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CYLINDER TEST

SPECIFICATION 1

Cylinder Test Specflcation
by

Richard Catanach, Larry Hill, Herbert Harry, Ernest Aragon, and Don Murk

ABSTRACT
The purpose of the cylinder testis two-fold: (1) to characterize the metal-pushing ability of
an explosive relative to that of other explosives as evaluated by the E19cylinder energy and
the G19 Gurney energy and (2) to help establish the explosive product equation-of-state
(historically, the Jones-Wilkins-Lee (JWL) equation). This specification details the material
requirements and procedures necessary to assemble and fire a typical Los Alamos National
Laboratory (LANL) cylinder test. Strict adherence to the cylinder. material properties,
machining tolerances, material heat-treatment and etching processes, and high explosive
machining tolerances is essential for test-to-test consistency and to maximize radial wall
expansions. Assembly and setup of the cylinder test require precise attention to detail,
especially when placing intricate pin wires on the cylinder wall. The cylinder test is typically
fired outdoors and at ambient temperature.

1.0 SCOPE
The typical Los Alamos National Laboratory (LANL) cylinder test consists of a precision-
machined, annealed, oxygen-free high-conductivity (OFHC) copper cylinder filled with
precision-machined cylindrical segments of solid high explosive (HE). The HE is detonated
at one end, which causes the cylinder to expand in a funnel shape. The radial expansion of
the cylinder wall is observed at an axial location where the detonation velocity is constant
with a rotating mirror streak camera backlit by an argon-bomb flash. The axial detonation
velocity is measured using fine electrical pin wires mounted to the side of the cylinder. The
experiment is shown schematically in Figure 1, along with a reproduction of an actual streak
record.

Tube breaksand detonation
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2 SPECIFICATION

2.0 DEFINITIONS

Amealing-heat treating the cylinder to a recrystallized, dead-soft condition.

Argon bomb (flash)---Used for backlighting the cylinder test in order to view the wall
expansion in silhouette on the fdm record of the streak camera.

Cylinder clamp apparatus---Apparatus used to hold the HE-filled cylinder in place and
compress the HE to the sum of the individual pieces.

Etching-process of dipping the cylinder in an acid solution for removal of oxides.

Fillet—a welding term, used to join two surfaces to one another.

Immersion density-the density of a material as measured by immersion in water.

Plywood blast shiel&for slowing down blast products, it is attached near the top of the
cylinder. Approximate dimensions are 8 in. to 10 in. diameter, 1/2 in. thick, with a hole in
the center just lmge enough to fit around the outside diameter of the cylinder.

Telephone pol~o named because the pin wires hang equidistantly between this pole and
the cylinder, giving it the appearance of a telephone pole.

3.0 GENERAL SPECIFICATIONS

3.1

3.2

3.3

Cylinder Material
3.1.1 Material designation: Alloy 101, OFHC copper, 99.99% purity, 8.94 g/cm3

density. Typical grain size of 25 pm to 30 pm.

Premachined (Initial) Cylinder Dimensions
Nominal copper cylinder dimensions before machining:

3.2.1 Length: 14 in.

3.2.2 Outside Diameter (OD): 1.2 in.

3.2.3 LnsideDiameter (ID): 1.0 in.

Postmachined (Final) Cylinder Dimensions
Final cylinder dimensions tier machining are as follows, one may also reference
drawing number 34Y-168189 in Appendix A. Machining procedures to meet this
specification can be found in Appendix B.
3.3.1

3.3.2

3.3.3

3.3.4

3.3.5

Length: 11.800 * 0.002 in.

OD: 1.2000& 0.0005 in.

ID: 1.00000 + 0.00025 in.

Wall Thickness: 0.10000 &0.00025 in.

Cylindricity: * 0.0002 in.

Los Alamos



CYLINDER TEST

SPECIFICATION 3

3.4 Cylinder Heat Treatment
Once machined to final specifications, the copper cyhder is ready for annealing and
etching. The annealing process (heat treatment) provides a dead-soft condition in the
cylinder and relieves any stresses induced by machining and any residual work from
initial fabrication. The dead-soft condition allows for maximum elongation and ductility
of the material. Particular attention should be taken to avoid over- or under-annealing to
prevent grain size growth. The etching process removes residual oxides from the
cylinder exterior and slows oxidation of the material, which could potentially contribute
to premature failure of the cylinder during expansion. The LANL heat treatment and
etching procedure can be found in Appendix C.

,3.5 High Explosive Machining
The HE is machined as a right circular cylinder. The OD of the HE should be machined
to a custom fit, approximately 0.001 inch less than the ID of the cylinder, to achieve a
nice slip-fit within the annulus of the cylinder without interference. The ends of each
HE cylinder need to be flat and parallel to minimize air gaps after insertion into the tube
and for good contact between the HE pieces. Cylinder tests using HE material for
baseline experiments are machined to a l-inch or 2-inch height. Stockpile return
material is machined to a l-inch height. Postrnachined HE dimensions are as follows
(units are in inches):

3.5.1 Diameter: 0.9990 +0.0005

3.5.2 Length: 1.000 *0.005 or 2.000 t 0.010 (dependent upon application)

3.6 Cylinder Test Assembly and Setup
The following details are important to achieve consistent, successful results:
3.6.1

3.6.2
3.6.3

3.6.4

3.6.5
3.6.6

3.6.7

3.6.8

3.6.9

Main&n tight tolerfices in the machining of the copper cylinder and the HE
cylinders.
Careful observation of the metallurgy and heat treatment of the copper cylinder.
Load the HE within the tube slowly to allow captured air between the segments
to escape.
Clamp the HE to the sum of the total heights of the individual HE cylinders to
prevent the copper tube from failing at the joints between the explosive
segments.
Ensure that an HE cylinder joint does not fall in the location of the slit.
Use extreme care to prepme and attach the pin wires to the tube, avoid damage
to the pin wire insulation, check for continuity between the ends of the pin
wires, check for shorts between the pin wires and ground (cylinder), and crimp
the wires to the signal cables on the pin board.
Install a plywood blast shield to slow detonation products from impeding the
view of the streak camera to the slit location on the cylinder.
During setup, align the cylinder on the shot stand perpendicular to the slit to
achieve asymmetric breakout on the film record.
Typical shot data used by LANL are provided as a guide and includ~
● Magnification: 0.33

. Writing speed: 3.0 m.rd~sec

. Slit: single, 2 mil wide

. Lens: 480 mm

. Still photo: F#22 at 1/60 sec. with #58 green falter

. Dynamic photo: F#27 with #58 green filter

.,

,,

,,

,..
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4 SPECIFICATION

3.7

Details of the assembly and setup
procedures typically used by LANL for
their cylinder tests can be found in
Appendix D. They are intended for use as
a guide because other methods may also
be used to meet this specification. A
photograph of a cylinder test setup
showing the cylinder being aligned with
the alignment fixture in place, the plywood
blast shield, argon bomb, pin board,
sandbags, and the shot stand is shown in
Figure 2.

