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1. Introduction

Pre-heater test ambient characterization of the Drift Scale Test (DST) area helps to define the
initial conditions of the test block, and is essential for the interpretation and analysis of the
coupled thermo-hydrological-mechanical-chemical processes associated with the in-situ Drift
Scale Test in the Exploratory Studies Facility (ESF). This report deals specifically with the field
air permeability measurements of the DST area. The test results provide an estimate of the three-
dimensional heterogeneous gas phase permeability structure and fracture connectivity in the
block. Since the dominant thermal-hydrological response of the rock mass to the applied heat is
the vaporization of pore water near the heat source, and the redistribution of moisture through
vapor transport, it is important to develop an understanding of the potential pathways for fluids
and gases in the DST block. Characterization by air permeability tests, prior to the onset of
heating, provides this information and allows predictive calculations to be made regarding fluid,
heat, and gas flow in the block during both the heating and cooling phases of the thermal test. The
pre-test characterization data will also serve as a basis for post-test comparison to observe where
and what changes in permeability have occurred due to heating and possible thermohydrologic-
chemical coupling.

Air permeability tests for the DST were carried out in November and December of 1996, and
again in February and March of 1997, in available boreholes; that is, those which have been
drilled and logged by video, and not yet permanently installed with instrumentation for the heater
test proper. During this period, the HD of the DST was still under construction, therefore, the
majority of the instrumental boreholes and wing heater boreholes originating from the HD have
not yet been drilled. Those available for air permeability tests are fourteen boreholes, each 40
meters (in) in length, all originating from the Access/Observation Drift (AOD that runs parallel to
the HD and is separated from the HD by 30 meters. These boreholes are oriented approximately
south/north toward the HD, with incline angles ranging from +240 to -22° from the horizontal,
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forming a fan and bracketing the HD. The fourteen holes form two spatial clusters about 20 m
apart at their collars along the AOD wall. Within each cluster, the separation of some adjacent
boreholes at their collars can be as small as less than one meter. However, since these boreholes
form divergent fans from their collars on the rock surface, the separation distances between
boreholes increase to 30 to 40 m at the bottom of holes. Figure 1 shows the layout of the DST
area and the location of the 14 holes used for characterization by air permeability tests. The 14
holes are identified by bold letter and underlined. Figure la is for the plan view (note that the
true north makes an angle of 180 with the horizontal, which is generally referred to as the local
north in the heater test), Figure lb shows an approximately E-W section and the positions of the
boreholes at their collars, and Figure Ic shows two N-S sections -- again, only those holes in
bold letters and underlined have been drilled during air permeability testing.

For the permeability tests, each borehole was separated by three inflatable packers int.
approximately 12 - m sections. Each packed-off zone within the boreholes was instrumented with
a sensor to monitor the pressure response. A typical test consisted of injecting air at a constant
flow rate in one chosen section, while the pressure response(s) in this and all other packed off
sections were monitored. The pressure response in the injection section is used to calculate the
local permeability, averaged over length of the packed-off zone. The response of pressure in all
other packed-off sections will yield information on the connectivity of pneumatic pathways
between these sections and the injection section.

It shall be shown that the local air permeability around each packed section ranges from a low of
less than 1015 in to a high of 2.02 x 10 -12 n? with a geometric mean of 1. X 10 13 m2and a

median of 1.4 x 10 '3 mn. Interference data indicate that fractures are well connected and that a
heterogeneous fracture continuum conceptualization is well suited for the DST block.

2. Quality Assurance Status of Data and Soft-.-:ire Used in This Report

All field and laboratory measurements were performed by qualified personnel, with calibrated
equipment, under the LBNL QA program. Therefore, all data presented in this report are qualified
data. The Data Tracking Number for the air permeability tests is DTN: LB970600123142.001.
No software was used to generate data for this report. Standard spreadsheets, as well as
visualization and plotting programs, were used to generate graphics for this report. Such
programs are not subject to QA requirements under QARD Rev. 7.
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3. Test Equipment

The air permeability testing equipment consisted of pneumatic packers, pressure sensors, air
supply and control equipment, a flow control unit; different components were connected via
electronic cabling and flexible tubing. The air supply and control equipment was responsible for
providing dry, clean air under pressure to the flow control unit. The integrated flow control and
acquisition system unit used a centralized set of manifolds for injecting and withdrawing gas from
packed off zones of interest, and for monitoring of zone pressure. The electronic control system
was run using a laptop PC running Labview for Windows® for both control and data collection.
The instrumentation interface and software control allowed the user to rapidly reconfigure the
system in the field for conducting a varied testing program.

Pneumatically inflated packers wcee custom designed for the purpose of characteri7"'c the DST
area by air injection te..ts. The design was such that up to four packers may be placed in a single
borehole to separate the borehole into four independently observable injection zones. Tbe packers
consisted of a 1/4-inch thick natural gum rubber gland applied over a stainless steel packer body.
Length for the packer bodies is 0.61 meters giving a sealing surface of approximately 0.55 meters
in length. To allow air injection into, and pressure monitoring for, each zone requires multiple
feedthroughs of stainless tube for each packer: for air injection (1/2-inch OD), packer inflation
(1/8-inch OD) and pressure sensor (1/4-inch OD). One of the 1/2" feedthroughs also serves as a
structural backbone for the packer string. The innermost of the four packers, i.e., the one closest
to the bottom of the borehole, would have a minimum of three feedthroughs, while the fourth
packer to be placed closest to the collar would have a maximum of twelve feedthroughs. A
schematic diagram of a packer string consisting of only two packers is shown in Figure 2. The
packers were fabricated in two standard sizes, nominally referred to as 3-inch and 4-inch to
accommodate the two standard-size borings, 7.57 cm and 9.60 cm in diameter. To isolate zones in
the wellbore, packers were typically inflated to 35 PSIG (2.41 x 105 Pa).

