the logging, and computes the amount of tracer entering the

well in each region, all in one operation.

Injection-Well Logging*

In the injection well, the only detectable change in the tracer pulse as flow leaves the well is
the change in velocity of the pulse. Using the equipment shown in Figure 3, the average velocity
(V) between ‘two detectors is measured, using the time (Al) for pulse travel from one detector to

the neal (Flgure 14),

LF low
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Mathematical terms are defined in the Nomenclature section.



The average velocity is Az divided by At, and the volumetric flow rate (Q) in the well is
equal to the velocity times the unobstructed cross-section area of the well. With time data' from
only two sensors, neither the location of the flow path (zc) between the sensors nor the flow into
the crack could be computed, because a small crack near the top of Az would have the same At as
a large crack near the bottom of Az. Therefore, sensor pairs with no flow losses above and below -
the fractured region (Figure 14) are needed to provide the needed input data. Wit'h this extra data,

‘the flow into the crack can be computed, using

. td (1)
c i-1 Vi+1

and the location of the crack between the sensors is

Vi~ Vin :
ZC = Zi+1 V—_v—— . (2)
1- . .

1 i+1

The requirement for a sensor pair between fractures limits this technique to formations with at

least a meter -between fractures.

The top pair of sensors can also be used as an input flow meter, using input pressure and
temperature. Likewise, the top pair in the recovery well can be used as the output flow meter.
In deep wells, there will be some boundary layer spreading in the injection well. The sensors in
the vicinity of the flow paths define the shape of the pulse entering the formation, so the pulse

spreading effects of the formation can be separated from those of the well.

Recovery Well Logging and Data Reduction

The tracer data collected by the data-acquisition system consists basically of the number of
radioactive decays detected by each of the detectors as a function of time., To be of use in charac-
terizing the formation, these data must be converted to the amount of tracer entering each of the
regions of the wellbore (associated with a detector) as a function of time. The raw data reduction

and flow logging steps are described in detail below.

Figure 15 shows schematically the wellbore, the detector string, and the division of the well-
bore into n regions, one below each detector. Region i is that region between detectors i and
i-1, where i = 1 is defined as the bottom detector (Region 1 is all that below detector 1). Qi is
the total steady state volumetric flow rate past detector i, and q; is the steady state flow into

Region i of the wellbore. Qi is simply the sum of the qi‘s for all regions below the ith detector.
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During the tracer test, BT curies of tracer (Kr-85) are released nearly instantaneously in
the injection wellbore. The tracer is assumed to mix radially with the carrier gas (air) immedi-
ately (a good assumption, given the geometry of the injection nozzle). The tracer then travels
through the formation (with the carrier), with Bi(t) ci/s passing detector i. The Bl.(t)'s are related

to the actual quantities of interest, bi(t) (the number of tracer ci/s arriving in Region i), by the

relationships
bl(t) = Bl(t) . . (3a)
b.(t) = BiFt) - Bi.-l(t__li) , i=2 to n (3b)

where 4 is the time required for flow in the wellbore from detector i-1 to i. The 4's may be
determined directly from tracer flow test data (the times between pulse arrival at each of the
detectors) or, if the li's are very small (as they frequently are), more easily from the approxi-
7 .
mate relationship
Ai’ di
(N (4)
+ .
L Qi-1)/2
where di’ is the distance between detectors i and i-1, and Ail is the average cross-sectional area
] N
available for flow between those same detectors. (Ai' = (vi - Vi)/di where A is the volume of
wellbore and vi' the total volume of the hardware between detectors i and i-1.)
Consider a single atom of tracer passing detector i.” The probability that a decay from that

atom will be detected by that detector can be given as

P, = ctci'Si ) (5)
where ei is the total time the atom remains in.the vicinity of detector i, N Is the probability per
unit time that the atom will decay (a function of the tracer gas only), and ci' is the probability that,
if the atom decays while in the vicinity of the detector, it will be detected (a function only of the
‘effective detector sensitivity; i. e., its inherent sensitivity coupled with its geometrig cross section

and position in the wellbore). Gi can be expressed as

Gi = a (f?')

‘where li is the effective length of the ith detector element and Aif' is the cross section availahle

for flow at the detector.
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The actual detected count rate at detector i, Ni’(t), can then be given by

N/(t) = P.B.(t) + NB, : (n
1 1 1 1 .
ctci'Ai"li .
= T- Bi(t) + NBi (8)
4
or
B,(t) = Q¢ N (1) ' {9) 4

where NBi is the background count rate at detector i, determined from pretest conditions; ¢ is
defined as ¢; = (ct ci' A; li)-l; and Ni(t) is the count rate above background (Ni(t) = Ni'(t) - NBi)'
Note that this calibration factor < is a function of the tracer, the wellbore geometry, and the

detector sensitivity, but not a function of the formation characteristics or the flow.

Substitution into Eq (3) then gives

bl(t) er‘.lNl(t) (10a)

b (t)
i

QlclNl(t) - Ql‘lci'lNi'l(t - {1) . i= 3t n . (10b)

Because tracer atoms travel through the formation with the carrier gas, the ratio of the
time-integrated amount of tracer passing detector i to the flow past that detector must be the
same as the ratio of total tracer injected to total flow injected (i.e., a constant). That is,

v

B... R, .. .
—Ql—l = Q—l' =2 Couslanl . (11)
i ] ’

Or, substituting from Eq (9), "

¢. N, = Constant for all i (12)
i iT

=~<’I‘he time-integrated value of any time-dependent function X(t) is defined as XT = X(t) dt.
(o}



- from which the more useful expression

-t for iz o m ‘ (13)

can be obtained directly.

Solution of Eq (10) requires data from a tracer flow test, where a pulse of tracer gas BfT is
released from the flow injector at the bottom of the detector string in the production well. Pro-
ceeding in a manner analogous to the above analyses and labeling with a subscript 'f'" for flow test,

the total amount of tracer entering the bottom region is

b =B =Q.c N (14)

while for all other regions,

bﬁT=0, i=2 ton ,' (15)

since tracer enters the wellbore only in the first (lowest) region during a flow test. The time-

integrated form of Eq (10b) still applies. Therefore,

Prir T 07T S N T G Qg Ny 172 too (16)

or

Qi ¢, NfiT = Qi-l iy Nfi-lT = Constant (17)

Dut this cxprcssion must hold for i =2 (i. - 1 = 1), and thus the constant must be equal to BfT from

Eq (14); i.e.,

Q; ¢ NfiT:BfT for all i . (18)

The use of Egs (13) and (17) allows the explicit calculation of the flow values Q (Smce Q

is known by measurement at the surface); i. e.,

N, N,. ‘
Ry Ty ﬁ-lTNflT— s, i=n . to 2 : (19
! iT “fi-1T

Equation (19), which includes lhe calibration factor, can be uscd to log the recovery well; i.e,,

measure the volumetric flow rate past each detector.
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Since the Ni‘s are known from the experiment and Qn is known from a surface flow mez;.sure-
ment, the remaining Qi's can be determined. Table 1 shows the results of several flow tests at a
calibrated test facility, giving both the known flows (from rotometer measurements) and flow test
results. Agreement is excellent--an important result, since these values are necessary for com-

plete analysis of tracer-test results as well as for flow logging.