Figure 2. Cylinder test assembly on shot stand.

Data Analysis
Data analysis involves digitizing the wall expansion data (both the left and right sides)
on an optical comparator. When these two nominally identical expansion profiles are
overlaid, the agreement is typically excellent, though not quite within the random scatter
of the data. The small discrepancy can be essentially removed by applying a correction
for the primary sources of misalignment error. The resulting composite data record is
then fit with an analytic form that smoothes through the early ring-up of the cylinder
wall, and the fit is then differentiated to get the radial component of wall velocity. Half
the radial velocity squared is close to the specific kinetic energy of the wall. This
quantity evaluated at 19-mm radial expansion is the Elg stanalzrd cylinder energy.
Another common figure-of-merit is the Gurney energy, which is approximately the
kinetic energy of the explosive and the wall taken together, per unit mass of explosive.
It is customary to quote Glgas the Gurney energy evaluated at 19-mm radial expansion.
The detonation velocity, DO,is determined from the slope of the best-fit line to the x-t
pin data.

A Mathematical@software program “illathematica Analysis of Cylinder Test” (written by
Larry Hill) is used to analyze cylinder test data. A sample program is attached in
Appendix E for reference. Further information on the cylinder test analysis can be
found in the Hill/ Catanach report.1

REFERENCE
1. L. G. Hill and R. A. Catanach, “W-76 PBX 9501 Cylinder Tests,” Los Alamos

National Laboratory report LA-13442-MS (July 1998).
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CYLINDERTEST
6 APPENDIXB SPECIFICATION

B-1

B-2

CYLINDER’MACHINING PROCEDURE

Tooling Requirements
The following tooling is recommended for machining the copper cylinders:

● Lathe
. Aluminum plug, 1.5 in. long by l-in. diameter

● Boring bar
. Reamers (0.980-, 0.985-, 0.990-, 0.992-,0.995-, and 0.998-in. diameters)

. Hone

. Air bore gauge with indicator

. Mandrel, tapered (l-in. diameter by 12 in. long, A-2 tool steel, RC 59-62, tapered
0.0005irl.m)

Machinhw Procedures
B-2. 1
B-2.2
B-2.3
B-2.4
B-2.5

B-2.6
B-2.7

B-2.8

B-2.9

B-2.1O

B-2.11
B-2.12

fit the cylinder to a length of 14 in.
Set the cylinder upon a lathe, and face the ends square.
Insert the aluminum plug within the ID of one end of the tube.
Using a boring bar, start boring the ID of the tube to about 0.005 in.
Ream the ID using the smallest possible reamer. Begin reaming approximately
0.001 in. at a time. Continue reaming the ID using a succession of increasing
reamer diameters until the ID is within 0.0005 in. of the desired dimension
spedled in 3.3.
Remove the cylinder from the lathe, and set it up on the hone.
Hone the last 0.0005 in. off of the ID.Periodically verify the ID along the entire
cylinder length using the Air-Bore Gauge and Indicator.
Correct any deviation fkom the +0.00025-in. tolerance specified in 3.3 by rehoning
the deficient area
To machine the OD, slip the cylinder over the tapered mandrel. To expedite the fit,
one may chill the mandrel in a freezer and heat the copper cylinder in boiling water
just before slipping the cylinder on the mandrel. The contraction of the steel
mandrel and expansion of the copper cylinder allows for a smoother fit of the
mandrel within the cylinder ID. When the materials return to room temperature, the
mandrel and cylinder return to their original size, are joined, and the cylinder OD is
ready to machine.
Set the mandrel/cylinder combination on a lathe and turn the OD between centers.
Ver@ the cylinder OD and correct any deviation from the 0.0005-in. tolerance.
Once machining is complete, cut the cylinder ends to the length specified in 3.3.
Remove the cylinder from the mandrel by placing the assembly in boiling water.
The highly conductive copper will expand at a faster rate than the steel mandrel and
facilitate the removal.

Los Alamos
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SPEC~CA~ON APPENDIXc 7

c-1

c-2

c-3

CYLINDER HEAT TREAT AND ETCHING PROCEDURE

Annealing Process
C-1.l If annealing more than one cylinder, each cylinder must be heat-treated separately.
C-1.2 Heat-treat at 350”C for one hour in a vacuum furnace to attain a fully recrystallized,

dead-soft material.
C-1.3 Introduce argon gas into the furnace to facilitate heating and cooling of the cylinder.

Etching Process
C-2.1

c-2.2

C-2.3

C-2.4

C-2.5

~lu~ Cylinder Ends
Plug both endsof the cylinder with rubber stoppers to prevent affecting the interior
surface of the cylinder.
Electro-polish -
Electro-polish the outer cylinder surface by immersing the cylinder into a solution of
50 gdl sodium hydroxide, 25 gd.1 sodium carbonate at 80°C with a lo-volt dc
applied a.nodiccurrent.
Acid etching
Remove residual oxides from the outer cylinder surface by ~id-etehing tie exterior
surface in a pickled 40 vol % solution of hydrochloric acid.
Finish coat amiication
After etehing, apply a solution of 250 gdl chromic acid and 2.5 gdl sulfiuic acid
to the surface to slow oxidation.
Rinse and dry
Rinse the cylinder in deionized water and dry.

