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GRI DISCLAIMER

LEGAL NOTICE: This report was prepared by Sandia National Labora-
tories as an account of work sponsored by the Gas Research Institute
(GRI). Neither GRI, members of GRI, nor any person acting on behalf

of either,

a. Makes any warranty or representation, express or implied,
with respect to the accuracy, completeness, or usefulness of
the information contained in this report, or that the use of
any apparatus, method, or process disclosed in this report

may not infringe privately owned rights; or

b. Assumes any liability with respect to the use of, or for
damages resulting from the use of, any information,
apparatus, method, or process disclosed in this report.

The data, conclusions, and calculations presented in this Quarterly
Report are preliminary and should not be construed as final.
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RESEARCH SUMMARY

High Energy Gas Fracturing Development

Sandia National Laboratories
GRI Contract Number: 5080-321-0434

J. F. Cuderman

October-December 1982
Quarterly Report

To develop and optimize the High Energy Gas Fracturing
(HEGF) technique to produce multiple fractures around
a wellbore in order to stimulate natural-gas produc-
tion in Devonian shale.

Most gas wells in Devonian shales require stimulation
to obtain commercially economic production. Tradi-
tionally this has been done with high explosives, and
more recently with hydraulic and foam fracturing.
However, high explosives can produce a crushed, com-
pacted region in the immediate vicinity of the well-
bore that can effectively seal off production. The
HEGF technique uses a wellbore charge of a propellant
tailored to produce pressure loading in the borehole
that avoids crushing yet produces multiple fractures
radiating from the wellbore. Work to date has devel-
oped an understanding of multiple fracturing by pro-
pellant deflagration. The multiple-fracture regime
has been characterized and related to parameters such
as borehole size, pressure risetime, and surface-wave
velocity. Pressure risetimes and peak pressures,
measured for different propellants in boreholes of
varying diameters, have made it possible to specify a
propellant for a desired peak pressure and pressure
risetime. Semiempirical models, using results from
previous experiments, successfully relate stress,
acceleration, and fracture radili in surrounding rock
to peak pressure and pressure risetime. A finite-
element model also has been developed which predicts
fracture type and direction of fractures as a function
of pressure loading, in situ stress, and material pro-
perties., A full-scale HEGF system has been developed
for application in gas-well-stimulation experiments in
Devonian shale,

During this quarter, a proof test of the full-scale
HEGF system was conducted at the Nevada Test Site
(NTS). The designed pressure pulse of 0.5 ms risetime
was achieved, and the tamp remained in place during
the test. The boreholec was successfully cleared



Technical
Approach

posttest. Multiple fracturing was verified with a
downhole TV camera. The test of the full-scale hard-
ware and its operational capability was successful.
As a result, the HEGF system is ready for application
in gas-well-stimulation experiments in Devonian shale.

An important aspect of the HEGF-~development program
was to establish safe handling procedures for propel-
lant, ignitors, and propellant~canister segments.
Tests were conducted to determine worst—-case accident
scenarios to establish sensitivity to shock and fire.
There appears to be no risk of initiation resulting
from shock or breakage of the propellant-canister
segments. The burning of propellant-canister segments
does not appear to result in consequences signifi-
cantly more severe than the flash fire resulting from
an equal amount of unconfined propellant being burned.

The HEGF program has consisted of three parts: (1) in
situ experiments at NTS, (2) modeling activities, and
(3) full-scale experiments in Devonian shale. The in
situ experiments served to determine peak pressures
and pressure risetimes as a function of propellant
type and borehole diameter. They also served to
verify model predictions, to develop a workable tamp
design, and to test prototype hardware being developed
for experiments in Devonian shale. The in situ ex-
periments were conducted both in a tunnel complex and
in existing vertical boreholes. The tunnel exper-
iments permitted mineback for direct observation of
fracturing obtained. Modeling activities consisted of
both semiempirical modeling, used to predict fracture
regimes for instrument settings, and finite-element
modeling, used to analyze experimental results and
predict fracture geometry. Both the modeling effort
and the in situ experiments were directed toward the
design of experiments in Devonian shale planned for
the spring of 1983. The hardware and operational
capability for those experiments were proof-tested in
a vertical borehole at NTS during this quarter.
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l. OVERALL OBJECTIVE OF THE PROGRAM

The overall objective of the High Energy Gas Fracture (HEGF)
development program is to develop and optimize the HEGF technique to
produce multiple fractures about a wellbore in order to stimulate

natural-gas production in Devonian shale.

2. CURRENT YEAR (APRIL 1982 - MARCH 1983)

2.1 ©Specific Objectives for Current Year

2.1.1 In Situ Experiments

Develop hardware and tamp technigque for full-scale HEGF experi-

ments in Devonian shale.