Table 1

Experimental Flow Test Results

Flow=Tesl
Enown l'low Nlesult
Dotootor (mA/h) (m*/h)
4 15.86 15.86
3 15.86 15.96
2 15.88 16.01
1 15.86  16.09
4 17. 56 17.56
3 17.56 17.12
2 9.08 9. 90
1 9.06 8. 90
4 16.42 16.43
3 16,412 16, 84
2 12.18 13, 80
1 12.18 13.35

Finally, substitution of Eq (18) into Eq (10) yields an explicit expression for the required

quantities; i. e., the amount of tracer entering any region of the wellbore as a function of time:

N
- 1(t)
b (t) = B, —2 , (20a)
1 £T N o
N, N, . (t-4)
b.(t) = By o Nl(“ - ;\11 , i=2 to n. (20b)
1 fiT fi=1T :

Equations (20a) and (20b) are used to reduce the data to a form that can be used in data
analysis to characterize the formation. A more detailed derivation of the data reduction and the

computer program based on these equations can be found in Reference 16.
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The calculational sequence used for flow logging [Qi] and data reduction [bi(t)] is summarized

in Table 2.

Table 2

Calculational Séquence for Tracer Data Reduction

Known experimental data: Ni(t), Nﬁ(t), Qn' BfT

1.

2.

3.

From Ni(t) and Nﬁ(t), calculate NiT and NfiT'

Calculate Qi's sequentially from n - 1 to 1 from Eq (19)

Calculate zi's from Eq (4) (or use experimental peak arrival times

from flow test if li's are large relative to data interval).

Calculate bi(t)'s from Eq (20).

Figure 16 illustrates the use of this calculational sequence in the reduction of a typical set of

field data. The data are from a 1979 tracer test in an explosively fractured Antrim oil-shale forma-

tion at the Dow Chemical Company's true in situ field test site at Peck, Michigan. Formation depth

was nearly 400 m. _Figure 16a shows the raw tracer data (i.e., the four sets of normalized Ni(t)

curves versus time). Flow up of the wellbore of tracer entering Regions 1 and 2 is evident.

Figure 16b shows the result of the data reduction scheme--the set of normalized bi(t) curves versus

time. These data now show the actual locations and quantities of tracer flow (and hence total flow)

into the wellbore.
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Figure 16. Sample Tracer Data o

35



36

Data Analysis for Unconfined Flow

The type of flow considered in this section is confined by two impermeable boundaries perpen-
dicular to the wellbores but unconfined in the radial direction. Streamlines and equipotential lines
in a plane perpendicular to the wells are shown in Figure 17. The region can be porous, rubbled,
or have frac\tures running perpendicular to the wells. This would be representative of natural or

large altered formations.

Y
, Equipotential
~line
Source : Sink
Streamline
2S

Figure 17. Equipotential and Streamlines for Flow
Between Two Wells

The basic theory for two-dimensional flow between wells was developed in Reference 17.
Using those results and the reduced data from the tracer tests, analytical techniques were derived
to compute fracture sizes z}nd frictional resistance in laminar and turbulent flow, the permeability
and porosity of porous media, and the active void volume of flow paths. Temperatires, pressures,
flow rates, and fluid properties used in these analyses are the mean values for the region being
analyzed (i.e., injection well, formation, or recovery well). As an example, the flow rates given
in the t'est out‘put are t).rpically expressed at standard pressure and temperature (PU =1 atmosg,

T = OOC). For usé in data analyses, the standard flow rates must be multiplied by the factor

(o]

(Pon/PmT_) where the subscript m denotes mean values for the region heing analyzed.
v .

Divergence of Streamlines-- The formation characterization equations derived in this section

are based on stream and potential functions and the principle of superposition. The reduced test
data used in the analyses include volumetric flow rate, temperatures, pressure, well spacing, well
diameter, and the time of first arrival of the tracer pulse (tF) at the.detectors after it has traveled

through the diverging/converging stream tubes shown in Figure 17.

Beginning with the complex potential for a line sink

g=§°117<znr+ie) ‘ (21)



and using the principal of superposition and conversion to Cartesian coordinates, the velocity

potential for a combined line source and sink is

2 2

.9 (x-8)" +y
‘¢ n fn 5 5 (22)

(x+8S) +y

where S is half the distance between the source and sink. Equipotential lines are defined as

constant values of 41&/q or

(x - S)2 + 2
—_2—% ‘= a constant C1 . (23)
(x+8) +y

Equation (23) can be expressed as

2 2
C1sc , 4CS
X - St + y. S — ) (24)
1-C . 2 .
1 (2 cl)

which is the equation for a family of Apolonious circles with

T C (25)
1
and centers at
s(1+¢C )
B 1 ) . . .
X =—=—c" » ¥ o . _ (26)
1
Using superposition, the stream function is
-4 1yl ) . 7
¥ o (tan — tan © =) . (27)
Streamlines are deflned as cuustaut values of 27¥/q, so the streamline equation is
2 ) ’
o}
X2+ y+i =521+ -1 (28)
C2 C )2
(©,

which is a family of circles with

r=sy 4 (CZ)'2 ' (29)
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and centers at

x =0,y . (30)
2

Equations (24), (25), (26), (28), (29), and (30) define the flow paths and potentials in Figure 17.

The x component of velocity, (_Vx) is the only part of the velocity vector that is needed to com-

pute flow times between the wells. Vx can be found using

do _ _dv

X dx dy ° (31)

Differentiating either Eq (22) or (27), yields

v =4 {x +8) _ (x - 8)
x 2m (x-+ S)2+ y2 (x-S)2 + y2

(32)

Equation (32) gives the apparent velocity based on q. If the flow is through a porous medium, the
actual velocity is obtained by dividing Eq (32) by the effective porosity (¢). Void volumes in the

effective porosity exclude isolated voids and stagnant regions.

Along the shortest path (y = 0) between wells in a porous formation, the actual velocity would

) 5 .
v =4 (—) . (33)
( x)y=0 mTE SZ _ X2 ‘

The variation in velocity with x is caused by the divergence of streamlines.
Since the well radius a < S for most applications, VX at x = =-(S - a) is almost the same as
-VX at v = -(S + a). Thoroforo, thc flow is nearly uunifurue iu all dlrections from the well walls.

From Eq (33), the time of first arrival of a tracer in the sink well after it is introduced in the

source well is

S-a
_ 2me 2 2
tp = 22 L (s % )dx ) (34)

After integration,

t _ 2ns’e 2_32+£33 ' (35)
F q 3 S 31s )
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From the potential equation for a line source and sink (22) and from the hydraulic conductivity
definition ‘

P L
$® = K— + Constant , : (36)
Pg - .

the equation for the pressure drop between the wells can be written

. 2 -
_ apg [(ZS - a)
AP onk lnl az . (37)

Using the output from Eq (19),

q ==, : (38)

provided both detectors are in the permeable region. Az is the distance between detectors.

Using Eq (35) and q from Eq (38), the porosity for a < S is

3 th

41152

. N (39)

€ ~

With q known, Eq (37) can be used to compute the hydraulic conductivity.

K =P (2 . (40).

where ;_) is the average density of the carrier fluid between the wells.

Alternalively, if lhe porosity can be estimated and q cannot be mcaosurced, the hydraulic

conductivity can be found using tF instead of q. Combining Egs (35) and (37),

2 2 37 . 9 . . ' '
_pgSe |2 fa 1 (a (2S - a)
K = P [3 (s) * 3 (s)] “[ 3 ] : . (41a)
. F a
fora < 8§ !
4pgsze 2S
K= (AP}, 2”(? : : (41b)

Also, if porosity can be estimated, the combined thickness of thin pbrous layers between two

detectors can be found by rearranging Liq (3Y).
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b, - 3tp Q- Qi)
i

. (42)
4neS2
Analysis of flow through fractures begins with
dP szp
ar 2R, (43)
where
VvV = —L and
2nr
R_. - E tor a tractire
H 2 ‘
For laminar flow in a fracture,
. = _fu (44)
L hVp
Making the substitutions into Eq (43) and integrating ,
2 1 %
mh 1
Using superposition, the pressure difference hetween the wells is
8 (28 - a)2
ap = =£4 gy , (46)
2 2
mh a

which 1s analogous to Eq (38) for porous flow.