Pressure measurements were -..ade using Setr. pressure transducers (models C204 and i80)
mounted near the collar of each borehole. The transducers monitored the zone of interest through
a polyethylene tube connected to a 1/4-inch feedthrough.

Measurements were made using a Keithley 2001 digital multimeter (DMM)W. All data channels
were scanned through a Keithley 7002 Switch Systemr. Data was dumped across an EEE-488
bus to a PC laptop. To control and measure the rate at which compressed air was injected, we
used Sierra Instruments Series 840*®r mass flow controllers (MFCs) for three flow ranges, 0-10
SLPM (standard liter per minute), 0-100 SLPM and two 0-500 SLPM connected in parallel, were
used. The Series 840 MFCs were controlled by a Hewlett Packard E3631 programmable powe
supply and monitored using the Keithley DMM. Ambient conditions in the drift w
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continuously monitored using Vaisala HMP132Y humidity/temperature probe and an extra Setra

transducer.

4. Testing Procedures

The as-built Cartesian collar coordinates of the of the fourteen boreholes available for air-
injection test holes (ESF As Built Survey, personal communication, Douglas Weaver, 1997) are
shown in Table 1. The borehole ID numbers are in accordance with the Field Work Package
FWP-ESF-96-003, Revision 3, for thermal testing in the ESF. The as-built coordinates
convention is that the +Y-axis is along the HD (parallel to the AOD) toward west, +X-axis runs
toward north away from the AOD, and the origin (0,0,0) is at the center of the HD on the hot side
of the bulkhead.

Table L The as-built coordinates of the collar and diameter of boreholes
Borehole I) X(m) Y(m) Z(m) hole diameter (cm)

45 ESF-HD-ERT-I -28.875 4.577 4.118 7.57

46 ESF-HD-ERT-2 -27.408 4.572 1.533 7.57

47 ESF-HD-NEU-l -29.114 6.385 4.636 7.57

48 ESF-HD-NEU-2 -29.051 6.391 4.042 7.57

51 ESF-ND-NEU-5 -28.993 6.414 2.254 7.57

52 ESF-HD-CEM-l -29.211 8.247 4.540 9.6

53 ESF-HD-CHE-2 -29.232 8.258 4.014 9.6

56 ESF-HD-CHE-5 -29.223 8.248 2.322 9.6

57 ESF-HD-HYD-1 -28.841 10.054 4.748 7.57

69 ESF-HD-CHE-6 -29.199 28.368 6.842 7.57

70 E3-H0D-CHE-7 -29.261 28.373 6.315 7.57

73 ESF-HD-CHE-10 -29.062 28.375 4.546 7.57

75 ESF-HD-HYD-7 -29.306 30.215 6.303 7.57

78 ESF-HD-HYD-10 -29.376 30.191 4.702 7.57

The Y coordinates of the boreholes clearly indicate that the fourteen holes form two spatial
clusters at their collars along the AOD wall: one cluster of nine including boreholes 45, 46, 47,
48, 51, 52, 53, 56, 57, centered around Y = 7 m; and another cluster of five including boreholes
69, 70, 73, 75, 78, centered around Y = 28 m. The video logs of all boreholes in the single heater
block were reviewed, and the fracture characteristics in each hole were noted. The original test
plan for the ambient temperature bulk permeability measurements to estimate the three-
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dimensional heterogeneity in the DST block consisted of two phases. The first phase was to use
two packers to divide each borehole into approximately two equal zones of 20 m in length. The
intention was that data from this first phase testing would probe the heterogeneous permeability
structure on a large scale, and would guide in the design of the second phase testing, where four
packers would be used for each borehole to provide information on a smaller on scale about the
permeability structure. The test plan was modified after viewing of the borehole video logs
because they showed very extensive sections of voids and fractures, so much so that it was
difficult to identify locations of intact rock suitable for placement of inflatable packers. Thus it
was decided that each borehole should only be isolated by packers in thirds, with the third packer
placed as close to the collar as feasible. The modified test plan was as follows: the first phase of
testing would involve air injection and pressure response in the two zones closest to the bottom of
the boreholes (the zones over the wing heater and the heater drift); and the second phase of
testing would involve air injection into the zone nearest the collar, separated by the sc - -ad and
third packer. This zone would also be the farthest from the region of applied heat during the
thermal test. Each packed zone is on the order of 12 m; the actual depth of each packer was
adjusted to avoid overlay onto fractured borehole walls. Figure 3 shows the packer positions in
the 14 boreholes, The 3-D view is that of facing east away from the ESF main drift so the HD
centered at X = 0 is to the left and the Access/Observation Drift wall at x - -29 m is to the right.
The lengths of the air injection zones L as isolated by packers are tabulated in Table 2. L is
determined from the borehole lengths (ESF As Built Survey, Personal communication, Douglas
Weaver, 1997) and the depth setting of the packers as measured in the field and recorded in the
field notebook. The nomenclature is such that Zone 1 refers to the zone closest to and including
the bottom of the hole, and Zone 3 refers to the zone closest to the collar of the borehole. In the
rest of the report, a shorthand notation consisting of the borehole number plus zone will be used,
for example, 45-3 will denote Zone 3 in Borehole 45.