2.1.2 Finite-Element Modeling

Continue development of finite-element models to improve analysis

of fracture behavior.

2.1.3 Full-Scale Experiments

Perform full-scale experiments using the HEGF technique in

Devonian-shale gas wells.

2.2 Work Plan (Tasks) for Current Year

2.2.1 1In Situ Experiments

Develop a tamp design and emplacement method that contains the
propellant burn and leaves the instrument and messenger cables and

residual hardware in place for facilitating posttest removal.



Conduct a test of tailored-pulse loading in Eleana argellite (a
second lithology more closely resembling Devonian shale).

2.2.2 Finite-~Element Modeling

Refine the treatment of plastic flow and incorporate propellant-
burn and gas-dynamic models into the finite-element analysis.

2.2.3 Full-Scale Experiment

2.2.3.1 Hardware Design and Fabrication ~- Design and fabricate

hardware to be used in the full-scale experiment in Devonian shale.

2.2.3.2 Component Testing ~- Test individual components and

improve designs where necessary.

2.2.3.3 Proof Test of Hardware at NTS

2.2.3.4 Full-Scale Experiments in Devonian Shale

2.2.3.5 Safety Evaluation -- Perform drop tests and burn tests

of the propellant canister to establish safe handling procedures for
the propellant, rapid ignition propagation (RIP) ignitors, and as-

sembled propellant~canister segments.

2.2.3.6 Gap Tests -- Conduct tests to determine the maximum
acceptable separation, or gap, between individual propellant-canister
segments so that the RIP ignitor in one segment successfully initiates

the RIP ignitor in the one below it.



3. PREVIOUS QUARTER (JULY - SEPTEMBER 1982)

3.1 Work Performed during Previous Quarter

3.1.1 Tamp Development

A stemming scheme was devised whereby a roughly 12~foot (3.7-m)
section of dry Overton (Nevada) sand was capped by a 2-foot (0.6-m)
plug of fast~setting, sulfate-based cement (2CaSO4°H20) and sand
(50/50 mixture). A squib—-activated tamp-emplacement canister was
designed to deliver sand, cement/sand mixture, and water to the

desired depth in the borehole.

3.1.2 1Incorporation of Plastic Flow in the Finite-Element Model

Previous finite-element calculations of gas fracture used a mate-
rial model with a tensile-fracture criterion and elastic behavior in
compression.l Since it is likely that material would flow plastically
under high loading rates, the inclusion of plasticity provides a
better qualitative correspondence to observed experimental results at
high loading rates. As a result, scoping calculations with both
plasticity and tensile fracture were incorporated into the finite-

element model.

3.2 Conclusions from Previous Quarter's Work

3.2.1 Tamp Development

Tamp development tests indicate that (1) dry sand cannot be
reliably emplaced from the surface in a damp wellbore of even a few
hundred feet depth, (2) the cement/sand plug must be used to retain
the package in place, and (3) the exterior of the cable tube must be
roughened to improve adhesion between the sand tamp and the cable

tube. Because the water was allowed to permeate into the cement/sand



plug overnight after emplacement, there was minimal upward motion of
the experiment package during the propellant burning.

3.2.2 Incorporation of Plastic Flow in the Finite~Element Model

Modeling plastic flow in materials subjected to high dynamic-
loading rates improves accuracy in predicting fractures resulting from
borehole pressurization. The new calculations provide a better quali~
tative correspondence to the observed experimental results at high

loading rates.,

4. CURRENT QUARTER (OCTOBER - DECEMBER 1982)

4.1 Work Planned for Current Quarter

4.1.1 Proof Test of System for Full-Scale Experiment

Proof-test the entire hardware package that will be used in the
full-scale experiments in Devonian shale. The proof test is to be
conducted in a 6-3/4-in (0.17-m) diameter borehole in ash~fall tuff at
the Nevada Test Site (NTS).

4.1.2 Safety Evaluation

Perform drop tests and burn tests of the propellant canister to
establish safe handling procedures for the propellant, RIP ignitors,

and assembled propellant-canister segments.

4.1.3 Refinements to the Semiempirical Model and Its Applications

Refine semiempirical equations that predict the conditions
required for multiple fracturing to include the influence on pressure
risetime of increased free volume (canister void space plus annular
volume between canister and borehole). The refined model is applied
in specifying a propellant mixture that produces multiple fracturing

in the proof test.