Combining Eqgs (35) and (46), and eliminating the porosity term, the fracture thickness when

a ¥ bSis
2
h o~ 32 82 tn §
L StF(AP) a *

The analysis for turbulent flow is similar to that for laminar flow, except that the substitu-
tion for the friction factor (Eq (44)) cannot be made.

|-

(47)

If an estimate of the friction factor can be
made, the fracture thickness with turbulent flow is



2
~ _8fS%p (23 :
hT 2 'ln a . (48)
"3t (AP)

The alternative is to compute the frictional resistance of the fracture (N =fL/RH).

2 4
_afs 3 tF (AP)
Ne 7w 7oz 2S (49)
25"p fn (—)
a
Tracer flow test data can be used to characterize porous formations using Eqs (40) and (41) and
fractures using Eqs (47), (48), or (49).
Although equivalent pipe diameters do not help characterize the formation, they can be useful
for sizing hardware for subsequent operations (such as retorting) between the wells. Using flow
test data, flow resistance between wells would be eqpivalent to that of pipes of the following diam-
eters:
_ 40.25
_ |256 QS 50
DE [ 7(AP) ' (50)
for laminar flow and
—9 0.2 : :
6
DE - [‘Z”Q S] (51)
T (AP) .
for turbulent flow.
Pulse Decay Characteristics in the Recovery Well -- Transit times for streamlines other
than along the shortest path (tF) are also used to characterize the formation. The relative con-
centration [C(t)] of a tracer in the recovery well dépends on the initial pulse and the streamtubes
through the formation. Reference 18 contains a derivation of the relationship which exprlesses
the transit time as a function of streamline angle. That relationship is
= =0, :
tlo) te a 2n
(52)
t(e) = 3t 1——'—9‘399'5& 0 <a<om
sin « :

where a = - B, -7 and t_, is the time of first arrival for a negligible well radius. B, and 8
1 gle ( 2 1

F
are defined in Figure 18.
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If the tracer is introduced at the source well as a step function change in concentration, the
temporal distribution of the tracer will not be a step function, since the travel time is different for
each streamline. The relative concentration of tracer in the output well at any time t is the

average concentration over all the streamlines arriving at that time; the relative concentration of

tracer in the output well is given by

26 - £ '
C(t) = o T s (53)

where £(t) is the streamline (represented by a) having transit time equal to t. It is not possible to
invert Eq (52) and express the function £ directly. However, the relative (normalized) concentra-
tion can be plotted versus time. This is done in Figure 19. As a function of T; which is the ratio
of time to tF' the relative concentration is approximately

C(r) r'<1

L]
o

(54)
c(n)

1-exp[-)\('r-1)] T21

Since the current test equipment uses a narrow rectangular pulse or delta function input, no further

analysis was conducted on the continuous step input pulse.

The time dependence of a tracer for a delta function can be determined from step-function
information19 by taking the slope of the curve in Figure 19(a). The relative concentration of tracer
t
in the recovery well shows the effects of streamline divergence in Figure 19(b) as a function of 7;

Figure 19(b) is of the form

cir) =0 T<l1
(55)
C(r) = C_ exp AMr-1] r=1.
This function was least-squares fitted to the data in Figure 19(b). The decay constant (\) was’
found to be 1.16. In terms of real time, Eq (55) becomes
C(t) =0 t <.t
F
(56)

C(t) = exp [-1.16 (t - tF)]‘ toz ot

A measurement of the decay constant from experimental results would allow a determination of t_.

F
,  Measurement of the full width at half maximum or the decay constant from analysis of the
“test data would allow: two additional methods of calculating tF. These measurements would use
te = 1.16/ A . . | ‘ - (57)
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Reiative Concentration
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and

tp - /0.60 (58)

Equations (57} and (58) can be used to compute t_, when data is intermittent and pulse spreading is

F
not evident. The pulse divergence exhibited by planar flow is inherent in the makeup of the flow

geometry. It is not due to boundary effects in the flow paths or dispersion.

Active Void Volume

The active void volume (i. e., the total void volume less "dead' volume) along each path,
v., can be determined from the q, values and the mean arrival times, MATJ_, of the tracer peaks.

The mean arrival time is calculated as

f"b,(t)t dt . '
MATJ. = _OB‘L_ . (59)
T

The active void along the jth path in a region is then
v. = (MAT_ ; MWT) a - (60)
J ] J
The term MWT refers to the transit time of the tracer down the injection wellbore. (This
factor is normally negligible, but can become important if the injector is substantially above the

region of interest, if wellbore pressures are high, or if the wellbore diameter is very large.)

The wellbore transit time can be given as

k
) VW . ) .
MWT = E 7 (61)
Q

k o . c s
Ve and Qli{nj are, respectively, the wellbore volume and injection well flow rate for each distinct

’
region of the injection wellbore where Ql;nj does not change significantly. That is, the actual
4 ’
wellbore flow will change with depth as flow goes out into the formation, and anj and v; are the
appropriate values in each of the k regions between those changes. Generally, these values must

bc estimated values; hased an interpretation of recovery-well data.

In practice, the mean arrival time in Eq (59) is calculated by truncating the integral at a
finite upper limit (tc). The value of tC chosen will affect the size of the region which contributes
to the flow. Figure 20 displays the bounding streamlines for two truncated flows and the equiva-

lent output-tracer pulses.’
N

45



46

) E(tcl)

Source

Relative Concentration

t
tF tcl c2
(b) Equivalent Areas Under the Tracer Output Curve

Figure 20, Boundaries of Active Void Volume and Equivalent Output Tracer
Pulee for Two Cutoff Timcn (phuded areas)

Only flow that travels between streamlines that have a value < atT (Figure 18) can contribute
to the mean arrival time in Eq (59). The shaded area in Figure 20 represents the bounded "active

void volume." The size of the planar area can he estimated from thc value of ¢, which in turn

can be evaluated from Eq (52). Equation (52) would have to be solved recursively in this situation;

that is, various values of a would be substituted in Eq (52) until a t(a) equal to t_ is found. This
C

procedure could be includéd in a general data-reduction program or done by hand on a typical
scienlilic pocket ealeulator,

:'iThis holds for flow in the y 2 O half-plane. The streamline pattern is symmetric about

a =1 For the y < 0 half-plane, the flow is restricted to values of & = 27 - .



Compressible Carrier Fluids -- The data analysis techniques developed in this report are

for incompressible flow. For techniques based on velocity or time of travel, the assumption of

constant density could result in sizeable errors when gas carrier fluids are used in fractured

formations that have a very low resistance to flow (small value of N), even if average densities are

used in the computations. Test conditions requiring corrections and the magnitude of these correc-

tion factors are given in this section.

For channel flow, the general incompressible flow equation is

2—-

fLV p.

P -P = —=
1 2 ZRH

Compressible flow is bracketed by isothermal and adiabatic conditions.

flow equation is

o2 _ PLLLLVLRT(H *Ry mﬁ)
1 2 MmRH fL. P2

and the adiabatic-flow equation is

2yP
(1-7)d—v-[ 1(-+(y-1)v2]d—‘;+%f-dx=o.
Py ' vy H

Equation (65) was solved by Lapple. Parametric results are given in Reference 20.

The isothermal channel-

In the range

(63)

(64)

(65)

of variables of interest, adiabatic-flow velocities are only slightly higher than those for isothermal

flow. Therefore, correction factors will be computed only for isothermal flow, which can be

solved algebraically. Assuming perfect gas,

™M
1 - m
+ P o
P , 2RTh

can be substituted into Eq (64) to yield

P -P =___ﬂ"725 1+2R P_
1 2 ZRH . fL. P2

The ratio of incompressible to compressible flow velocities can then be found by equating Eqs (63)

and (67).