Table 2. Lengths of the packed off zones

Borehole ID Lengih of Zone I (in) Length of zone 2 (m) Length of Zone 3 (m)

45 ESF-HD-ERT-I 10.9 11.6 15.4

46 ESF-HD-ERT-2 13.9 11.6 9.1

47 ESF-HD-NEU-I 18.5 11.6 7.6

48 ESF-HD-NEU-2 12.9 14.6 9.1

51 ESF-HD-NEU-S 14.1 13.1 9.3

52 ESF-HD-CHE-I 13.1 11.6 12.3

53 ESF-HD-CHE-2 25.3 11.6 0.0

56 ESF-HD-CHE-5 15.8 10.1 10.6

57 ESF-HD-HYD-1 22.5 11.6 3.2
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Borehole ID Length of Zone I (i) Length of zone 2 (m) Length of Zone 3(m)

69 ESF-HD-CHE-6 12.0 11.6 14.2

70 ESF-ED-CHE-7 15.2 11.6 11.2

73 ESF-HD-CHE-10 14.9 11.6 11.1

75 ESF-HD-HYD-7 23.4 11.6 0.0

75 ESF-HD-HYD-7 14.0 11.6 11.9

78 ESF-mD-HYD-o10 13.7 11.6 11.9

It should be noted that in Borehole 53, only two packers were installed because of obstruction by
rocks, and for the same reason, the zone closest to the bottom of the hole for Boreholes 47 and 57
are exceptionally lone. There are two entries for hole 75. The first is applicable for tests carrieu
out in November and December, 1996, Two packers were installed and due to obstruction by
rocks in the borehole the first zone closest to the bottom of the hole is 23.4 m. The second entry
for hole 75 is applicable for tests conducted in February and March of 1997. The obstruction was
cleared, the packer string was moved downhole and a third packer was installed near the collar.

All the fittings on the feedthroughs on the packer strings were checked for leaks during packer
string installation. To isolate zones in the wellbore, the packers were typically inflated to a
pressure of 35 PSIG (2.41 x 10' Pa); the pressure within the packers was monitored periodically
throughout testing. All sensors and equipment such as flow control unit and air supply and
control equipment were installed and linked to be controlled by the laptop PC running Labview.
Prior to actual data logging, the whole acquisition and control system was tested for proper
functions with all the electronics attached.

In a typical injection test, the injection line to the selected injection zone is connected to the flow
control unit. An injection test consists of a period of background monitoring before injection,
followed by an injection at constant mass flux .Maintained by the mass flow controller. After
either a predetermined interval of time or a steady state response is reached, the injection is halted
and the recovery is monitored. The pressure sensor is sampled during the early part of injection
and recovery every five seconds. The sampling rate is decreased with increasing test duration to a
minimum of once every ten minutes for overnight tests or continuous background monitoring.
The Labview code used in the data acquisition system allows real time display of test parameters
during testing. Viewing the pressure response of the sensors in different zones of the different
boreholes during each injection test allows preliminary interpretation of the air permeability
structure in the test block, and guides the tester in configuring subsequent tests.
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5. Air Permeability Estimation

Local permeability was estimated from the steady state pressure response to the air injection
test. The analytical solution for the steady state pressure response of a constant flow rate injection
in a finite line source is as follows:

PSCQSCI{d PscQQSC n ff

ICL 2 _p2 )Ts 7L(2P, + AP)APTs, I2 1 )SC

Where

k = permeability, m2

Psc = Pressure at standard conditions, 1.013 x I0' Pa

Qsc = flowrate at standard conditions, m3/s

p = dynamic viscosity of air, 1.81 x 0 ' Pa-s at 20° C

L = Length of air injection zone, m

raw = radius of borehole, m

T = temperature of formation, ° K (an average of 24.60 C was assumed for -
all tests)

P2 = steady-state pressure, Pa

P. = ambient pressure, Pa

AP = (P2 - P), Pa

Tsc= temperature at standard conditions, 293.160 K

Equation (1) has been used by both LeCain (1995) and Guzman et al. (1996) for the analysis of
single hole injection tests in fractured tuff at Apache Leap Research Site, Arizona. It was adapted
from the steady-state analytical solution for ellipsoidal flow of incompressible fluid from a finite
line source (Hvorslev, 1951), where L/r 1>> 1 in an infinite medium. The derivation of Equation
(1) requires the assumption that air is the only mobile phase within the rock near the test interval,
and that it obeys the ideal gas law so that the compressibility is inversely proportional to pressure.
A detailed derivation of Equation (1) can be found in LeCain (1995). The same equation has also
been applied for the air injection tests for surface-based boreholes at Yucca Mountain (Rousseau
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et al., 1996). Equation (1) has its origin in well test analysis for a homogeneous porous medium.

The welded tuff DST test block is a fractured medium and may not be well represented
conceptually by a homogeneous porous medium. Furthermore, the proximity of the drifts implies

that the finite line source is not in an infinite medium. Nevertheless, Equation (1) is still valuable
as a simple tool of choice to obtain an order of magnitude estimate of the average permeability

values around each borehole, thus providing an initial estimate of the spatial variability of

permeability in the test block. This approach was used in the analysis for the air permeability
measurements for the Single Heater Test (Tsang et al., 1996).