Wrapping
C-3.1 Wrap a 0.5-in.-wide strip of the cylinder in the region of the slit with cellophane to “

minimhe oxidation and damage to this region. The slit location is approximately 7.4
in. from the initiated end of ti-e cylinder (~r 4.4 in. from the opposit;;nd). -

C-3.2 Wrap the entire cylinder with Kimwipes@or paper towels and place in a ZipLoc@-type
bag until ready for assembly to minimhe damage and oxidation to the cylinder.

C-3.3 The cellophane wrap around the slit location must be removed by the firing site
technician just before the test setup.

Los Alamos
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CYLINDER

D-1 Material Requirements
. Polycarbonate base

. OFHC copper cylinder

TEST ASSEMBLY PROCEDURE

. Cylindrical segments of high explosive

. Barco Bon&
\

● Cylinder clamp apparatus

. Fonnvar@ coated copper wire, 0.002-in. diameter

. Formvar@ stripper

. Telephone pole
● 1l-pin pill board

● Wire crimps
● Kapton@tape

● Plywood blast shield

. P-16 plane wave lens with PBX 9404 or PIBX9501 booster

. PBX 9407 pellet (0.5-in. diameter by 0.5-in. height)

. SE-1 detonator and adapter

D-2 Cvlinder Preparation
D~2.1

D-2.2

Perfom’ a visual inspection of the interior and exterior walls of the cylinder for any
defects. Defects that could affect the performance of the cylinder expansion should be
noted.
Keep the cylinder interior Ike of any infiltration of foreign matter that has a potential
to introduce air pockets between the HE and the wall. The use of Kimwipes@ is
suggested to mai&ain cleanliness within the cylinder.

D-3 HE Pre~aration
D-3.1

D-3.2

D-3.3

D-3.4
D-3.5
D-3.6

Measure the density of the HE (by immersion) before insertion into the cylinder and
document according to D-3.6.2.
Visually inspect the HE for defwts (burrs, chips, cylindricity, flashing around edges
due to pressing, etc.). Note any defects that could affect the performance of the HB
or the final results of the test.
Visually inspect the ends of each HE piece for flatness. Kimwipes@ can be used to
gently rub over the HE to attain a smooth, flat surface.
Measure the height of each HE cylinder (to the nearest 0.0001 in.).
Calculate the total height of all the HE cylinders to be inserted into the tube.
Documentation
Record the following information for each HE cylinder and keep with the test folder
for each cylinder testi
D-3.6.1 Piece numbers
D-3.6.2 Immersion density (g/cm3)
D-3.6.3 HE cylinder heights (in.)
D-3.6.4 Total height of all the HE cylinders (in.)
D-3.6.5 HE cylinder diameters (in.)

Los Alamos
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D-4

D-5

Cylinder Scribe Marks for Pin Wires
D-4.1 Careful pin wire placement on the

cylinder is critical for obtaining
accurate HE detonation velocity.
Before inserting the HE into the
cylinder, very lightly scratch scribe
markson the exteriorof the cylinder
using a height gauge as shown in
Figure 3. The scribe marks are used
as reference for placement of the
2–roil-diameterpin wires.

D-4.2 Scribe the fiist mmk (very lightly)
1.0 inch (25.4 mm) from the top end
of the cylinder (the top end is
furthest from the slit location).
Lightly scribe the remaining nine
marks in one-inch increments from
the previous mark. Document the
scribemarklocations as described in
D-6.5.1 below.

HE Insertion into Cylinder
D-5.1

D-5.2

D-5.3

D-5.4

D-5.5

Figure 3. Height gauge to scribe marks for pin wires.

Insert the HE cybders one at a time, end to end, into either end of the copper tube.
Load the HE at a relatively slow rate to allow the air introduced between the pieces to
evacuate. Document the piece number and the order in which each piece was inserted
into the cylinder according to D-5.9.1.
Once all the HE is loaded, allow approximately 0.10 in. of HE to extend beyond each
end of the tube. Lay the cylinder down on a piece of felt and glue a fillet on one end
between the HE and the cylinder using Barco Bond@. Allow sufficient time for the

lue to dry before moving the assembly.
t erify that there is adequate room in
the cylinder clamp apparatus for
placing the HE-filled cylinder. Keep a
finger on the unglued end and place
the assembly in the clamp apparatus,
unglued end face up. The clamp
apparatus is shown in Figure 4 with
an HE-fdled cylinder assembly.
Place the brass die on the HE. Rotate
the clamp knob in a clochvise
direction until just making contact
with the brass die.
Take into account the sum of the total
height of all the individual pieces
(Refer to D-3.6.4). Slowly rotate the
clamping knob to apply constant
pressure zon the HE. Occasionally
check the HE height using a height
gauge. Clamp the HE until the
equivalent combined total height of all
the cylinders is reached.

Fiaure 4. Cylinder test clamp apparatus
(Designed by Herbe~” Harry).

~Los Alamos
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D-5.6

D-5.7

D-5.8

D-5.9

Once the documented sum of total
height calculated from D-3.6.4 is
reached, Barco Bon@ a fillet
between the top piece of HE and the
end of the cylinder as shown in
Fi ure 5.
Alfow sufficient time for the glue to
cure before removing the assembly
from the clamp apparatus.
Once the glue is cured, slowly
relieve the applied pressure and
remove the assembly from the
clamp tid lay it flat on a piece of
felt in preparation for pin wire
application.
Documentation

Figure 5. Gluing fillet between HE and cylinder

D-5.9. 1 Document the order in which each HE cylinder was inserted into the tube,
from top (#1) to bottom (#6 or #12). The bottom HE cylinder is #6 if using
2.O-in. cylinder heights or #12 if using l.O-in. cylinder heights. (The top
HE cylinder is fkthest from the slit region; the bottom is closest to the slit
region.)’