4.2 Work Actually Performed during Current Quarter

4,2.1 Proof Test of System for Full-Scale Experiment

A proof test of the full-scale package was conducted at NTS on
October 27, 1982. A 6-3/4-inch (0.17-m) diameter borehole in ash-fall
tuff (total depth = 361 £t [110 m]) was backfilled with pea gravel to
a depth of 238 ft (72.5 m). The test package included a 96.20-ft
(29.32-m) long propellant canister, a 3.50-ft (1.06-m) long firing
module/pressure~-transducer canister, a 19.34-ft (5.89-m) long cable
tube, and a 26.88-ft (8.19-m) long tamp-emplacement canister (Figure
1). The entire package weighed approximately 1550 1lb (700 kg).

The propellant canister consisted of 12 segments, each 8 ft (2.4
m) long. It contained 769 1lb (349 kg) of M5 propellant, in a mixture
by weight of 20% smaller-grained M5(A) and 80% larger-grained M5(B).
The composition of the mixture was determined on the basis of results
from previous experiments but was adjusted for the 2.5-times~greater
free volume of the proof-test borehole compared with the borehole used
in the GF4 experiment (see Section 4.2.3). Figure 2 is a schematic of
a single propellant-canister segment. FEach segment consisted of a
section of 5-5/8-in (0.14-m) OD polyvinyl chloride (PVC) tubing, two
threaded PVC mating endcaps, and a centered RIP ignitor. The RIP
ignitor consisted of 1/2-in (0.013-m) diameter PVC tubing that con-

tained a mild~detonating fuse (MDF) surrounded by BKNO, along its

length. The ends of the MDF terminated with a 1/8~-in éiameter flyer-
plate assembly in close proximity to a similar plate in the next
canister in the train. Thus each RIP ignitor initiates the one below
it. The propellant filled the annulus between the RIP ignitor and the
5-5/8-in (0.14-m) OD PVC tubing. The canister design is such that the
endcaps shield the ends of the RIP ignitor. This allows the canisters
to be placed on end for easier loading, protects them from damage, and
enhances safety. PVC was selected for the canister material because
it shatters on sudden pressurization, is readily available, and is
economical. Moreover, standard 5-in PVC tubing has sufficient

strength to support several hundred feet of joined propellant-canister
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Figure 1. Schematic of Proof-Test Downhole Hardware
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Figure 2. Schematic of Propellant Canister Segment



segments. The bottom of the first segment was capped with a nose
cone. Individual propellant-canister segments were mated by threaded
aluminum coupling rings. A detent groove in the coupling ring enabled
each topmost propellant-canister segment of the downhole train to be
clamped and supported while the next segment was being attached. A
small assembly containing two exploding-bridge-wire (EBW) initiators,
in contact with a strip of MDF, was attached to the top of the final
propellant~canister segment, so that the MDF mounted flush against the
top end of the last RIP ignitor. The EBW initiators, and in turn the
MDF and the topmost RIP ignitor, were ignited by high-voltage output
from the firing module (Figure 3). Figure 4 is a scquence of photo-

graphs showing the propellant-canister hardware and installation.

The firing module/pressure~transducer canister, made of aluminum,
mounted directly above the EBW initiators and directly below the
stemming-feedthrough cable tube (Figure 5). The cable tube was 2-in
(0.051-m) OD, 0.25-in (0.0064-m) wall, aluminum tubing, the surface
roughened by sandblasting to improve adhesion between the sand tamp
and the cable tube. This, together with circular ribs welded to the
exterior of the tube, prevented the cable tube from moving vertically
during the test. An electrical messenger cable from the firing mod-
ule/pressure-transducer canister was run up through the tube and
terminated in a connector at its top. The cable-tube connector mated
with a detachable connector at the lower end of the primary cable--a
nine~-pair cable that ran through the tamp-emplacement canister. The
tamp-emplacement canister and cable-tube supports were joined by a
shear-pin connector designed to shear with a 6000-1lb (2700-kg) pull.
The top of the tamp-emplacement canister (Figure 6) was fastened to a
wire rope from which the entire assembly was suspended and lowered
from the surface. Figure 7 shows the installation of the cable tube

and tamp-emplacement canister.

After being suspended in the hole, the lower compartment of the
tamp-emplacement canister was filled with sand and topped with a 50/50
mixture of fast-setting, sulfate-based cement (2CaSO4-H 0) and sand.
The upper compartment was filled with 1 gallon (0.004 m™) of water.
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(A)

(B)

(C)

(D)

- (F)

Propellant-canister segments ready for installation. The segment
with a nose cone is the first to be installed.

Topmost propellant-canister segment connected to firing module/-
pressure-transducer canister.

Installation of first propellant-canister segment (note the
safety plate that clamps against the detent groove in the alumi-
num c¢oupling ring).

Intermediate propellant-canister segment screwed together with
one previously installed.

Intermediate segment ready to be lowered. Set screws in aluminum
coupling ring prevent separation after segments are screwed
together and lowered downhole.