One complete set of estimated permeability values for all the zones of the 14 boreholes is shown

in 3-D in Figure 4. The logarithm of permeability, normalized to the highest value of 2.0 x 10 12

m2 in Borehole 52, Zone 3, is coded in rainbow color,. The same set of estimated permeability
values are tabulated in Table 3.

Table 3. Estimated local permeability for the 41 packed-off zones In 14 boreholes.
Borehole ID k(m2) in zone I k(m2) in zone 2 k(m2) in zone 3

45 ESF-HBD-ERT-1 5.8E-14 2.4E-14 4.5E-13

46 ESF-BD-ERT-2 4.UE-15 6.2E-15 9.OE-14

47 ESF-HD-NEU-i 6.lE-14 4.4E-13 4.7E-13

48 ESF-HD-NEU-2 2.4E-14 3.5E-14 3.4E-13

51 ESF-HD-NEU-5 8.8E-16 4.4E-13 4.1E&14

52 ESF-HD-CHE-l L.OE-13 1.2E-13 2.OE-12

53 ESF-HD-CHE-2 l.lE-13 1.3E-12 N/A

56 ESF-HD-CHE-5 l.9E-15 3.4E-14 4.8E-13

57 ESF-HD-HYD-1 2.7E-13 6.1E-14 1.4E-13

69 ESF-HDCHE-6 2.AE-13 9.5E-15 4.9E-13

70 ESF-HD-CHE.7 l.9E-14 4.5E-14 4.2E-13

73 E.,i-HD-CHE-:c 6.6E-14 6.8E-15 L.OE-13

75 ESF-HD-HYD-7 4.9E-13 lAE-13 3.OE-13

78 ESF-HD-HYD-10 5.5E-14 l.1E-14 7.8E-14

In many zones, more than one injection test had been carried out to investigate the sensitivity of

the derived permeability values to different test conditions. Injection tests in some zones were

carried out on different dates to investigate the repeatability of the test. The sensitivity of the
derived permeability values to different mass flow rates injected into the same isolated zone were

investigated in several tests. These were carried out sometimes in separate tests, each with its own

constant flowrate, and sometimes within the same test by increasing the constant air flowrate in
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discrete steps, so that permeability may be estimated from multiple sets of steady state pressure
response to the different flowrates. In addition to injecting air into the isolated zones of Table 2,
injection tests were also carried out in longer zones by selectively deflating packers in a borehole.
Specifically, Packer 1 was deflated in Borehole 45 so that the effective length of hole tested is
22.6 m. Similarly, when both Packers I and 2 were deflated, a zone of 38.5 m, almost the entire
length of Borehole 45 isolated by just one packer, Packer 3 (near the collar), was tested. The
estimated values of permeability for all tests are summarized in Table 4 where the first column
gives the identification of test, the second column gives the injection flowrate, and the third
column the estimated permeability. The test data file in the first column is identified by first the
borehole number and zone number, then the date of the test, and then the order of the test during

that day.

Table 4 Estimated Permeability values from all Injection tests carred out In the 14 holes
Test ID Injection flow rate Q in K (in)

Standard Liters Per Minute
(SLPM)

45 zone I (11-21-96 01) 200 4.46E-14
45 zonel (3-05-97 03) 80 5.83E-14
45 zone2 (12-18-07) 80 2A4E-14
45 zone3 (3-05-97 04) 80 4.52E-13
45 zone3 (3-05-97 04) 160 3.17E-13
45 zone3 (3-05-97 04) 80 2.39E-13
45 zone3 (2-28-06) 50 5.35E-13
45 zones 1,2 (3-05-97 05) 1 80 5.58E-14
45 zones 1,2 (3-05-97 05) 2 80 5A88E-14
45 zonesl,2,3 (3-05-97 08) 3 160 1.90E-13
45 zonesl,2,3 (3-05-97 08) 1 80 2A.3E-13
45 zonesl,2,3 (3-05-97 08) 1 160 1.80E-13
45 zonesl,2,3 (3-05-97 08) 1 80 1.43E-13
45 zonesl,2,3 (3-05-97 08) 2 80 2.21E-13
45 zonesl,2,3 (3-05-97 'R) 2 160 1.63E-13
45 zonesl,2,3 (3-05-97 08) 2 80 1.29E-13
45 zonesl,2,3 (3-05-97 08) 3 80 2.53E-13
45 zones 1,2,3 (3-05-97 08) 3 80 1.54E-13
46 zonel (11-21-96 02) 10 4.0SE-15
46 zone2 (12-18-02) 20 6.21E-15
46 zone3 2-27-05 30 9.04E-14
47 zonel (1I1-21-96 05) 300 6.1 IE-14
47 zone2 (12-18-06) 100 4.35E-13
47 zone3 (2-28-04) 50 4.65E-13
48 zone (2 12-18-10) 80 3.52E-14
48 zonel (11-22-96 03) 200 2.42E-14
48 zone3 (2-28-10) 50 3.35E-13
51 zonel (11-21-96 03) 5.00 8.81E-16
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Test ID Injection flow rate Q in K (m2)
Standard Liters Per Minute
(SLPM)