(66)

(87)

(68)
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provided

(69)
which is the critical (theoretical maximum) mass velocity for compressible isothermal flow.

For any pressure gradient and frictional resistance, incompressible flow equations predict
higher velocities. The percentile errors from using incompressible theory for gas flow methods
were computed using Eq (68); the results are plotted in Figure 21. This figure can be used to de-
termine when incompressible theory can be used. Tt can also be used to correct for compressibil-

ity effects as can Eq (68). Examples of some typical frictional resistances are given in Table 3.
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-Figure 21. Velocity Errors From Using Incompressible Flow Equations and Mean
Density for Isothermal Compregsible Flow. N = fL/RH

Table 3

Typical Frictional Resistances

_ Flow Path ' N
Rough crack, 0.05 in. thick, 20 ft long 175 .
Smooth crack, 0.1 in. thick, 20 ft long 30
Smooth 2-in. pipe, 20 ft long 2.5
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Compressibility effects are not as large for packed beds (rubbled formations) but must be
considered ‘for large size rubble with large void fractions. From Reference 20, the compressible-

flow equation for packed beds is

2 P. ’ _ 3-n
p? . pl - ZZRO T, 1, 2] | (70)
m Py e° ¢°D

Using the mean density, the equation-of-state, and equating to Eq (63), the ratio of incompressible

to compressible-flow velocities in rubbled media is

Vi o3 3p Py
V—‘ =1 + —_—-——ﬁ fn P_ . (71)
C 2f'L(1 - €) 2

’

For all cases of interest, compressibility effects need not be considered for porous forma-

tions. This can be shown as follows: Darcy's law for incompressible flow with pure viscous drag is

p-p -£LY ¢72)

From Reference 20, the corresponding compressible-flow equation is

2
p? . p? - 2RIVpL [ﬁ+ Ve 4n —1] (73)

1 2 M k L P
m 2

which-can be rewritten, using Eq (66) as

P

_ _ BLV Vpk 1

P1 P2 ™ 1+ _Ly £n —Pz (74)
and the velucelly ralivs in purous wedia is
v P
I Vpk 1 :
— =1+ =/ fn—= . (75)
L r .

VC 9 .

Solutions to Eq (75) are equal to unity to within four significant figures for all test conditions

likely lu be encouulered in purous uedia.
Ratios of velocities using an incompressible fluid to those using a compressible fluid are

given in Eq.(68) and Figure 21 for flow in fractures, in Eq (71) for packed beds, and in Eq (75) for

porous media.
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Mechanical Dispersion in Porous Media -- Hydrodynamic dispersion in porous media can

significantly alter the shape of the ideal recovery well pulse (Figure 19 (b)); the successful reduc-
tion of tracer test data may hingeA upon the magnitude and effect of this dispersion. All previous
data reduction has assumed that tF and the time of maximum concentration (tmax) coincide. This
may not be true when dispersion is present. This section mathematically describes dispersion of
the tracer pulse and discusses its effect on data analyses. As before, the dispersive media are

assumed to be isotropic and homogeneous in the xy plane.

An approximate solution to the convection-dispersion equation for a source-sink configuration
is given in Reference 21. This solution is for dispersion parallel to the velocity vector; that is, no
net flow across streamlines is allowed in this approximation-. The concentration for an instanta=~-

neous injection of tracer of mass M is

Y

Clr,a) = M exp [—(a(a) - 7)2/40(41)] (76)

20Q Vmo(a)

where
ala) = 1 a= 0,27
' (77)
a(az)=31—'—°‘2—9M 0<a<2nm
sin” «
and
o(o) = 4 B/15 ‘ a=0, 27
a(a)=Bcsc4a[asina-3cosa(1-acota)]. 0 <ac< 27 ' (78)

B is a dispersion parameter which is directly proportional to the mean grain size of the dispersive

media and inversely proportional to the well spacing.“ As B approaches 0, the effects of disper-

si1on become negligible.

Equation (76) gives the results for any one streamline identified by angle @. To include the
effects of divergence, the solution for dispersion must be integrated over the streamline angle.

The full solution becomes

21 .
. M 2
c(r) = —mox f exp [—(a(a) -7 40(&)]/‘10(00 da (79)
Vr :

20Q Vv

with a(a) and o(a) as defined in Eqs (77) and (78), respectively. The use of T (time relative to tF)
makes Eq (79) applicable to all geometries. The site-dependent information is contained in § and

tF.



The concentration at the output well is plotted versus T for a variety of f's. Figure 22 shows
C versus T for 8 = 0.1, 0.01, and 0/.001, xjespecti-\/ely. These figures show that tmax and tF do not
coincide. Figgre 23 sh0w$ the relationship between tma.x/tF and 8. ‘As 5‘f 0,. thg effects of disper-
sion become negligible; tmax/tF tends towards unity and the decay constant approaches 1°16/,tF'
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Figure 22. Spreading Due to Dispersion Along Streamlines
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If an estimate of B could be made, t_, can be found from Figure 23 using tmax' Otherwise,

a least squares fit of experimental data to 1:E‘)q (79) could be made. This fit would predict values for
B and tF with no additional information. If a dual fit cannot be made, a rough estimate of tF would
be 0.9 tmax' This estimate would probably be accurate to +10%. The derivation described here
does not include any molecular diffusion processes. The diffusion constant for typical molecular

- processes is approximately three orders of magnitude smaller than an equivalent dispersion con-
stant. Therefore, the possible pulse alteration by diffusion should be negligible compared with

the alteration caused by mechanical dispersion.

Once tF is known, the techniques described in the ''Divergence of Streamlines' section can

be used for data analysis.

1.3 T TTTT[I’I] T T llllll, T T llllll‘ L T lllll‘l T T 1T 177177710

1.2 i~ . ) —

tma.x/ tF

1.0 Lt seaad L1 vl Lol oy el 1131111
10-4 10-3 1072 10~ 100 10!
B

Figure 23. Variation of tr-a" With Dispersion Parameter 8
11aA e

Pulse Spreading -- Spreading of the tracer pulse, as seen in the recovery well, can be caused

by the test configuration as well as by flow through the formalion. Oue cause of particular interest

to the tracer-test system is discussed here.

If a permeable region of thickness D exists between the input and output well, there would be
a reduction in velocity as a tracer pulse moves down the input well caused by tlow into the torma-
tion. This velocity change, coupled with a longer flow path in the injection well, would cause later
arrival times of the tracer at the output well with increasing depth. This configuration is described

in Figure 24.
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VD

Figure 24. Permeable Region in a I'wo-Well Elow Test

For measurements above the permeable region, the concentration in the recovery well can
be represented by '

D/Az
- . .1 . _zndz
Cc(r) Lo E exp A(r 1 ——tFV(nAz)) (80)
n=0 ‘ .
and
V(z) = VO {1 - (VD/VO - 1) 'Z/D] . (81)

The planar flow characteristics are the same for each level of the permeable region as
Az » 0, thatis X and Co are not functions of z. The sum can be transformed into an integral by

allowing Az to become infinitesimal and replacing it with dz. Equation (80) becomes
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C(T)

n
=]

T<1

' z
C(r) Co exp [—)\('r - 1)] f T exp [2>\z/tFV(z)] dz
L 0

C _ exp [—X(T- 1)] (/UT |20 LU P S (82)
o 1.0 exp lthn " 1+(VD/V0 - 1ju

Where the replacement u = z/D has been made and Eq (81) substituted for V(z). Two sets of con-
stants detine the concentration as a function of t for this configuralion. They ure VD/ V0 and
D/ tFVO. The first is the ratio of velocities in the input well; the second is a measure of the time

it takes a tracer pulse to travel by the permeable region relative to t The upper limit of integra-

F
tion depends on T, that is, the integration is carried out only to include those planar flow paths that

can be reached in a distance u,;. The time.it takes to get to a depth z can be determined by inte-

grating Eq (81). This gives

b .