D-6 Pin Wire Assembly
D-6.1

D-6.2

D-6.3

D-6.4

D-6.5

Cut pin wires- so that the longest wire (approximately 16 in.) is placed at the top
scribe mark. Cut the remaining nine wires one inch shorter than the previous wire,
(i.e., 15, 14, and 13 in., etc.).
Coat each wire 1/4 in. from each end with Fornwar@stripper. Allow the wires to soak
for 5 minutes. Then, clean off the ends of each wire with a solvent.
Bend the wires into a check-mark
shape on one end using a sharpened
Popsicle@stick (or equivalent) with
an overhang of approximately 1/2
in. Avoid pulling too hard so as not
to break the pin wires.
Tape the apex of the check mark
(using Kapton@ tape) onto the
cylinder, starting at the top scribe
mark with the longest (16-in.) wire.
Tape the remaining wires to their
respective scribe mark on the
cylinder as shown in Figure 6.
Check each wire for accuracy of
placement using an eyepiece with a
graduated reticle, and document the
deviation of each wire from its
intended mark. Figure 6. Taping pin wires onto the cylinder.
Documentation
D-6.5.1 Note the intended scribe locations for each pin (#1 to #lO).
D-6.5.2 Note any deviation (*O.1 mm) horn its intended mark (for calculating an

accurate run distance along the cylinder).
D-6.5.3 Calculate the actual run distance for each pin and note, using the top pin

(#1) as the reference.

Los Alamos
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D-6.6

D-6.7

Starting with the top pin wire, use Kapton@ tape to tape the wires to the telephone
pole at approximately the same location as on the cylinder. Allow some slack in the
wire between the telephone pole and the cylinder. For the pin wires located near the
slit location: Tape the wires that are above the slit on the pole at approximately 1.5 in.
above the slit location. Tape the wires that are below the slit on the pole at
approximately 1.5 in. below the slit location. This is to allow room for the alignment
fixture between the cylinder and the telephone pole.
Once pin wires are taped to the telephone pole individually, bundle the wires above
the slit location and tape them as a unit to the pole. Do the same for the wires below
the slit location.

D-7 Pin Board Assembly
D-7.1

D-7.2

D-7.3

D-7.4

D-7.5

D-7.6

D-7.7

D-7.8

D-7.9

Ensure that the ‘signal cable braids are not
touching the capacitors on the pin board
and that the center conductor wire is not
touching ground. Place a small dab of
Barco Bon& on the braid where it enters
the pin board and under the center
conductor wire to prevent them from
touching ground.
Set the pin board temporady in its
approximate final location on the base as
shown in Figure 7. Hand measure the
signal cables and cut the ends to within 1
in. of the telephone pole.
Strip the signal cables approximately
0.375 in. (or approximately one-half the
length of the crimpers that will be attached
to the end of the cable). The other one-half
length of the crimper is for inserting the
pin wires.
Insert and crimp the wires individually into
the crimpers attached at the end of the
signal cables from the pin board.
Attach the pin board ground wire to
the cylinder.
Using an ohmmeter, check
continuity between the end of the
pin wires on the cylinder and the
end of the signal cables on the pin
board as shown in Figure 8.
Note on the pin board the
corresponding pin wire number—
#l (top), #10 (bottom>espective
to each signal cable.
Bundle the signal cables and strap
them together with cable ties.
Glue the Dinboard to the base. Fan
out (sep’mate) the end of each
signal cable. Tape each cable to the
base near the telephone pole.

Figure 7. Pin board, cylinder, and telephone
pole on polycarbonate base.

Figure 8. Checking pin wires for continuity.

Los Alamos
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D-8 Miscellaneous—
D-8. 1

D-8.2

D-8.3

D-8.4

D-8.5

Attach the plywood blast shield nem
the top of the cylinder.
Insert one 0.5-in.-diameter by 0.5-in-
long PBX 9407 pellet into an SE-1
adapter and Barco Bon&’ the
detonator adapter to the top of the
plane wave lens (l?WL).
Center and Barco Bon& the PWL on
top of the assembly. A photograph of
atypical cylinder test assembly before
setup on the shot stand is shown in
Figure 9. (Note: A booster may be
required between the PWL and the
cylinder HE. See Figure 2 for an
assembly with a booster).
For alignment of the tube on the shot
stand, LANL uses an alignment
f~ture temporarily attached on the
cylinder at the slit location
(approximately 4.4 inches from the
bottom of the cylinder). The assembly
is then aligned using the cross hairs scribed
Once alignment is completed and just befor

Figure 9. Typical cylinder test assembly.

on the alignment fmture.
‘efining, remove the fixture, being careful

to avoidcutting any of-the pin wfies.
—

D-9 Argon Flash Charge Assembly
D-g. 1

D-9.2
D-9.3

D-9.4

D-9.5

D-9.6

D-9.7

D-9.8

D-9.9

Assemble a 12~in.long by ~%-in. square
internally lined with aluminum foil. An
Figure 10.
Drill a 0.25-in.-diameter hole on one side
Squeeze a line of RT~ sealant
completely around the edges of one
end of the box.
Seal the end of the box by placing a
0.25-in. sheet of glass over the
RT~.
Cut a sheet of drafting Mylar the same
size as the glass. Glue the Mylar on
the glass.
On the other end of the box, glue a
4-in. square by l-in.-thick slab of
Comp B explosive.
Place a fdlet of R2T@ between the HE
and the box.
Insert one 0.5-in.-diameter by 0.5-
in.-long PBX 9407 pellet into an SE-
1 adapter.
Glue the SE-1 adapter in the middle of
the Comp B using a Barco Bon&’/harde
mixture.

(approximately) box using 0.75-in. lumber
assembled argon flash charge is shown in

~to insert the tubing for the Argon gas.

Figure 10. Argon flash charge.

:ner mixture. Use an equivzilent one-to-one

Los Alamos
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Mathematical Analysis of Cylinder Test
Shot # 15=2861

Version: 1.3
Date: 5/1/98
By: Larry Hill, GroupDX-1, LANL

■ E-1. Notebook and Analysis Information (Read this first.)

This program operates interactively. The user is prompted for information and must make decisions based on intermediate

results. The commands should be exezuted in sequence. The cells that are highlighted with a box require the user to supply

information before executing the command.