Topmost propellant-canister segment, including firing module/-
pressure—transducer canister, ready to be lowered.

Figure 4

11
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Figure 5. Schematic of Cable Tube with Sand Tamp in Place
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(A) Installation of cable tube (note O-rings
to exclude moisture; all connections
including those between propellant-
canister segments are similarly
designed).

(B) Sand stop in place at the lower end of
the cable tube (prevents sand from
filling the propellant canister/borehole
annulus).

(C) 1Installation of tamp-emplacement canis-
ter. The tamp-emplacement canister is
attached to the shear-pin connector
after being raised into position,

Figure 7. Photographs of Cable-Tube and Tamp-
Emplacement-Canister Installation

14



The package was lowered and suspended from the top of the casing when
the propellant~canister nose cone reached the top of the pea-gravel
plug (240-ft [73-m] depth). Electric squibs in the tamp-emplacement
canister were fired through a secondary two-pair cable from the sur-
face to release first the sand and cement/sand mixture and then the
water. A sand stop at the lower end of the cable tube prevented the
sand from filling the propellant-canister/borehole annulus. The
resulting tamp was designed to provide 12 ft (3.7 m) of sand tamp
capped by 2 ft (0.6 m) of cement/sand mixture. The experiment was
left in the borehole overnight to permit water permeation and "set-up”

of the cement/sand plug.

The 20/80 mixture by weight of M5(A)/M5(B) propellants was deter-
mined to produce multiple fracturing in the ash-fall tuff surrounding
the borehole. Ignition of this mixture was calculated to yield a
pressure pulse whose risetime would be in the range of 0.4 to 0.7 ms
with a peak pressure in the 10,000 to 30,000 psi (70 to 210 MPa)
range. Figure 8 is a plot of pressure versus time during the test.
The first peak was regarded as the relevant peak for determining
fracture behavior. It is believed that the break in the pressure
risetime coincided with fracture formation and accompanying free-
volume increase. Figure 8 shows that the peak pressure was 16,000 psi
(110 MPa), and the pressure risetime was 0.5 ms. An acceleration of
about 1.2 g (11.8 m/sz) was measured on the surface at the borehole.

The tamp was successfully retained.

A workover rig and washover tool, as shown in Figure 9, were used
for posttest hardware recovery. The tamp-emplacement canister was
easlily retrieved, because the shear pin had sheared during the experi-
ment (probably because of a standing wave induced by the shot). The
cement/sand plug and sand tamp were removed by compressed air, using
the washover tcol. The cable tube broke off where it mated with the
firing module and was retrieved by the washover tool. Figures 10A
through 10C show the recovered cable tube. The remainder of the
firing module and the pressure transducer were retrieved with the
fishing tool shown in Figure 10D. Figures 10E and 10F show recovered

15
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(A) Workover rig with washover tool
ready to go downhole.

(B) Washover tool showing wire-rope
catchers brazed in the tubing
(to snag downhole hardware

after removing sand tamp using
compressed air).

Figure 9. Photographs of Stemming-Removal Equipment

17



R

%

e

X &

T - : : - 4 \W&w@w 3&%%\ i
S . . . A%Ww&&mw« \@WW

\,\,w«w&

o

o et
-

.

e .

7 &W@% a7
ey
%

R

o e b
et e
v M\N»M\Mw&& \,m«‘\\ Vs ,wwwm,«w»

G SO
i s g%

Lo B
.

LEW

B

Photographs of Recovered Hardware

igure 10.

F

18



(A) Top end of cable tube (minus top supports) showing connector.
(B) Center section of cable tube showing extrusion that probably
occurred during the shot; the circular ribs seen here, together

with sandblasting of the cable tube, served to maximize adhesion
between the sand tamp and the cable tube.

(C) Recovered bottom end of cable tube.

(D) Fishing tool for recovery of firing module/pressure~transducer
canister.

(E) Recovered lower half of the firing module/pressure-transducer
canister still attached to the fishing tool.

(F) Overview of recovered parts from firing module/pressure-~
transducer canister.

Figure 10
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parts. After recovery of this hardware, a drill bit was installed and
the drill stem lowered to a position about 8 ft (2.4 m) below the
depth where the pressure transducer was retrieved. At this point an
obstruction was encountered. The obstruction was drilled out, and the
drill string was taken downhole to a depth of 241 ft (73.5 m) without

encountering further major obstructions.

After borehole cleanup, downhole TV scans showed typically 6 to 8
vertical fractures, confirming that multiple fracturing was achieved.
Figure 11 is two frames from the downhole TV camera, one showing the
wellbore before the test and the other the posttest fractured bore-
hole.