T(z) = tFVO (VD/VO — 1) 4n [1 + (VD/VO - 1)}2/1)} , (83)

which can be inverted to give z/D as a function of 7. This gives

o1 ip- 1 - exp [rt Vo (VD/VO - 1)/13] . )
. 1-vD/Vo

As time advances, the tracer reaches progressively lower flow paths and the upper limit of

integration increases to a maximum of 1 when z, = D.

A wide range of values for D/ tFVO and VD/ V0 were analyzed parametrically. The output-
well concentrations are plotted as a function of f. Four graphs, which bracket most test ¢onditions,

are displayed in Figure 25.

The time of the maximum concentration (tmax) and the full width at half-maximum (g) were
used to analyze the curves. Figure 26(a) shows ¢ as a function of VD/ V0 for constant values of
D/ tF V0. Figure 26(b) shows tmax for thc samec situation. The parametric study shows that
Figure 25(d) represents the maximum output distortion and spreading caused by a porous region

for any formation properties and ény test configuration. This is substantiated by Figure 26.



Relative Concentration

1.0 T T T T T 1.0 T T T T T

Relative Concentration

= D/t_ VO = 0.01
D/tF V0o = 0.01 p F
VD/ V0 = 0.90 2 VD/VO0 = 0.01
0.67} . 8 0.67 . . ]
b
o
@
= 0.561 2
o=0. (a) 8
0.33 4 0.33 _
2
-
o
—
[:H]
0.0 1 1 . 1 = 0.0 4 !
1.0 2.0 3.0 4.0 5.0 6.0 7.0 1 5.0 6.0 7.0
T T
1.0 T T T T 1.0 T T T T
_ ‘ D/t_ VO = 100.0
D/tF VO = 100.0 § / -
vD/VO = 0.90 ‘é VD/VO0 = 0.01
0.67} 1 £0.67 i
Q
Q
5
(c) 3
‘A a (9]
0.33 = 50.33 4
K
Q
o~
0.0 1 : 0.0 ) l
1.0 2.0 3.0 4.0 5.0 6.0 7.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Figure 25. Pulse Spreading in Recovery Well Due to a Permeable Region

This theoretical treatment does not include dispersion. Dispersion alone produces a spread-

ing mainly centered around t_, whereas spreading from a permeable region is shifted towards

F
higher T's. Given a graph of experimental data with no other information, it would be difficult to

specify the value of t_ and the cause of spreading. Porous regions can be identified using one of

F .
the flow logging methods discussed earlier in this report. In addition, data analysis can be simpli-
fied by minimizing pulse spreading. This can be accomplished to some degree by designing experi-
ments in porous media to minimize D/tF V0. Smaller diameter wells and increased flow rates

increase VO; larger well spacing increases t It is not possible to increase VD/ V0 experimentally.

F
VD/ V0 depends on the quantity of the flow below the permeable region. As can be seen in Figure 26(b),

tF can be closely approximated by 0.9 tn‘lax if D/ tF VO is kept below 0.1.
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Confined Flow

All previous derivations of flow properties have assumed semiinfinite media, bounded only
by impermeable layers parallel to the flow. Many experimental configurations, such as thermally
or mechanically altered zones, are confined on all sides. The derivations in the "Divergence of
Streamlines'” and ""Pulse Decay Characteristics in the Recovery Well" sections are repeated for a
configuration with impermeable boundaries at finite distances from the input and recovery wells.

A rectangular bound region was chosen to approximate experimental conditions. This configuration
is described in Figure 27. The rectangle has a length of 2Ly é.nd a width of ZWH, the position of

the input well is x1, y1 and the output well is x2, y2. There are no restrictions on the positions of
the two wells; any value of x and y less than LH‘and WH are allowed. Laplace's equartion (V2<I> = 0)

in two dimensions governs the form of the velocity potential for frictionless flow. Laplace's equa-

tion with linear boundary conditions is easily,soivable by the method of images and superposition.23
y
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Figure 27. Layout of Sources and Sinks for a Rectangular Confined Region
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To get a feel for how the images are laid out, consider an infinite strip of width ZWH with a-
source of sink y1, away from the axis. The coordinates of the real and imaginary sources or sinks

are

<
[

2(2n1 - l)WH -yl
(85)
= +
Y2 4n2 WH y1
where n2 = 0 represents the position of the real source or sink. The velocity potential for geologi-
cal flow is proportional to fn r where r is the distance from the point of measurement to the source

or sink. For the infinite strip, the total potential is a sum over all source or sink positions

Py
2 2
(%, y) - '2% :-nﬂn[(yf- 2(2n+ 1)WH+ y1)2+ XZJ

(86)

=

. 2
+ ln[(y - 4nWy, - yl)2 + xz]

using the positions from Eq (85). Superposition of two infinite strips perpendicular to each other
will produce a doubly infinite set of image sources or sinks. The final step is to superimpose a
source and a sink in the confined region (Figure 27). The velocity potential for this configuration

is

(S

URTED >} oY TN THES TP

Se®m= -

1

) An {(2(%1 | T)T.H - %2 - x)2v+ (4an+ y2 - y)Z;Z

1
2
(4.mLH + 2 - x)z + (Z(Zn + )Wy - y2 - 3')2;

Ifn

(”7)

N

+ ﬂn{4ml_. + %2 - x)z + (4nWH +y2 - y)z}

]
Nt
BN

2
2m + 1 H‘l x| - x) + (2(5‘.‘1 | I)WH =yl

(M

In{(z 2m + 1)L - x1 - x)z + (4an +yl- y)2

i
2

{4mL +x1 - x)z + (2(2n+ 1)WH -yl - y)z



- fn {(4mL.H + x1 - x)z + (4nWH + yl - y)z}% . | (87)

The streamlines can be defined in a similar way; they are

q ° = -1 y - 2(2n+ l)WH+y2 -1 y - 4nWy - y2
V(xy) = 5 2; tan X - 2(2m + DL + x2 * tan x - 2(2m + 1)L + x2
n=- =0

(v 2(2n + 1)WH + yZ? . tan'l y - 4nWH -y2
*+ tan x-amily - x2 | - AmL_ - x2
) ) tan'l y - 2(2n + 1)WH + yl tan-l y - 4nWH -yl 8)
x - 2(2m + l)LH+ x1 x-2(2m+1)L.H+ x1
-1 y-2@2n+ 1)WH+y1 . -1 y-4nWH-y1
- tan X - 4m’LH -x1 an x - 2(2m + 1)LH + x1
The velocity of the flow is defined in terms of the velocity potential $(x,y) for a porous medium
__.1320 1230
Vi Te 3x and Vy_ edy , (89)

Conceptionally, all the information to characterize a confined region is available. However,
the equations cannot be solved analytically as with unconfined flow. A functional form for the travel
time of a tracer for any given streamline has not been found for the confined flow problem. The
time of first arrival in a confined region (tFC) has to be calculated numerically for each configura-
tion. The shortest distance between wells is not necessarily the path for the shortest flow time;

these only coincide when the boundaries are symmetric about the bisector of the two wells.

The computer program CONFLOW24 was written to integrate 1/Vx along any streamline x1 to
x2 for the confined flow problem. This program uses Eqgs (87) and (88) to calculate the velocity and
position of the streamline. The sums that appear in these equations are truncated atn=m = 7.