The program assumes that the cylinder expansion data are read in a pardcular way. The film is aligned with the tiring

direction horizon~ with time increasing to the right. The spatial film coordinate x is read as a function of the time film

coordkate y. The units on the optical comparator should be set to millimeters. Both sides of the data trace are mad into

separate files. The time origin is set to the “jump-off” poin~ where the tube expansion begins. The time origin maybe set

separately for each side, or it may be left the same for each side. (The two time origins will be mutually adjusted for

optimum agreement.)

It is important not to remove or adjust the iilm between the top and bottom readings, and the two sides should be read @th

little delay in between so as to minimize dimensional changes due to shifts in ambient temperature. As ~a~ the upper trace

“U”willhave positive x-values, and the lower trace “L” will have negative x-values.

The pin data am entered manually in Section 10, according to the instructions there.

Date and version informatiorr

In[l]:=

Out[l]=

111[2]:=

out[2]=

Date[]

{1999, 9, 23, 10, 51, 7}

$Ver6ion ,,

Power Macintosh 3.0 (May 6, 1997)

This command turns off spelling error warning messages

In[3]:= Off [General::spelll]

Los Alamos
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■ E-2.Shot Information

Shot number: 15-2861
Shot date: 9/21/98
Description: PBX 9502
Temperature: Ambient
Shotparameters:

Specify the reference nq@fkatiow corresponding to the tube o.d.:

xrI[4]:= magRef = 0.3297 I
Out[4]= 0.3297

Speci@ the writing speed (assureed to be ~onstant across the tilm):

111[5] :=

out[5]=

wspeed = 3.016 (* mdpsec ●)

3.016

Specify the outer radius of the tube

III[6] := RO = 3.5.24 (* - *)

Out[6]= 15.24

Specify the inner radius of tube

IU[7]:= ro= 12.71 (* m *)

out[7]= 12.71

Specify the density of the tube

In[8]:= @+?= 8.94 (* g/cc *)

Out[8]= 8.94

Specify the initial HE densi@

Los Alamos
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zrl[9]:=

out [9]=

po = 1.889 (* g/cc *)

1.889

■ E-3. Film Data

This command sets the dwectory to where the data ilk reside. Specifj the patk

In[lo]:= SetDirectory [
WardDrive: StandardTests:Cylinders:Shots-~linders:9502: w-80:15-2861-]

Out[lO]= H=@rive:Stm&rdTests: @lfid=s:*ots-~linders:95 O2:W-8O:l5-286l

These two cmumands read the data files. Files are identified by u for “upper” and L for “lower,” but it is arbitrary which is

which. Recall that x is the spatial film coordinate and y isthetemporalfilmcoordinate. Speci& the fiIe nsmes:

In[ll]:= dataUyx = ReadList [m15-2861U.racm, {Real, Real}];

Ixl[12]:= dataLyx . ReadList [=15-2861L.racu, {Real, Real]];

■ E-4. Conversion to Real Space-Time

This is the mapping to real space-time coordinates’. He~ t denotes time and e = R - RO denotes the radial expansion of

the outer tube surface relative to its initial position. The term R isusedto denote the outer radius, and r is used to denotp the

inner radius.

The magnification will generally vary slightly across the width of a streak camera. The following formula is a correction for

the Los A1.mos model 72 B camera and a particular lens (Rodcnstock 800 mm). One may substitute different corrections, or

assume a constant magnification, as appropriate Thii equation describes the measured magnification, normalized by the

centerline value, as a function of the spatial film inordinate x measured horn the center of the *

1.0440d
In[13]:= -ME’480[x_] = 1 +

105

ollt[13]= 1 + o.00001044d

This is the actual magnification, which makes use of the reference magnification mag~ef measured at an x position

RO*rnagRef:

magRef MF480 [x]
In [14]:= mag[8_] =

MF480 [ROxmgRefJ

out [14]= 0.329613 (1 + 0.000010442)

This is the mapping function to mal time and space coordinates:

Los
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{
w Ill Ah [WU23]

mf15]:. FZWe[w_] := —,
wspeed rb?lg[wu2n] }

Apply the mapping to the data files:

III[16]:= dataUte = Xap [FNte, datalS~];
dataLte = Map [FNte, dataLyx];

This is tie uncorrected combined data set

In [17]:= dataULte = dataUte u dataLte;

This is a plot of the uncorrected combined data set. Specify the shotnumber for theWe:

In[18J := ListPlot [dataULte, Frame + True,
Prolog + PointSize [0.005], PlotLabel + ‘Shot #15-2861 Umcorreeted Film Data=,
RameLabel + {“Time (/fS8C) “, ‘Radial wal~. expemsion (m) n } ]

I I

Shot #15–2 861 Uncorrected Film Data
1 , ,

Out [18]=

o 5 10 15 20
Time (@cc)

- Graphics -

Los Alarnos
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■ E-5. Tilt and Time-Shift Correction

The most prevalent alignment errors are (1) the slit not behg perfectly normal to the writing direction, and (2) the slit not

being perfectly square with the shot. Both of these errors cause time errors proportional to the radius. For most shots, such “

emors are greater (though often only slightly so) than the background noise. One may remove this error by comparing both

sides of the record, and using the fact that the error is antisymmetric about R = O.

It is equivalent and simpler, to work with the time as a function of expansio~ t [ e], rather thrmof radius. This just

introduces a relative shift in the time origins, which is readily accounted for. These commands transpose the datiz

ml [19]:= met [w_] := {W123 , w~l] }

In[201:= dataUet = Map [E’ZTet, dataute];
dataLet = MEW[met, data.rte];

We now perform an interpolated fit to the data in order to subtract the two data setx

Iil[21]:= tU = Xnterpolat%on [dataUet ]
tL = Interpolation [dataLet]

outf21]= Ineerpolatingl?unction[{{O., 29-1303}}, -=_]

out[22]= InterpolatingFunction [{{O., 29.5115}}, <>]

Find maximum time and radius values for plotting. ‘l?rnaxis the maximum time of the combmed data set

111[23]:= llmszs = Max[Thread [dataULte]~11]