This test of the full-scale hardware and its operational capabil-
ity was successful. As a result, the system is ready for application

in gas-well-stimulation experiments in Devonian shale.

4.2.2 Safety Evaluation

An important aspect of the hardware-development program has been
to establish safe handling procedures for the propellant, RIP igni-
tors, and individual propellant-canister segments. Tests have been
conducted to determine the behavior of a propellant-canister segment

when dropped or when exposed to fire.

4.2.2.1 Drop Tests -~ Drop tests were conducted to test sensi-

tivity to impact. Propellant-canister segments were dropped 40 ft

(12 m) onto a concrete pad to determine whether they could be initi-
ated by impact. A total of six drop tests were conducted using either
vertical, horizontal, or 45-degree orientations. Figure 12A shows the
drop-test setup.

Drop tests 1 and 2 involved an 8-ft (2.4-m) long, 5-5/8-in
(0.14-m) diameter canister. They were end-on drops with bottom impact
{(normal downhole direction), with RIP ignitors exposed, and with EBW
initiators not installed. 1In each test the canister bounced twice on

the concrete pad and fell across the pad edge, breaking near its
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Figure 11.

POSTTEST WELLBORE

Pictures from Downhole TV Camera

21



S

gt A

T YRR,

A et
A aialy

HA T

S
i
i

Seos |
e

s

Wi
S g g g A
B g 0%

,w«»\@@\

iy

o L

R A IR
i NN w&«

o a «\ﬂ\&@k\k\w\&»\%\ -
Sl Sy a0 P e e et
PRSPty S
R N

o S L L e R
e NS L s
SRR e T L G
S T
G ay e T
?\%\»& ,\w\,\mﬁ\o N N

k2

. e
A \»\\\A««?\v
o o
e
Y Ry
A il SRR L R X A
i R S R R R S
A e
e L R e
e SRR

A

A
i
5

SRS

Mw [ e

A e

i e
LN

oy

Pl
[y e

\w\\m\\m@\\k
o ¢ SO
L v iy
F

o

¥

.

it B

s

5%
RS

i

4 @%\y%mm@%/
W

\WWQ\W\»M\N@%
S et
- e
Gt

Photographs of Drop Tests 1 and 2

Figure 12.

22



(A) Propellant canister suspended on lanyard 40 ft (12 m) above
concrete pad prior to drop test.

(B) Broken propellant canister resulting from end bounce and fall
across pad edge.

(C) Closeup of (B) showing scattered propellant and intact RIP
ignitor.

(D) Double impact marks on pad from end of RIP ignitor housing.

(E) End view of propellant canister showing impacted end.

(F) ©Side view of exposed RIP ignitor after removal of PVC endcap; the
PVC weld between endcap and tubing broke upon impact, making the
endcap freely removable.

Figure 12
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middle and spilling propellant onto the pad and surrounding ground.
The bottom tubing-to-endcap PVC weld also broke, and propellant
escaped from around the end of the RIP ignitor. No initiation
occurred. The RIP ignitor remained intact. Figures 12B through 12F

summarize the results from drop tests 1 and 2.

Drop test 3 used a 2-ft (0.61-m) long, 5-5/8-in (0.l14-m) diameter
canister dropped on its side. It shattered on impact, scattering pro-

pellant. The RIP ignitor remained intact, and no initiation occurred.

Drop test 4 was a repeat of 3. The canister again shattered.
However, in this case the RIP ignitor also broke open, and BKNO3 was
scattered on the pad. The MDF center element was bent but intact.

Again, no initiation occurred.

Drop test 5 used an 8-ft (2.4-m) long, 5-5/8-in (0.1l4-m) diameter
canister that contained an EBW initiator installed at its top. Such a
segment would be the topmost in a propellant-canister assembly. It
was dropped end-on with the EBW initiator impacting on the concrete
pad. The walls of the canister nearest the impacted end shattered,
scattering propellant over the pad and surrounding ground. The RIP
ignitor was twisted and broken in two, including the MDF. There was
no initiation. The EBW initiator was successfully fired posttest.

Figure 13 shows the results of drop test 5.
Drop test 6 used an 8-ft (2.4-m) long, 5-5/8-in (0.14-m) diameter
canister, which was dropped with its axis at 45 degrees to vertical.

It survived intact.

In summary, this series of tests demonstrated no evidence of an

initiation hazard due to impact.

4.2.2.2 Burn Tests -- A series of three tests involving exposure

of propellant canisters to JP-4 fuel fires was completed at Sandia's
Lurance Canyon Burn Facility. The purpose of the tests was to observe

and record the behavior of propellant-canister segments in a fully
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engulfing fire representative of an accidental fire situation. Figure

14 is photographs and Figure 15 is a schematic of the burn-test setup.