It was found that this value for m and n produced a boundary accurate to 1% of tﬁe total extent;

that is, if the bound region for the ®» series was supposed to be 2LH by ZWH, the region predicted by
the truncated series would be within 1% of this area. Since experimental error in a real flow test

_ is much larger than this and altered boundaries are not straight-sided rectangles, the truncated

series is considered adequate.
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Figure 28 shows typical flow patterns for six sets of well positions and boundaries. The
distortions of the streamlines, due to confinement, are evident in these figures. A series of para-
metric computer models was run for the confined flow problem. The ratio of the length (LH) to the
width (W) of the confined region was varied from 5:5 to 5:2; yl was equal to y2 and x1 was equal to
minus x2 for all models (Figures 28d, e, f). The ratio xi1/ LH took on values of 0.2, 0.4, 0.6, and
0.8. The values of yl/WH varied with the aspect ratio of the confined region. The time of first ar-
rival (tFC) for the confined region is compared to t from the "Divergence of Streamlines" section

- for the same separation. Figure 29 displays the curves of tFC/tF as a function of x1/LH for con-
stant y1/WH. The values of this ratio tend toward 1 as x1 -» 0, with f:ransit times less in confined
regions as expected. Other test configurations such as those shown in Figure 28b and ¢ can be
modeled using the computer program CONFLOW.

One of the inputs to data analyses of confined flow is the value of t measured during the

FC
F can be calculated from Figure 29 or the use of the program
.CONFLOW by dividing by the ratio tFC/tF. This value of tF is used for subsequent data analyses.

If q is known fromthe data reduction, then the porosity for a << S can be determined using Eq (39).

test. An equivalent value for t

A determination of K requires information concerning the change in pressure for a confined flow

region. This pressure drop can be represented by

AP = % {0(x1+ a, yl) - da(xz - a, y2>: (90)

where ¢(x,y) is given by Eq (87) and a is much less than the well spacing. Equation (90) can also

be written as

_ apg .
aP = —— n(xl,yl,xZ,y2,LH,WH,a) (91)
with
Mix1,y1,x2,y2, Lis W a=2—"¢x1+a 1) - &fx2 - 9. (42)
xl,yl, x4,y :' H: H; a ¥yl T a,y2 .

Values for n are given in Figure 30 for the same set of parameters that were used in Figure 29.
Values for 1 for other configurations can be found using the program CONFLOW. With q known,

the hydraulic conductivity for confined flow can be found by inverting Eq (91). This is given by

£ .
é—zqu n . (93)

%
The parameter list of the function 1 is dropped for brevity here and in subsequent deriva-
tions.
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Figure 29. Relative Times of First Arrival

for Confined Regions
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If the porosity can be estimated and q cannot be measured, the hydraulic conductivity can be found
by using

2Dgsze

K=~ &=
3APL

n

with
py
1 2 2|*
S = 5[(x1 -x2) + (yl -y2) J

for confined flow and a << S. Equation (42), which represents the combined thickness of thin,
porous layers between two detectors, can be used for confined flow with the values for the effec-
tive t_, and S (Eq (95)). The fracture thickness for laminar flow can be developed in the same

F
manner as for unconfined flow, and is given by

2 H
h Ed @L n) ’
L 3
tFAP

for a < S. If an estimate of the friction factor (Eq (44)) can be made, the fracture thickness for

.

turbulent flow is given by

- 415°p

T 2
3t AP

for a € 8. The frictional resistance of the fracture for turbulent flow is given by

3 t2 AP
F
Np = —
43P
for a < S, For Egs (94) through (98), the effective tF and S must be used for all data analysis.
In addition to computing the ratio tFC/tF and , CONFLOW also produces a streamline plot show-

ing boundaries and wells and a theoretical tracer-output plet showing the effects of divergenre.

The theoretical output plot is useful in analyzing actual antpmt,

A set of models similar to those in the "Pulse Decay Characteristics in the Recovery Well"
section was used to investigate the time-dependent flow characteristics of confined flow. The
relative concentration with respect to T was calculated for each model and this data was then fitted
to the same decaying exponential form. In generai, the fits were not very good. The short-time
(1 = 7 < 2) characteristics were approximately exponential, but for times longer than 2 tFC the
relative concentration approaches a constant level (Figure 31). This seems to be a major effect

in the confined configuration and has been seen in some field-test data.

(94)

(95)

(96)

(97}

(98)



Relative Concentration

Figure 31. Comparison of Confined (- - -) and Unconfined (—)
Decay Characteristics

Because the time developmeht of the concentration for the confined problem is not a decay-
ing exponential, the utility of a decay constant is limited. However, some qualitative trends can
be reported. As the deviations from = boundaries become greater, the decay constant (A) increases.
As the ratio of length to width of the confined region increases, the decay constant also increases.

The parametric models do indicate that as x1/L approaches 0, the unconfined value of A is approached.

The inclusion of dispersion was not attempted for the confined flow problem. It was felt that
dispersion required a quantum increase in mathematical complexity with only a small increase in
understanding of the effects. The spreading and shifting of tmax relative to tF‘ due to dispersion
should be similar in both configurations. If dispersion is present, then some allowance should be

made for the delay induced by this effect.

The tendency of the concentration in confined-flow problems to approach a constant value may
be useful in determining whether confinement is present. If test wells are drilled in a region of
unknown confinement, the recovery-well decay could be compared to the unconfined decay curve. A
leveling off of concentration at long times would indicate a confined region. This could be due to a

lens formation or some other vertical impermeable boundaries present.

The use of a rectangular confining region should not limit the utility of this procedure.
Figure 32 displays two possible test layouts that can be modeled by rectangular impermeable bound-
aries. The large uncertainties in the size and shape of a geologic-confined regionA justifies the use

of a rcctangular approximation. Figure 28 can he helpful in laying out an experiment in a confined
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region and as a guide for data analysis as illustrated in Figure 32. tFC is affected by the bound-

aries but is not very sensitive to the exact size and orientation of them. Figure 29 supports this

argument.

Boundary of
Altered Zone

Effective Boundary
for Data Reduction

Flow Between Central (activation)
Well and a Radial (sampling) Well

v

a.

b. Flow Between Two Peripheral wells

Figure 32. Confined Two-Dimensional Flow Approximation
for a Circular Zone Altered Mechanicully,

Thermally, or Chemically
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V. Data Analysis of Three-Dimensional Unconfined Flow
The two-well problem, where the wells are cased except for a small section at the bottom,
can be approximated by a spherical source and sink, which reiquires a full three-dimensional solu-
tion of Laplace's equation. This section contains the derivation of equations needed to characterize
a formation using three-dimension flow-test data.

B

Divergence of Stream Surfaces !

The time of first arrival (tFé) of a tracer is the basis for this data analysis. The equipoten-
tial and stream surfaces for a spherical source and sink are shown in Figure 33. The velocity

potential is independent of pand equals

QL _ 1) . '
a2 | |

where Q is the total flow at the input well. 17 The two radii can be expressed in terms of r by the

Law of Cosines;

.r% = r2+ Sz+ 2rS cos 6

. (100)
ri = r2 + Sz-2rScos6 .
¥ = Constant
¢ = Constant
Z
Figure 33. Equipotentials and Stream Surfaces for -
a Point Source and Sink in an Infinite
Permeable Medium
The potential then becomes . . -
2 2)2 ‘
2 ) .
@(r, 6) = 4—%{(1'2 + 8% 2rs cos 9) - (r + 5%+ 2rs cos 6)} . {101)
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The shortest time path for the unconfined configuration is the straight line between x = £#S. The

potential along this line becomes

L@ 1
& x) = = {x+s+x_s} (102)

and the velocity in a porous medium along x is

2 . .
v --123% . Q x +8 (103)
X €

The time of first arrival for isotropic flow is
2

s-a (2 2
tog = ZQE f (s - 32 dx (104)
-S+a x" + S ’

where a is the radius of the spherical source and sink. If the substitution u = x/S is made and

symmetry about x = 0 is assumed, Eq:(104) becomes

. - 2neszf1'a/s w? - 1f u (105)
F3~~q J, Zr1 .