Out[23]= 21.3747

The variable emaxlst is the maximum expansion of the side that breaks first

~ [243:= emasdst = Min[Mmc[Thread[dataUtel E2~], Max[Thread[dataLte] K2B]]

out[24]= 29.1303

The variable emax2nd isthemaximum expansion of the side that breaks second

h [25]:= emex2nd = MUX [Thread[detaULte]12]]

0ut[25]= 29.5115

This is a plot of the two interpolation functions for time as a fimction of expansion. Specify the shot number for the title:

Los Alamos
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In[26]:= Plot[{tU[e], tL[e]}, {e, O, emxlst}, Prolofr+Thickness [O.002],

E&mm -> True, E?remeLebel-b{“Radial wall expansion (mm)m, “T* (jmec)”}.
PlotLabel + “Shot #15-2861 Interpolated e-t Data Traces”]

Shot #15-2861 Interpolated e-t Data Traces

/:

o 5 10 15 20 25
Radial wall expansion (mm)

Out[26]= -Graphics-

‘llisisthetirnedifference betweentbetwo tracesasafunction ofrwlialwallexpansiom

In[27]:= difft[e_] .tU[e] -tL[e]

out[271= Interpolatingl?unction[{{O., 29.1303}}, <>][e]-

Interpolatingl?unction[{(O.,29.5115}}, <>][e]

This is a plot of the difference between the two above interpolation “functions. Specifytheshotnumber for thetitle:

7JI[28]:= Plot [difft[e], {e, O, ~st}, Frm -> Zk-u.e,Prolog+ Thickness [0.002],
=~1 + {“~~ ml ~sion (~) m, UT* (Usec).},
PlotLabel + ‘Shot #15-2861 Difference Betm?mn Interpolated e-t Data Tracesm]

Shot #15-2861 Difference Between Interpolated e–t Data Traces

0.25 “

0.2 -

/:
a
: 0.15 -
~

g 0.1 -
-d
H

0.05 -

0 5 10 15 20 25
Radial wall expansion (mm)

Out [28]= -Graphics -

Los Alamos
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The premise is that the above difference will be basically linear (with quite a bit of noise superimposed). The intercept is the

relative error between the two time origins, and the slope is the relative tilt. Often the data near the origin (which tends to be

a bit erratic) will deviate from the overall linear trend and will need to be pruned, so as to best fit the linear portion of the

curve. You will need to look at the curve and decide which portion (if any) to cut off. Specify achop, the wall expansion

below whichthefittingdata will be droppetk

In[29]:= echop = 2

out[29]= 2

The following commands generate a pruned list of points from the above difference fbnction and fit a line to iti

ZX[30]:= dataDiff = Table [{e, difft[e]}, {e, echop, exuudsk, 0.1}];

Thiscommand performs a linear fit to dataDif f:

IrJ [32]:= fitDif ft [e_] . Fit [dataDiff, {1, e}, e]

out[32]= 0.0447923 + 0.0068711 e

This is a plot of the time difference data between e-t records and the linear fit to it. Specify the shotnumber for the title:

In [34]:= Show [plotl,plot2, Frame -> True,
RanwLabel + {“Radial well expansion (m) =, ‘Time difference (psec)W},
PlotLabel + ‘Shot #15-2861 Difference Between e-t I&aces: Data m. Fit”]

shot #15-2 861 Difference Between e-t Traces: Data vs. Fit

0}, d
o 5 10 15 20 25 30

Radial wall expansion (mm)

out [34]= - Graphics -

The following commands apply the correction, determined by the above fig to the data points. The data are also transposed ‘

back toe as a function oft at the same time.
,

Los Alamos
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M [35]:= fnCorrU [w_] :. {w~21 -0.5 fi,tDif ft [wall ], w~ln }

fnCorrL [w_] := {wE2] + 0.5 fitDifft [w[l]], w~l’J}

In [3 7]: = dataCorrUte = Map [fnCorrU, dataUet];
dataCorrLte = Map [fnCorrL, dataLet];

The combined cmmected data set is:

Zn [381:= dataCorrte = dataCorrUte u dataCorrLte;

The time origin shift just performed will generally give a point or two with negative time values. It is desirable to shift tbe

combined set to make the first data point em-respond to zero timq otherwise, the fitting form will be complex in that region.

The following emnmand shifts the time origin so that the first value is zercx

In [39]:= fnshi.ft[w_] :. {w~ll -Min [dataCorrtemlI~11, O]s V7U21}

In [40]:= datate . Map [fnShift, dataCorrte];

This is a plot of the ccmeeted radial wall expansion data. Specify the shotnumber for theIabek

In [41] ListPlot [datate, E%ame + Txue, PlotLabel + “Shot #15-2861 Correeted Film Data”,
FremeLabel + {“Time (gsec)u, ‘Radial well ~sion (m) “]]

30

25

10

5

0

Shot #15-2 861 Corrected Film Data
L , , , , .

.ee
#●**

●*
●m*

&

●**
●*

●*
●*

#

●4”

/

* , , t t
o 5 10 15 20

Time (~sec )

out [41]= - Graphics -

This set of commands is a routine for writing data to an external file.
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In[43j:= WriteMatrix[filenem_String, data_List, separator_String: “\t=] :.
With[{qyfile = OpenWrite [filenanm]},

Scan[(WriteString[qyfile, First [#]];
Scan[WriteString[qyfile, separator, #]&, Rest[#]];
WriteString[qyfile, ‘\n=J)&, data];

Close[qyfile]]

Wntethefinaldata settoafile,sothat itmaybeusedoutside tbisnoteboolc

zh[44]:= WriteMatrix[”15-2861te.dat”, datate]

out[44]= 15-2861te.dat

■ E-6. Data Fitting

had theNonlinearFit package

In[45]:= Heeds [“Statistics’190nlinearFit”]

■ 6.1 Fitting Form

Use tbe following rational polynomial fitting fonq where vrcn is the ~ymptotic radial velocity, arO is the Wltirdradial

acceleration, t Ois a virtual fit origin, and@ is a fitting paramete~

In[46]:=

0ue[46]=

mxo( t-to) (( I+(t-to))” -l)
efit [t_,vrcO_,arO_, @_, tO_] =

~+((l+(t-to))” -1)

(-1+ (l+t- to)”) (t-to) mm
-1+(1+ t-to)”+-

■ 6.2 First Pass

It is necessary to first get an approximate fit using a reduced number of par&eters; otherwise, the algorithm may not

converge to the correct answer. A second pass will then fit all the parameters simultaneously.