The test apparatus consisted of a fuel tub, a canister-support
stand, and an air-curtain system. The fuel tub, 6 ft (1.8 m) in diam-
eter and 2 ft (0.61 m) deep, was filled with water to a level 8 in
(0.2 m) below its top lip. A layer of JP-4 fuel 1~-1/2 in (0.038 m)
deep was added, giving a total burn time of approximately 10 minutes.
The canister-support stand consisted of two 2-in (0.051-m) OD, 1/2-in
{0.013-m) wall, stainless steel pipes placed in parallel across the
diameter of the tub, to hold the propellant-canister segment approxi-
mately 8 in (0.20 m) above the fuel surface. The air curtain was used
to protect the fire from wind effects and was produced by blowing
14,000 ft3/min (6.6 m3/s) of air from an annular area around the lip
of the fuel tub. The fire was ignited remotely via an electric match

and black-powder charge.

Two 30~-ft (9.1-m) stadia poles were placed on opposite sides of
the tub, in line with the canister-support stand. These poles were
marked at 2-ft (0.61l-m) intervals for use in estimating flame height.
Two television cameras, placed 90° apart, were used--one provided a
full frontal view of the canisters and stadia poles, and the other
provided an end view. Figure 16 shows the approximate location of the

video cameras and the stadia poles relative to the test apparatus.

In each of three tests (Table 1) a propellant—canister segment
was burned in a JP-4 fuel fire: the first test with RIP~ignitor ends
shielded to ensure burnthrough on the side of the canister, the second
test with EBW initiator installed, and the third test with RIP-ignitor
ends exposed. Figure 17 presents photographs of the burn sequence
taken from the video record of Test 1l; the times recorded in the lower
left of each frame are in minutes and seconds from initiation of the
electric match. In all three tests, the canister was breached in
roughly 2 minutes, with a resulting flash from the burning propellant
lasting approximately 10 seconds. About 5 seconds after the end of
the propellant burn, the RIP ignitor initiated.
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(A)

Overview of test apparatus with

propellant canister installed
for test 1.

(B) Closeup of test apparatus show-

ing the canister-support stand
and the electric-match leads
attached to black-powder charge

(suspended just above JP-4 fuel
surface).

(C) Closeup of test apparatus with

propellant canister installed
for test 1.

Figure 14.

Photographs of Burn-Test Setup
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Table 1

Summary of

Burn Tests

Propellant Outer
Canister Canister Propellant Ignitor
Test Length End Burnthrough Burnout Burnthrough
No. Diameter (in) (m) Configuration (s) {s) (s) Note
1 5-5/8—~in (0.14 m) 96 (2.4) Unprotected but 118 129 135 RIP ignitor
OD PVC pipe not in flames initiated
2 3-in (0.076 m) 24 (0.61) EBW initator on 87 110 111 RIP ignitor
PVC pipe one end, other did not
end capped initiate
3 5~5/8-in (0.14 m) 24 (0.61) Unprotected in 139 149 163 RIP ignitor

OD PVC pipe

flames

initiated



(A)
(B)
(C)

(D)

30

Initiation of JP-4 fuel.

Background level from burning JP-4 fuel.
Flash from propellant burn when propellant canister was breached.

Initiation of RIP ignitor (one to two second flash after which
the fire returned to background level as seen in [B]).

Figure 17. Selected Frames from Video Record
of Burn Sequence in Burn Test 1




Flames produced by the burning JP-4 fuel were about 4 ft (1.2 m)
high. With burnthrough of the propellant-canister wall, the flames
and burning propellant spewed up about 30 ft (9.1 m). Similar behav-
ior occurred when the RIP ignitors initiated. An additional conse-
quence of the RIP-ignitor initiation was that molten plastic spewed
out over an approximately 20-ft (6.l1-m) radius.

In summary, the danger resulting from a fire in which propellant-
canister segments burn does not appear substantially greater than if
an equal amount of unconfined propellant were burned. The only addi-
tional consequence appears to be dispersal of molten plastic over a

limited area.

4.2.3 Refinements to the Semiempirical Model and Its Applications

During this quarter, modeling activities focused on developing a
simple model to predict the effect on pressure risetime of increasing
the annular volume surrounding a propellant canister. The resulting
model was combined with semiempirical relationships developed previ-
ouslyz—sto specify a propellant mixture that leads to multiple frac-
turing. To describe the model and its application, the model is
discussed within the context of the procedure used to determine the
propellant mixture that will produce multiple fracturing in the proof
test.