51 zone2 (11-22-96 05) 10 4.43E-13
51 zone2 (3-05-97 02) 50 3.87E-13
51 zone2 (2-27-03) 100 2.42E-13
51 zone3 (2-28-02) 90 4.06E-14
52zonel (11-20-9602) 400 1.04E-13
52 zone2 (12-18-11) 100 1.16E-13
52 zone3 (3-05-97 01) 200 1.59E-12
52 zone3 (2-28-08) 50 2.02E-12
53 zone 1(11-22-9602) 200 1.12E-13
53 zone 1(11-22-96 02) 400 8.87E-14
53 zone 1(11-22-96 02) 200 7.30E-14
53 zone2 (11-22-96 04) 400 6.12E-12*
53 zone2 (3-05-97 09) 400 1.27E-12
53 zone2 (12-19-03) 410 6.23E-12*
56 zonel (11-21-96 04) 3.00 1.94E-15
56 zone2 (12-18-04) 10 3.42E-14
56 zone3 (2-28-09) 50 4.79E-13
57 zonel (1 1-22-96 01) 500 2.69E-13
57 zone2 (12-18-08) 80 6.13E-14
57 zone2 (12-19-02) 40 7.63E-14
57 zone3 (2-27-01) 100 1.40E-13
69 zonel (11-20-96 01) 400 2.12E-13
69 zone2 (12-18-03) 50 9.51E-15
69 zone3 (3-05-97 07) 150 3.82E-13
69 zone3 (2-27-06) 60 4.88E-13
70zone I (11-19-9602) 200 1.85E-14
70 zone2 (12-18-05) 50 4.51E-14
70 zone3 (3-05-97 06) 150 2.72E-13
70 zone3 (2-28-05) 50 4.20E-13
73 zonel (11-19-96 03) 200 6.64E-14
73 zone2 (11-22-96 07) 24 6.79E-15

* The permeability value of over 6 x 10 `2 m2 for 53-2 measured in November and December 1996 is not a reliable

estimation of the permeability of the formation surrounding Zone 53-2. During November and December 1996, two

packers were installed in the 14 boreholes to nominally isolate the last 2/3 length of each boreholes. Due to obstruction

by rock in Borehole 53, the second packer in Borehole 53 is set at about 2 meters from the hole collar. As a result, the

injection zone 53-2 was surrounded by open sections of boreholes from which injected air could escape, which led to

an erroneously large estimate of the permeability. The situation is rectified in February 1997 when a third packer is

placed near the collar of all boreholes. then the pressure response in 53-2 from air injected in 53-2 correctly reflects the

perneability of the rock formation.
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Test ID Injection flow rate Q in K (M2 )
Standard Liters Per Minute
(SLPM)

73 zone2 (12-19-01) 6 5.76E-15
73 zone3 (2-28-07) 50 L.OOE-13
75 zonel (11-21-96 06) 500 3.59E-13
75 zonel (2-28-01) 200 4.89E-13
75 zone2 (12-18-01) 100 2.85E-13
75 zone2 (2-28-03) 100 1.37E-13
75 zone3 (2-27-02) 100 3.03E-13
78 zonel (11-19-96 01) 200 5.45E-14
78 zone2 (11-22-96 06) 60 1.14E-14
78 zone3 (2-27-04) 60 7.79E-14

The results in Table 4 show that typically the estimated permeability of the same zone does not
differ by more than 30% under different test conditions. This is on the same order of magnitude
as the coefficient of variation of the permeability value estimated from Equation (1) derived from
an error analysis (Tsang et al., 1996), where permeability estimates under similar test conditions
were performed for the Single Heater Test. For the Single Heater Test, the coefficient of variation
(ratio of the standard error of the calculated permeability to the calculated permeability) was

23%.

The results shown in Table 4 for the air injection into the entire length of Borehole 45 are
interesting. This is the case when Packers I and 2 are deflated, while the pressure sensors of all
three zones remain in the same position as when the three zones were isolated by all inflated
packers. The nomenclature in Column 1 for this case is 45 zones 1,2,3, and the last numeral in the
nomenclature denotes the pressure sensor assigned to the respective zone. The entries in Table 4
indicate that the different sensors in the same Borehole 45 do not give the same pressure reading,
resulting in different permeability estimates. For the same flow regime, the pressure rise AP is
always lowest for Sensor 3 and highest for Sensor 2. Similarly, the absolute pressur: zeading is
also different throughout the test and follows the same trend, with Sensor 3 registering the lowest
absolute pressure, Sensor 1 slightly higher than that in 3, and Sensor 2 registering the highest
absolute pressure. Both the AP and the absolute pressure readings are consistent with the spatial
variability of permeability within Borehole 45, as Table 3 shows that for the three zones in
Borehole 45, zone 3 is most permeable, the permeability in zone I is about an order of magnitude
smaller than that in zone 3, and the permeability in zone 2 is another factor of 2 smaller than that
in Zone 1. These readings therefore indicate that within the borehole, there was dynamic
movement of air from "Zone 2" and "Zone 1" toward Zone 3, confirming the well-known fact
that in a heterogeneous formation, the fluid tends to seeks out the least resistive path in the rock
formation to flow. Hence in each injection test, flow out into the rock formation most probably
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occurs through only a fraction of the packed off zone. Therefore, for zones intersecting very
conductive features, Equation (1) would tend to underestimate the permeability, and the longer
the zone tested, the greater the underestimation.