121[47]:= SO1l = NonlinearRegress [datate, efit [t,vrm, arO, 1, O], t, {&m, arO},
RegressionReport -> BestFitParameters]”

Out[47]= {BestFitParameters + {vro + 1.48127, arO + 1.57866})

These commands assign the fitted parameters to variables:

In[48]:= vrm [1] = vrm /. soll[[l, 2]]
ero [1] = aro /. Soll[[l, 2]]

0ut[48]= 1.48127

0ut[49]= 1.57866

These commands compute thelOx fit residuals .
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h [50]:= fnlofiesl [w_] := {wall, 10 (w~2n- efit [wU1],vrm[l] , arO [1], 1, O])}

In [51]:= datalOscRes[1] . Map [fnlOxResl, datate];

This is a plot of the first pass 10x fit residuals. Speeifythe shotnumber for the labek

In [52]:. ListPlot [datalOxRes[1],li%ame-> True,
~Lebel + {“Time (~sec)”, ‘Radiel wall eqpansion (zzn)0},
PlotLabel + ‘Shot #15-2861 First Pass 10x Fit Residuals”]

Shot #15-2861 First Pass 10x Fit Residuals

Time (#see)

Out [52]= - Graphics -

Now use the parameten from the fit pass as starting values, and allow a finite virtual origin to and an arbitrary exponent U.

The goal is for the fit residuals to oscillate symmetrically around zero. In some cases, it may be desirable to chop off some of

the initial data points when fitting, to give the fit the desired properties. In other cases, the tube may break near the end of the

reeord. In that eas~ the tube appears to accelerate because of the smoke squirting out If both sides of the tube are red the

record may also bceome asymmetric following breakup. (A rule of thumb is that the tube usually expands to about three

times its initial diameter before breaking.) If it is apparent that the tube is breaking, the associated data points should be

truncated and the data should be mfiL

■ 63.1 T~Qted Dab Set

The parameter t f itmin is the time below which the data is to be clropped for fitting. Its value should be zero initially and

modified only if necessary to achieve the desired fiL Specifyt Eitmin:

In[53]:= tfitmin=O (*n “cmu.nalvalue zero *)

out[53]= o

The pai-ameter t f itmax is the time above which the data is to be dropped for fitting. Its value should be Trnax initially,

and modfied only if there is evidenee that the tube broke before the end of the record. Speeifyt f itmax:
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I I
III[54]:= tfitma% = =(*~ value ~ *)

0ut[54]= 21.3747
.

These canmands chop low and high parts separately

In[55]:= datatechopLo = Drop [datate,Floor [Length[datate]*tfitmin /~] ];
datatechopHi = Drop [datate, -Floor [Length[datate]* (~ - “tfitmex)/~]];

The desired “chopped” file is the inttxsection of the above two Iistx

m [56]:= datatechop . Intersection[datatechopLo,

■ 632 ~ Flt

datatechopHi]; ‘

This fit optimizes all the fitting paramet&s sirmdtaneously, starting with reasonable guesses: .

Ill [57] := S012 = NonlinearRegress [datateehop,
efit[t, mm, arO, 0, tO], t, {{==, ~@[l]}8 {are. ~O[ll}J {~. 1}, {tor 0}1,
RegressionReport -> BestFitParameters]

0ut[57]= {BestFitParameters + {vrcn+ 1.60538, arO + 1’.28423,6J+ 0.749857, tO + -0.471362 ]}

These cmunandsassign the fitted parametm to variables:

ml [58]:=

out[58]=

out [591 =

Out[60]=

out [61]=

lZma[2J = Vroa /. S012[[1, 2]]
aro [2]= aro /. EI012[[1,2]]
0[2] = a /. S012[[1, 2]]
to [2] = to /. S012[[1, 2]]

1.60538

1.28423

0.749857

-0.471362

.
■ 633 Examinationof Fit

Now compute the residuals of the second fit. Examine the residual pattern over the whole range, even if the fitting file was

lruncatcd

rn [621:. fn10zQles2[w_] := {wKIII,10 (wK21 - efit[w[ll, wcco[2], arO [21, u[21, tO[21]) 1

IrI [63]:= datalOxReS [2] = MaP[fn10xRes2, datate];

This is a plot of the second pass 10x fit residuals. These should look significantly better than the first. Spe&y the shot

number for the Iabek
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n [64]:= plot$ = ListPlot [datalOxRes[2],
Frame -> True, FrmmLabQl + {‘Time (flsec)”,‘1OX Fit Residuals (inn)n},
PlotLabel+”Shot #15-2861 Second Pass lIL)x Fit Residualsm]

Shot #15-2861 Second Pass 10x Fi”t Residuals
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Out[64]= -Graphics-

l%isisaplotofthecorrectedradialwall expansionda@fi~ and lOxfitresiduds. Specifytbeshotnumberforthelsbek

Lu[67]:= Shem[plot3, @ot4, plot5, plot6,

Rame+True, Prolog+ {Thickness[O.002], Poi.ntSize[0.005]},
l&emeLabel+ {“Time (gsec)”, ‘Radial walIL expansion (xmn)=],
PlotLebel+”Shot #15-2861 Film Data, Fit, and 10x Fit Residuals”]

Shot #15-2861 Film Data, Fit, and 10x Fit Residuals
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Gut[67]= -Graphics-
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■ 6.304FIMI JM

This is the formula&d for subsequent evaluations, in which the virtual time origin is zeroed out. (The time origin is

unimportant because the measures we shall compute are quoted as a function of tube expansion.)

lh[68]:= er [t_] = efit[t, ==[2], erO[2], 0[2], O]

Out[68]=
1.60538 t (-1+ (1+ t)0”749857)

0.874754 + (1+ t)0“749a57

■ E-7. Radial Wall Velocity

The radialwall velocity asa function of time is given by:

In[69J:= vr[t_] = er’[t];

(The radial velocity is not the same as the material velocity of the wa but is close to itJ The following are radial velocities

at the tluee standard expansions. The computed times correspond to the indicated expansion in millimeters. For example

‘t 6“ is the time at which the wall achieved 6-mm radial expansio~ and so on.