4.2.3.1 Scaling Risetime with Changes in Free Volume —-- The

proof test differed from previous experiments in that the annulus
surrounding the propellant canister was enlarged to ensure that the
package would not hang up on emplacement. This required a 6-3/4~in
(0.17-m) diameter borehole. The only previous experiment in ash~fall
tuff employing a 5-5/8-in (0.14-m) OD propellant canister was GF4 of
the MultiFrac series, which was done in a 6-in (0.15-m) diameter bore-
hole. 1In the proof test, the total free volume (propellant-canister
void space plus the annular volume between borehole and propellant
canister) per unit length was more than 2.5 times that in GF4. The
effect of increasing free volume is to increase the pressure risetime

for a given propellant mixture. It was thus necessary to specify a
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faster-burning propellant mixture than was used in GF4 (100% M5([B]) to

obtain a comparable risetime in the proof test.

A scaling relationship was derived that quantified the effect on
pressure risetime of increasing or decreasing the free volume. It was
assumed that the burn-rate equation for M5 propellant holds during the
risetime, tm’ to peak pressure, Pm’ and that the volume remained
constant during that period. This assumption is equivalent to saying
that negligible fracture volume is produced during the risetime to

peak pressure. The burn—rate equation is given as

R = ap" (1)
where
R = burn rate (m/s)
a = linear burn-rate coefficient
P = pressure (Pa)
n = pressure exponent (0.81 for M5 propellant).

It is noted that the propellant-gas-production rate, dm/dt
(kg/s), is proportional to the rate at which the propellant burns.

Thus,

n

= bP (2)

Q1Q
ot 3

where b is the new proportionality constant.

Assuming ideal gas behavior, the relationship between pressure,
volume, temperature, and amount of propellant gas produced in the

wellbore during the test is given by

_ R
PV =m o T (3)
where
P = gas pressure
V = free volume
m = mass of propellant gas in volume V
R = gas constant
T = burn temperature (assumed constant at 3000 K)
M = molecular weight of the gas.
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Differentiating with respect to time, assuming constant free

volume and burn temperature, yields

ap . _ dm R
3t V = 3t | T (4)

Substituting bpP" for dm/dt (Equation 2) and rearranging results in

MV dp _ n
RT at ~ °F (3)

Rearranging and integrating gives

Pm tm
MV ~/P -n =J/.
bRT A P dpP dt (6)

0
where Pm is peak pressure and tm is pressure risetime. Then

l-n
MV Pm

bRT 1l-n = tm (7)

Setting n = 0.81 (Equation 1) results in

P V = (Constant) t (8)
m m

which makes it possible to calculate the pressure risetime, tm , in a
borehole of known free volume, V2' given the risetime, t_ , in2a dif~-
ferent borehole of known free volume, Vl (for the same pr%pellant

mixture and the same size propellant canister). More specifically,

p 0.19V ¢
m 1 m
1 Sp— (9)
0.19 t
P \Y m
m 2 2
2
Because of the weak pressure dependence (Pm0°19), one can scale
simply from the relationship
tm \
1 "1
: = o= (10)
m, 2
4.2.3.2 Risetimes for Multiple Fracturing -- Before specifying a

propellant mixture for the proof test, it was necessary to determine
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the pressure risetime that could be expected to produce multiple
fracturing in the 6-3/4-in (0.17-m) diameter borehole. As has been
previously established,2”5 a suitable pressure risetime must fall

within the interval,

nD/ch < tm < 8ﬂD/CR (11)

where tm = pressure risetime, D = borehole diameter, and CR = gurface-
wave velocity. The curves that have been shown to bound the multiple-
fracturing regime are plotted in Figure 18. This figure shows that
for a 6~3/4-in (0.17-m) diameter borehole, pressure risetimes between
0.26 ms and 4.2 ms can be expected to produce multiple fracturing.

For the proof test, a pressure risetime of 0.5 ms was selected.

4.2.3.3 Specification of Propellant Mixture for the Proof Test

Experiment -- Figure 19 shows the experimentally determined variation

of pressure risetime with borehole diameter, for propellants M5(A) and
M5(B). For a given borehole diameter, any pressure risetime between
that for pure M5(A) propellant and that for pure M5(B) propellant can
be obtained by a proper mixture of the two. A formula for calculating
the mixture of the two propellants that obtains a desired pressure
risetime, tm’ was presented in a previous report.5 A more rigorous
formulation is presented here. Although both formulations give the
same fraction of M5(A) for t, greater than about 0.3 ms, the previous
derivation underestimates the fraction of M5(A) required for risetimes

faster than 0.3 ms.