After integration,

3 3 ; \
_271eS" )2 a a -1 a
tF3 i) {3 (1 S) 6 ( - §) + 8 tan (1 - S)} (106)
a «§, tF3 becomes
3
2me 5 2
"1 “‘T(z" 59 - am

in contrast to the planar flow result of

SZ

i

L dme A Ny -
tr q . (1u8)

w

The ratio tF3/tF for equal prefixes is
t_./t_ = 1.425 ' (109)

for a/S - 0.

Because the total flow Q can be measured directly for this configuration, the porosity can be

computed using



3 Tl+§- 6] = 0.168 ——e . . (110)

27S 3

. Ypy (2 2 ) Qg
s

The pressure drop can also be calculated for this configuration. It is

- f _ Qpg ’1 1 I
ar = (h2 hl) PE ~ Zmk EEEES! . (111)
where g is acceleration of gravity. With AP known, the hydraulic conductivity can be found using
Eq (111)
. Qeg 1-2a/s
K = 7sap a/S(Z - a/S) : (112)

In contrast to the planar flow example, the porosity and hydratilic conductivity can be com-
puted directly using Eqs (110) and (112), respectively, with no prior data reduction and without the
use of multiple.detectors and a flow-logging injector. However, analysis of three-dimensional tests

is limited to formations that are isotropic.

Decay Characteristics of the Recovery Well Pulse

The decay of the recovery-well tracer pulse is not as easy to evaluate as for unconfined
planar flow. In fact, it is not possible to express the travel time in a functional form. The inverse
velocity was integrated along a streamline numerically. This information was used to plot the
relative concentration in the output well as a function of time for a step-function input. The same
considerations as in the "'Pulse Decay Characteristics ... ' section were used to plot Figure 34.
The normalized derivative of this curve represents the relative concentration in the output well for

a delta function tracer input. This information is displayed in Figure 35.

1.0 T T T T T 1 T T
0.8 - e -
o
s}
o
o
Sy
2 0.6 -
@
Q
o
5]
&)
o 0.4 -
2 .
]
L —
3]
= 0.2 .
0 1 ] i 1 1 1 L i
1 2 3 4 5 r 6 7 8 9 10

Figure 34. Relative Concentration for Unconfined Three-Dimensional Flow,
With a Step Inpit of Tracer
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Relative Concentration
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Figure 35. Relative Concentration for Unconfined
Three-Dimensional Flow With a Pulse
Input of Tracer
Considerable differences exist between these two figures and their equivalents for planar flow

(Figure 19). For very short times (7 < 2) the decays are faster than the decays of the planar flow
patterns. The decay constant in this region is approximately four times that of the planar flow
pattern for a pulse input. Attempts to fit Eq (54) to the data in Figure 35 were not successful.
The difference in the short time-decay characteristics can be used as an aid to data analysis. If
the decay constant of a field test is significantly (a factor of 2) larger than the theoretical two-
dimensional unconfined value, the flow is probably three-dimensional and data analysis should

proceed accordingly. No other uses for the decay rates were found for three-dimensional flow.

DNispersion

The flow in any plane that contains the X axis can be divided into ares and dispersian in each

arc considered separately. This is the same procedure as used in the ''Mechanical Dispersion in

Porous Media.' For a spherical source and sink it is not possible to present the equation in closed

form. The relative dispersion along any stream arc can be represented by

1
G

C(r) = (4uBrf7 )™ exp [-(1 - rir )2 aprin ] , (118)
where g retains the same meaning as in ""Mechanical Dispersion in Porous Media'" and 7, is the
nondispersed flow time along that streamline. The relative concentration for any given time T can
be integrated over all streamlines to include the divergence of streamlines. The overall effects of
dispersion are much the same as for thé planar flow problem. The change in tmax as B8 changes is
approximately the same. The major differences are in the long-time (T > 2) region. For the three-
dimensional configuration, the concentration including dispersion stays above the concentration of
the divergence-only approximation. Since no data reduction is ‘\ddne in this region, no further work

was attempted. One typical dispersive output-well concentration curve is displayed in Figure 36.
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Figure 36. Spreading Due to Dispersion Along Stream Surfaces for §=0.1

A

Comments on Confined Flow

The effects of confinement upon the time of first arrival for three-dimensional flow were not
considered. It is possible to construct a velocity potential using spherical sources and sinks in é
three~-dimensional array, like that of Section IV, for planar flow. The impermeable boundaries
would be in the form of a parallelepiped. The size of the confining region and placement of the
wells (poinlt sources and sinks) would be variable. It would be possible to construct the streamlines
and velocities along these lines. It would also, in theory, be possible to repeat the same calcula-
tions done for the planar configuration. It is expected that the trends seen from the planar flow
problem would also be repeated in/ the three-dimensional problem; fhat is, the time of first arrival
would always be shorter for the confined configuration and'the largest differencés would occur when
the well positions approached the boundaries. The unconfined time of first arrival can be considered

an upper limit for all experimental values. ’
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VI. Generalizations, Limitations, and Conclusions

Complete flow characterization of all geologic formations cannot be accomplished with
existing test methods. Because of the possibility of very complex flow patterns and limited access
to the test region, more reliable flow characterization can be obtained by using more than one test
method and test configuration. Even then, proper interpretation of test data can be difficult, be-
cause several different types of flow nets can result in nearly identical test data. Great care is
necessary in test design, data acquisition, data reduction, and data analysis to minimize the pos-
sibility of erroneous conclusions. Flow testing difficulties can arise in formations with the follow-

ing characteristics:
¢ Discretc fracturco that aroe ¢loge tagether
e Branched fractureées
¢ Unkuown confinement of the test region
¢ Unknown isotropy
e Major flow paths that cannol be lulersected by test wells at anglco approach=-
ing 90°
e Very tight or very loose formations
e Leaky test regions

e Presence of fluids other than the test carrier fluid

The test methods, data reduction, and data analysis described in this report are used to mea-
sure pbrosity and permeability in unconfined isotropic media, and porosity, permeability and frac-
ture charanteristics in media with confined or unconfined two-dimensional [low. The following
discussion, in conjunction with the equations derived in the body of this report, is intended to aid

in designing tests and interpreting data.

The divergence of stream tubes associated with flow between cylindrical or spherical sources
and sinks (Figures 18 and 33) converts short rectangular input pulses into exponentially decaying
pulses in the output wells (Figures 19b and 35). Since characteristics of the test formation, as
well as the test configuration itself, may alter the tracer pulse, the shortest time for any of the
tracer pulses to travel through the formation (tp) is used in most data analyses: In addition to
direct measurements, tF can be computed from the decay constant of the output pulse, using LEgqs (56),
(57), and (58) for two-dimensional flow. For flow through media with the same porosity and perme-

ability, t_, would be shortest for two-dimensional confined flow, longer for two-dimensional uncon-

F .
fined flow, and longest for three-dimensional unconfined flow (Figure 29 and Eys (107) and (108)).

Output pulse spreading can be caused by flow through the formation as well as by divergence
of streamlines. Although molecular diffusion is negligible, mechanical dispersion can cause spread-

ing on both sides of the peak value (Figure 22). Two-dimensional flow through uniform layers such



as porous or rubbled media (Figure 29) can also cause pulse spreading, but it is in thg form of a
delay, with the maximum value coming at a time later than tF (Figure 25). It is usually not pos-
sible to distinguish between mechanical dispersion and porous spreading from the output tracer
data alone. Porous spreading can produce a longe>r delay in tmax than dispersion, but this delay
can be reduced by using small diameter test wells, high flow rates, and large well separations.