The frequency distributions of the local permeability values as tabulated in Tables 3 and 4 are
shown in Figure 5 in the top and middle graphs. For comparison, the distribution for the air
permeability values from the Single Heater Test block are also shown in Figure 5 in the bottom
graph. Note that the range of air permeability values are quite similar in the Drift Scale Test and
the Single Heater Test. That the variance in the permeability distribution from the SHT
characterization is considerably larger than that from the DST is understood from the fact that the
packed zones in the DST characterization are on the order of 12 m or longer, while the injection
zones in the characterization for the SHT area are typically 5 to 8 m. The longer the injection
zones, the more averaging occurs, and therefore the narrower the distribution or the smaller the
variance. The statistics of the permeability values from the 14 holes from the DST are: minimum,
8.8 x 10 " m; maximum, 2.0 x 10 -12 M2 ; arithmetic mean, 2.4 x 10.1) n2; median, 1.4 x 10 -13 d;

and geometric mean, 1.0 x 10.13 m2.

6. Interference Pressure Responses and Conceptual Model for Gas Flow in DST area

In the previous section, the focus was on the estimates of local permeability from the steady state
pressure response in the zone into which air is injected, In this section, the discussion will be on
the pressure response from all the monitoring zones. Figures 6 through 15 show the pressure
response from a selection of injection tests. A complete set of pressure response from all injection
tests will be submitted electronically and tracked through a TDIF. Figure 6 shows the injection
into the most permeable zone 52-3 with a local permeability of 2 x 10l12 M2. For all these figures,

the horizontal axis denotes time, the right vertical axis denotes injection flow rate in standard
liters ner minute (SLPM), and the left axis denotes the pressure increase from ab'i it, AP, in
kPa. The legend on each graph denotes those zones where pressure response is measured, The list
is manually sorted, in descending order of steady-state pressure rise, so that the injection zone
will always be at the top of the list. Figure 6a shows that the pressure in the majority of the
boreholes rises and falls in response to the constant-flow air injection in 52-3. The information in
Figure 6a is partitioned into three groups of steady-state pressure change, from large to small, and
presented again in Figures 6b through 6d. Hence Figure 6b presents all responses where the
steady state AP's have magnitude greater than 20% of the maximum steady-state pressure rise in
the injection zone, Figure 6c presents those that are less than 20% but greater than 6%, and Figure
6d those that are less than 6%. Again, the legends list the monitored zones in order of the
magnitude of their respective steady state AP. The readers are referred to Figures 1 and 3, which
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show the relative position of the injection and monitored zones in following the discussion of the
interference pressure data.

In general, the largest pressure response are in those monitoring zones that are relatively close to
the injection zone 52-3. These are represented in Figure 6b. Figure 6d shows that even those
zones that are tens of meters away from the injection zone communicates with 53-2, although the
magnitude of the response is small. There is thus the general trend that the farther apart are the
injection and monitored zone, the smaller the magnitude of pressure response. However, note that
57-3, in close physical proximity to 52-3, is listed in Figure 6d, the group of smallest measurable
steady state AP's, indicating the presence of a low permeability barrier between 52-3 and 57-3.

Figure 7 shows the pressure response from injection into 51-1, which is the most impermeable
zone tested (with an estimated local permeability of 8.8 x 10 -16 in2). The contrast betw,. .1 Figure
7a and 6a is apparent. The pressure builds up in 51-1 almost linearly to 120 kPa even with a
small injection rate of 10 liters per minute, indicating a highly impermeable rock formation.
Pressure response down to 0.5% of maximum AP is not detected in any other monitored zone.
Figure 7b plots those responses that are smaller than 0.5 % of the maximum AP's, and only two
zones can be picked out: in 56-1, which is adjacent and parallel to 5 1-1, and perhaps in 70-2.

Figure 8 shows the injection test in another relatively low permeability zone, 78-2 (k=1.14 x 10 -4
m2). Note again the steep pressure rise in 78-2 with the initial injection flowrate of 100 SLPM,
and consequently the flowrate was adjusted down in two steps to the final constant rate of 60
SLPM. A steady state AP is reached in 78-2. Again, no other interference pressure rise is
observed until the left vertical axis in Figure 8 is reduced to read AP less than 2% of the
maximum; then, two pressure response curves from monitored Zones 73-2 and 75-2 appear. The
larger response is in 73-2, due to the proximity of the two adjacent and parallel zones of 78-2 and
73-2.

In Figures 9a and 9b r- shown the injection test in a reasonably permeable zone 75-1 (k = 9 x
10 -12 mi). While most of the monitored zones th: register a pressure response are from boreholes
within the same spatial cluster centered around y = 28 in, there is one exception: Figure 9b shows
that Zone 46-2 in the other cluster, tens of meters away, also responds to the air injection in 75-1.

Figures 10 and 11 show the pressure injection test in Zone 69-3, on two different dates, with
different constant flow rates. The data demonstrate that the injection test is quite repeatable. The
local permeability of 69-3 is similar to that of 75-1 in Figure 9.

The next example is for injection into 51-2 (k = 2 to 4 x 10 -13 mi) shown in Figure 12. Note that
in Figure 12a, the zones which respond to 51-2 with respective steady-state AP within 10 % of
that of the injection zone, are parallel zones and therefore in close proximity to 51-2. In addition,
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more zones within the same spatial cluster as 51 (collar centered around 7 = 7m) respond with
smaller AP (less than 10 % but greater than 3 % of the AP from injection zone 51-2), as shown in
Figure 12b. Figure 12c shows those pressure responses where the steady-state AP is less than 3 %
of the maximum AP in the injection zone 51-2; note that the distant Boreholes 73, 75, 78 in the
other spatial cluster (hole collars centered around Y = 28 m) now also register pressure rises in
response to the injection test.