Results from several mixed-propellant experiments indicate that
for a constant borehole diameter, the risetime varies logarithmically
from one pure propellant to the other. Moreover, the interval from
M5(A) to M5(B) is the same at any borehole diameter, hence the par-
allel lines in Figure 19. As a result, for a given borehole diameter,
the logarithm of the risetime tm for a mixture of the two propellants
can be expressed as a single linear relationship between the loga-
rithms of the risetimes t, and t, for the pure propellants M5(A) and

A B
M5(B). This relationship can be expressed in normalized form by
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A log tA + B log tB

log tm = AT B (12)

where the constants A and B are proportional to the weight fractions

fA and fB of pure propellants M5(A) and M5(B) in the mixture (i.e., A

= afA and B = be, with a and b being constants).

Equation 12 may be rewritten to give

log t = afA log tA + be log tB (13)
m afA + be
and rearranged, using fA + fB = 1 and a/b = k, to give
t
B
log E;
fa = tg €t (14)
log — + k log —
tm tA

The constant, k, was determined empirically from several experi-
ments that used mixed propellants. It was found to be approximately

2. Thus, the mixing formula becomes

t
log ¢
_ m
fA = tB tm (15)
log — + 2 log —
t t
m A

Before calculating fA for the proof test, it was necessary to
determine tB and tA for the larger free volume in the proof-test
borehole. From Figure 19, one obtains for a 6-in (0.15-m) diameter
borehole (that of GF4) tB = 0.5 ms and tA = 0.03 ms. In the proof
test, the free volume was approximately 15.4 in3/in (9.94 x 10“3 m3/m)
while that of GF4 was about 5.9 in>/in (3.8 x 107>

Equation 10, the values of tB and tA can be corrected for the increase

m3/m). Using

in free volume as follows:

15.4

Tg’- 1.3 ms

tB = (0.5 ms)
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and

15.4 _

'—3"'.—9“ = 0,08 ms

tA = (0.03 ms)

Substituting these values, and tm = 0.5 ms (the desired risetime
in the proof test), into Equation 15 yields fA = 0.2. Thus, a propel-
lant containing 20 percent M5(A) and 80 percent M5(B) by weight was

used in the proof test.

5. NEXT QUARTER (JANUARY - MARCH 1983)

5.1 Work Planned for Next Quarter

5.1.1 Sclection of Sites for Devonian Shale Experiments

Negotiate to obtain one or more acceptable sites for full-scale
experiments in Devonian shale. The two leading candidates are sites

in Rowan County, Kentucky, and Miegs County, Ohio.

5.1.2 Improvement in the Design of the Firing Module

Relocate the firing module from the top of the pressure-trans-
ducer canister to a position above the tamp-emplacement canister.
This places the firing module above the sand tamp and reduces costs by

simplifying recovery and making reuse of the firing module possible.

5.1.3 Design of a Downhole Tool for Postshot Hardware Recovery

Design a washover tool to latch onto the top of the cable tube
to retrieve it and the pressure transducer, thus reducing well clean-
up costs. This requires redesign of the top of the cable-tube
assembly.
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5.1.4 Fabrication of a Well-Testing Appartus

Fabricate a well-test apparatus that will allow measurements of
natural-gas flow rates and pressure buildup within a particular inter-

val of a wellbore.

5.1.5 Completion of Gap Tests

Test approximately 30 different gaps between propellant-canister
pairs to statistically determine maximum acceptable gaps.

5.1.6 Finite-Element Model Refinements

Incorporate treatment of gas dynamics and rock response to pro-

pellant burn into the finite-element model.

5.1.7 1Image Transformation of Television Log

Sandia's 54° wide-angle borehole TV camera confirmed multiple
fracturing in the proof test. Imadge processing is being examined as a
possible tool for additional characterization of fracture widths and

spacing.
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5.2 Next Quarter's Work Relative to Overall Work Plan

Table 2 summarizes the current schedule for the program, which
must be regarded as tentative, pending approval for well-site access.
Because sites for the full-scale experiments in Devonian shale are not
yvet designated, they are identified generically as the "shallow" site

and the "deep" site.

Table 2

Current Schedule

Task Dates

1) Modify hardware January l-March 30

a) Move firing module above
tamp-emplacement canister

b) Integrate squib firing
module with relocated
firing module

c) Design washover tool/cable
tube interface

2) Test above unit at NTS April 1-April 30
3) Design, fabricate, and test
well-testing apparatus January l-March 30
4) 1Install stressmeters and accele-
rometers at the "shallow" site February 15-April 1
5) Drill test well at the "shallow"
site April 1-May 1
6) Conduct full-scale experiments
at the “shallow" site May 1-July 1
7) Conduct full-scale experiments
at the "deep® site July 1-July 31
8) Continue advanced modeling January l1-October 1
9) Enhance images from borehole TV
camera January 1l-October 1
10) Analyze system performance January 1-October 1
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