If the quantity D/ tF VO can be kept below 0.1, tF can be approximated by 0.9 tma.x for both types
of spreading and it is not necessary to separate the two effects. Flow through a crack produces
less pulse spreading than flow through a porous region, but flow logging is necessary to positively
identify such a porous region. Increasing the distance between wells elongates the output puls.e
proportional to S squared, but does not change the relative shape of the curve. Dispgrsion and flow
through porous layers cause the output pulse to be distorted and slightly elongated, and the peak to

’ be delayed.

The decay rate of the output pulse is useful in de:cermining' the confinement and isotropy of
the test formation. The initial decay rate for a pulsge that has pgssed through a confined region is
more rapid than if it had gone through an unconfined region (Figure 31). In addition, the confined
pulse has a long, slowly decaying tail. The decay constant for three-dimensional flow (Figure 35)
is much larger than for two-dimensional flow (Figure 19b). Regardless of the amount of spreading
or the decay rate, the relative transmittance of each flow path for a given test is proportional to
the area under its output tracer curve. Because of the importance of the output decay, thé output

should be recorded for at least 5 7, or until it has reached background levels.

The streamline plots in Figure 28 and the time plots in Figure 29 are an essential part of the
data analysis for confined regions. They are also useful in the design of the experiment by showing
the effects of well placement. If tests a@re made betwecen several well pairs in a confined region,
the output of CONFLOW can be used to approximate the boundaries of the region without extensive
drilling. Another importaht application of CONFLOW is in sensitivity studies for systems analyses
preceding the design of confined flow processes such as in situ oil shale retorts. Sensitivity studies
would show effects of retort shape and well locationon flow patterns, transit time, pressure drops

and uniformity of flow.

Conducting flow tests in both directions between a well pair can be helpful in 1ocating branched
fractures and in defining flow angles between the wells. This can also be accomplished by placing a
deleclor string in the input well. The minimum number of flow paths between sensors is equal to
the number of pulses added between the sensors. Superimposed pulses from. multiple paths cannot
be distinguished from a single pulsé by only one test. Resolution can sometimes be 'improved by

repeating the test with the location of the sensor string changed.

Although the test methods, data reduction, and data analysis' presented in this report are not
applicable to all geologic formations, they do make it possible to characterize fairly complex forma-

tions with a reasonable degree of confidence,
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Active Void

Dispersion

Divergence

Glossary

Total void volume of a flow path less stagnant regions and closed cells.

Hydrodynamic spreading of a tracer pulse parallel to streamlines. It is caused by
different mechanical flow paths in a media. :

The variation in width and length of diverging/converging stream tubes for flow be-
tween cylindrical or spherical sources and sinks. This causes a delta input tracer
pulse to be converted to an exponentially decaying output pulse.
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NOMENCLATURE

Cross-sectional area available for flow between regions i and i-1 (mz)
Cross-sectional area available for flow at detecgor i (m2)

Radius of wglls

Relative transit‘time as a function of «

Total tracer injected (Ci)

''otal trac¢er injecled duriug flow test (Ci)

Rate of tracer passing detector i (Ci/s)

Rate of tracer arrival in region i (Ci/s)

Rate of tracer arrival in region i on path j (Ci/s)

Rate of tracer arrival in region i during flow test (Ci/s)

Lzﬁ(t)dt total tracer entering region i during flow test (Ci)
Calibration factor for ith detector (Ci-s/m3 . counts)

Relative concentratinn canstant for pulse spreading of unconfined flow

Relative concentration of tracer in the dischargé well (just above thé tlow palh) us a

function of time

Probability 6t ragioacilve decuy Leinyg counted (counto/doecay)

Probability of radiocactive decay (decays/Ci ¢+ s)
Thickness of the permeable region

Eyuivalent pipe diamcter

Distance between detectors 1 and i-1 (m)
TFanning friction fartnr

Modified triction factor (Reference 20)

Mass velocity-(Vp)

Gravitational constant

Thickness of fracture

Hydraulic conductivity = k%g

Intrinsic permeability or number of regions of injection well

s}

P



nl, n2 .

N.(t)
1

iT
N/(t)
1

Nﬁ(t)

fiT

!

-

inj
’

o & o o

inj

el

RS

Length

Half-length of the bounded-flow region

Length of detector i (m)'

Mass of tracer injected

Mean arrival time of tracer along jth path into region i(s)
Mean molecular weight

Injection wellbore transit time (s)

y integer position parameter tor the confined region

Granular media exponent (Reference 20) or x integer position parameter for the

confined region
Integer position parameters for the infinite ’strip ‘
Frictional resistance, fL/ Ry
Count rate above background at detector i (counts/ s)
N
/:‘Ni(t)dt total number of counts above background by detector i (counts)
Count rate at >det'ector i (counts/s)
Count rates at detector i during flow test (counts/s)
'/‘°° Nfi(t) dt total number of counts at detector i during flow test (counts)
Bchground count rate at detector i (counts/s)
Pressufe
Probability of decaying atoms being detected (counts/Ci)
Injection-well pressure (Pa)
Mean-formation pressure (Pa)
Standard pressure (1.01 x 10° Pa)
Recovery-well pressure (Pa)
Total volumetric flow rate

Flow rate past detector i (m3-/s)

. Flow rate into injection well (m3/‘s)

Flow rate at region k' of injection well im3/s)
Volumetric flow rate through formation/unit hole length
Flow rate into Region i (m3/s)

Flow rate into Region i along path j (m3/s)
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[ d

Gas constant

Hydraulic radius

Radius or position vector from the coordinate origin
Position vector for the sink

Position vector for the soux;ce

Half the wel} separation

Temperature

Injection-well temperature (K)

Mean formation temperature (K)

Standard temperature (273 K)

Time (s)

Time of first arrival for a negligible well radius
Time of ﬁ__rst. arrival of tracer for the confined reg':ion
Time of first arrival of a tracer for spherical sources and sinks
Time of maximum concentration

Transit time along streamline «

Time for flow from detector i-1 to i (s)

The relalive ilislance a plug of tracer would move down the wellbore of a permeable
region as a function of T

Vcloeity

Fluw velocity at the bottom of a permeable region

Flow velocity in the % difection

Flow veloucity in the § direction

Flow velocity in the Z direction

Flow velocity at the top of a permeable region

Volume of recovery well between detectors i and i-1 (m%)
Volume of gardware between detectors i and i-1 (m3)
Active void along path j in Region i (m3)

Void volume of in‘]"ection well in Region k (1113)
Half-width of the bounded flow region

Coordinates of the input well

Coordinates of the output well

Image position functions for an infinite bound strip

Compressibility

-



o pz - p'l - 7 angle that identifies streamlines for the unconfined source sink

(see Figure 18)

-] - Dispersion constant

y Specific heat ratio (CP/ Cy)

€ ~ Porosity ‘

4 Complex potential

© Shépe factor of granules (Reference 20?

n A function including a, S, and (APC/APu)

8 l The angle befween r and z

ei Time atom remains in vicinity of detector (s)

A Decay constant for pulse spreading of unconfined flow

o Viscosity N

£(t) An angular function that expresses a stream angle (a) with transit time equal to t
p Carrier-fluid density .

o The full width of half maximum of a concentration curve

ola) Gaussian population variance as a function of « )
T Time relative to the appropriate time of first arrival

L Nondispersive transit time along. any streamline

o Velocity potential

v Stream function '

Subscripts

c Confined

£ Flow test value

i Region index |

n Nﬁmber of regions
u Unconfined

Superscripts

i Index of path number within region

e
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