Figure 13 shows the interference pressure data for air injection into Zone 48-3 (local permeability
3 x 10 -13 i 2 ). While there are very few zones with a pressure response within 8 % of the

maximum in the injection zone (Figure 13a), numerous zones indeed respond to the injection with
AP less than 8% of the maximum AP for Zone 48-3.

Figure 14 shows the interference pressure data from injection in 69-1, which has a local
permeability of 2 x 10 .13 in2 . Note again that while the largest steady-state AP's shown in Figure
14a are from boreholes within the same spatial cluster as and parallel to 69-1, distant zones tens
of meters away also show pressure response when the vertical axis is scaled down to less than 1%
of the maximum AP in Figure 14b. The pressure sensor for 73-1 demonstrates instability as
shown in Figure 14a. The sensor was replaced for tests carried out in February and March of
1997.

Lastly, in Figure 15, interference pressure data from the air injection into Zone 53-1 are
presented. Zone 53-1 has a local permeability of (0.7 to 1 x 10 -13 M

2
), on the order of the

geometric mean of all permeability measured. The constant flow rate is doubled from 200 to 400
SLPM during the same test. Again, similar to the previous cases discussed, a large number of
zones respond, not limited only to those that are in close proximity to the injection zone, though
the AP is typically small compared to that of the injection zone.

The interference pressure data of the 14 holes tested demonstrate that on the scale of I to 30
meters, the fractures are well connected, and the a;- flow in the fractures resembles more that vi'
flow through a continuum than flow through a discrete fracture network. Though the local
permeability values of the zones range over several orders of magnitude, most of the flow seems
to be taking place in a medium with an average permeability on the order of a fraction of darcy,
and there is no evidence of a large permeability feature that forms a direct connection between
zones. This is in contrast to the Single Heater Test block, where there is evidence of a large
permeability fracture zone about 4 meters in extent. To illustrate, the pressure responses for an air
injection test in borehole 11 in the Single Heater Test block are shown in Figure 16. In Figure 16a
we see the pressure responses from the injection into Borehole 11 and three nearby monitoring
Boreholes (28, 29, 31), all parallel to and within a meter of hole 11. Figure 16b indicates the
pressure response in five more distant holes: Boreholes 6, 8 and 12 are parallel to 11, and
Boreholes 7 and 13 are orthogonal to 11. The pressure data in Figure 16 reveal the presence of a
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direct flow path from Borehole 11 to Borehole 6 and 7. In other words, steady-state pressure
response of almost identical magnitude as that in Borehole 11 is observed in Boreholes 6, 7, even
though these hole are not spatially close to 11. On the other hand, Boreholes 28, 29, and 31,
which are spatially closest to borehole 11, register much smaller pressure increases in response to
air injection in Borehole 11. Based on the air injection data, borehole video logs and fracture
mapping data, it was determined (Birkholzer and Tsang, 1996) that there is a vertical high
permeability feature (permeability values of darcies) about 4 meters in extent, which intersects
the Boreholes 11, 2, 6, 8, 12, 7, and 13, while the rest of the Single Heater Test block exhibits a
lower permeability background. The pressure response in Boreholes 28, 29, 31 are through the
lower permeability background. For injection and monitored zones that are closely spaced, the
characterization data of the DST show the same kind of response exhibited by those of Boreholes
28, 29, 31 in the Single Heater Test; when distance between injection and monitoring sections
increase to tens of meters, the DST characterization data show a pressure rise of a -uh smaller
magnitude. None of :he DST data collected have the same characteristics as those pressure
responses shown in Figure 16b, where distance holes give a pressure response similar in
magnitude to that of the injection zone. The characterization data in the 14 holes from the AOD
therefore do not reveal a direct connection on the scale of tens of meters. Rather, the data support
the conceptualization of the fractures as a heterogeneous continuum.

Summary

Characterization by air permeability tests, prior to the onset of heating, was carried out in the
Drift Scale Test block from 14 boreholes collared on the Access/Observation Drift. Conclusions
drawn from the field measurements are based upon qualified data. Estimate of permeability
values from steady-state pressure response show a range from 8.8 x 10 -16 m2 to 2. x 1012 2in.

These are of the same order of magnitude as those obtained form the Single Heater Test area
(Tsang et al., 1996), as well as ,hose obtained Prom surface-based air-injection tosts in vertical
boreholes for the Topopah middle non-lithophysal stratigraphic unit (Rousseau et al., 1996).

Consistent with the borehole videos, which indicate that all the boreholes are intercepted by
numerous fractures, the interference air permeability data indicate that the fractures are well
connected, in that a pressure response to air injection is obtained in most monitoring zones.
However, the magnitude of the pressure response is typically small in monitored zones as
compared to that in the injection zone, and a direct connection between two zones by a large
fracture such as that found in the Single Heater Test block (Birkholzer and Tsang, 1996) is not
evidenced here. This is not inconsistent with the fracture mapping from a Detailed Line Survey
performed by the USGS/Bureau of Reclamation in the ESF. Sonnenthal and Ahlers (1997)
reviewed and analyzed the data to determine the properties and distribution of fractures along the
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complete length of the ESF. They showed that more than half of the mapped fractures have
lengths below 1 m and an average spacing of .5 m; and while the lengths of the fractures range all
the way to greater than 18 m, the spacing of the fractures increases quickly with their lengths. In
fact, the mean spacing between fractures greater than 10 m is 20.9 m (with a standard deviation of
25 m). Therefore, the DST block may be conceptualized as a fracture continuum formed by well-
connected and mostly "short" fractures. The estimated local permeability values have a geometric
means of 1 x 10 -1 ni2 and a median values of 1.4 x 1O3 "n 2 . Since a discrete large permeability
feature is not found in the set of 14 holes tested, and since in a continuum the fluid flow will seek
out the least resistive path while avoiding low permeability regions, the fractures in the DST are
well approximated by a continuum with an average permeability on the order of 10-'3 m2 .

As boreholes in the Heated Drift become available, further air injection tests will be carried out in
them. Detailed interference data will also be obtained from the twelve hydrology holes (57
through 61, 74 through 78, 185, 186 ) as shown in Figure 1 after the installation of permanent
high temperature packers. These future data will help to refine the present conceptual model for
the fracture permeability structure in the DST area.
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Characterization of the DST Area
Packer Positions in 14 AOD Boreholes
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Figure 3. Packer positions for the air permeability tests.

22



Local Air Permeability Estimates
normalized to 2 darcies, color code in logarithm scale
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Pressure Response from InjecUon In Zone 52-3 (March 5, 1997-01)
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Figure 6a. Interference pressure data from injection in 52-3.
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Figure 6b. Interference pressure data (for AP > 20%) from injection in 52-3.
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Pressure Response from Injection !n Zone 52-3 (March 5, 1997 - 01)
(< 20%,> 6% of maximum iP)
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Figure 6c. Interference pressure data (for 20% > AP > 6%) from injection in 52-3.
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Figure 6d. Interference pressure data ( for AP < 6%) from injection in 52-3.
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Pressure Response from Injection in Zone 51-1 (Nov. 21, 1996 -03)
(> 0.5% of maximum ,P)
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Figure 7a. Interference pressure data (for AP >0.5%) from injection in 51-1.
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Figure 7b. Interference pressure data (for AP < 0.5%) from injection in 51-1.
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Pressure Response from Injection In Zone 78-2 (Nov. 22,1996 - 06)
(> 20/ of maximum AP)
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Figure 8a. Interference pressure data (for AP > 2%) from injection in 78-2.
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Figure 8b. Interference pressure data (for AP < 2%) from injection in 78-2.
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Pressure Response from Injection in Zone 75-I (Feb. 28,1997- 01)
( > 5% of max. AP)
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Figure 9a. Interference pressure data (for AP> 5%) from injection in 75-1.
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Figure 9b. Interference pressure data (for AP < 5%) from injection in 75-1.
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Pressure Response from Injection In Zone 69-3 (Feb. 27, 1997 - 06)
(I> 5% of maximum AP)

2

IL

a.

1.5

40.

S

30

20

0.5 _X- I........ . 0.

17:57:07 18:00:00 18:02:53 18:05:46 18:08:38 18:11:31 18:1424 18:17:17 18:20:10 1823:02 18:25:55

Tnme

Figure I Oa. Interference pressure data (for AP > 5%) from injection in 69-3.

Pressure Response from Injection In Zone 69-3 (Feb. 27,1997 - 06)
(S 5% of maximum SIP)

.70

. 60

. 50

.40 FJ
0

i
C

. 30 1

. 20

.10

-Z
IL
x

IL.4

17:57:07 18:00:00 18:02:53 18:05:46 18--08:38 18:11:31 18:1424 18:17:17 18:20:10 18:23-.M 18:25:0

Time
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Pressure Response from Injection in Zone 69-3 (March 5,1997 - 07)
(I> 3% Of maximum AP)
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Figure I1 a. Interference pressure data (for AP > 3%) from injection in 69-3.
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Figure 1 l b. Interference pressure data (for AP < 3%) from injection in 69-3.
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Pressure Response from Iniection In Zone 51-2 (Feb. 27, 1997-03)
( > 10 ot rmaximum AP)
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Figure 12a. Interference pressure data (for AP > 10%) from injection in 51-2.
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Figure 12b. Interference pressure data (for 10% > AP > 3%) from injection in 51-2.
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Pressure Response from Injection In Zone 51-2 (Feb. 27, 1997 -03)
(<c 3% of maximum AP)
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Figure 12c. Interference pressure data (for AP < 3%) from injection in 51-2.
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Pressure Response from Injection in Zone 48-3 (Feb. 28, 1997 -10)
(> 8% of maximum AP)
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Figure 13a. Interference pressure data (for AP > 8%) from injection in 48-3.
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Figure 1 3b. Interference pressure data (for AP < 8%) from injection in 48-3.
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Pressure Response trom Injection in Zone 69-1 (Nov. 20, 1996- 01)
(> 1% of maximum AP)
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Figure 14a. Interference pressure data (for AP > 1%) from injection in 69-1.
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Figurel14b. Interference pressure data (forTA'< 1%) from injection in 69-1.-
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Pressure Response from Injection in Zone 53-1 (Nov. 22, 1996- 02)
(a 3% of maximum AP)
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Figure 15a. Interference pressure data (for AP < 3%) from injection in 53-1.

Pressure Response from Injection In Zone 53-1 (Nov. 22. 1998 - 02)
( 3% of maximum AP)
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Figure 15b. Interference pressure data (for AP' < 3%) from injection in 53-1 -
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Pressure Response from Injection in Hole 11 (May 28,1996- 04)
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Figure 16a. Pressure response from nearby holes from injection in Hole 11 in SHT block.
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Figure 16b. Pressure response from distant holes from injection in Hole 11 in SHT block.
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