In[70]:= t6 = t /.FindRoot[er[t] == 6, {t, z}.]

Out[703= 5.89179

In[71]:= vr [t6J

out[71]= 1.33047 ,

111[72]:= t19 = t /. FindRoot[er[t] =. 19, {t, 13]

out[72]= 15.0054

Ih[73]:= m[t19]

0ut[73]= 1.48114

In[74]:= t30 = t /. Fi.ndRoot[er[t].= 30, {t, 1}]

out[74]= 22.332P

In[75]:= m [t30]

out[75]= 1.51709

This plot shows the radial wall velocity as a parametric function of tbe radial wall expansion. Specify the shot number for

the Iabek
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h [77]:= plot12 =
Pere.metzicPlot[{er[t],vr[t]}, {t, Q, t30}, Freme+Trne, Prolog +Thickneas[O.002],
EYameLabel+ {=Radial wall expansion (mm)”, ‘Radial wall velocity (nd~mec)a},
PlotLebel+ “Shot% 15-2861 Radial Wall “Velocityvs. Radial Wall Expansion”]

Shot# 15-2861 Radial Wall Velocity vs. Radial Wall Expansion

0

, , 1 , , ,

0 5 10 15 20 25 30
Radial wall expansion (mm)

out [77]= -Graphics -

■ E-8. Cylinder Energy

The cylinder energy is defined as the specific kinetic energy of the wall based on the radial component of its velocity. It is

not quite the same as the total specific kinetic energy of the wall, but it is close.

This plot shows the cylinder energy as a function of the radial wall expansion. Spw& theshotnumber for the label:
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In[82]:= plot15 . ParametricPlot [

{er[t], Esp[vr[t]]}, {t, 0,t30}, P’rame+ ~e, -olog+!Ehickness [O.002],
X5rameLabel+ {“Radial wall expansion (m) U, “~li.nder energy (kJ/g)“},
PlotLabel + ‘Shot# 15-2861 Cylinder Energy vs. Radial Wall Expansion”]

~ Shot# 15-2861 Cylinder Energy VS. Radial Wall ~ansi.on
, , f

.-

0 5 10 15 20 25 30
Radial wall expansion (ram)

Out [82]= - Graphics -

Compute the cylinder energy at the time standard radial expansions:

In[83] := E6 = Esp[vr[t6] ] (* XiJ/kg*)

0ut[83]= 0.885077

The “standard” cylinder energy is computed at 19-mm radial expansion

III [84] := E19 = Eq[~[t19]] (* ~/lL&T *)

0ut[B4]= 1.0969

J31[85]:= E30 = Es~[=[t30] ] (* HJ/kg *)

Out[85]= 1.15079

The cylinder energy may also be extrapolated to infinite expansion

In[86]:= Em = Es~[vrm[2] ] (* %/kg *)

0ut[86]= 1.28063
,,

Los Alamos

—. .- —- . .— .--— ,



cmER1’EST

28 J@PENDIX E SPECIFICA~ON

H E-9. Gurney Energy

The Gurney equation for cylindrical geomeiqu

IVI? 1 m ((+!$ -1)
h[901:= G[vr_] = —

2 T+ po
1

Out[90]= 1.28583 ti

This plot shows the Gurney energy as a function of the radial wall expansion. Specify the shot number for the Iabek

In[91]:= ParametricPlot [{er[t], G[vr[t]]},
{t, O, t30}, Rams +True, prolog+ Thickness IO.002],
~Label + {“Radial well expansion (x@ n, ‘Gurney Ene.rGY (kJ/g)”1~
PlotLabel +’“Shot #15-2861 Gurney Energy vs. Radial Wall _sion” ]

3

2.5

0.5

a

Shot #15-2861 Gurney Energy vs. Radial Wall Expansion
1 , 1 , , A

o 5 10 15 20 25 30

Radial wall expansion (mm)

out [91]= - Graphics -

Compute the Gurney energy at the three standard radial expansions:

n[92J:= G6 = G[vr[t6]] (* MJ/kg *)

0ut[92]= 2.27611

The “standard” Gurney energy is computed at 19-mm radial expansion
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Ih[931:= G19 = G[-[M.9] ] (* MT/kg *)

0ut[93]= 2.82083

The “asymptotic”Gurneyenergy,evaluatedattheasymptoticexpansionveloei~

B[94]:= G@ = G[vzx D[2]] (* MT/kg *)

out[94]= 3.3139

■ E-1O. Axial Velocity

Specifythepm datain (t, z) p- with t m microsecondsand z in millimeters:

In [95]:= datatz = {{0.,006,O}, {3.344, 25.35}, {6.699, 50.8}, {10.037, 76.1},

{13.388, 101.5}, {16.735, 126.95}, {20.073, 152.3], {23.423, 177.7},
{26.783, 203.1}, {30.2.36,228.55}}

0ut[95]= {{0.006, O}, {3.344, 25.35}, {6.699, 50.8}, {10.037, 76.1}, {13.388, 101.’5},
{16.735,126.95}, {20.073,152.3}, {23.423,177.7}, {26.783,203.1], {30.136,228.55]}

‘lldseommandperforrnsalinearfittothedata. Ifthereareanybadpins, eliminatethemfkomthefitusingtheDrop
command):

lil[97]:= z [t_] =Fit[datatz, {1, t}, t]

out[97]= -0.0246778+7.58576 t

‘l%emaximumpintimeis:

In[98]:. tmaxpins =datatz~gth[d,atatz]lalu

0ut[98]= 30.136

‘fhesecoxnxnandscmmputethelOxfitmsiduals:

Zh[99J:= fn10xRes3[w_] :. {WE1II,1O(WI2]- Z[wuln])}

In[100]:. data3.0xRei3[3]=Map[fn10zRes3, datatz];

l’hisplotshowsthet-zpinda@thelinearfi4andthe10xfitresiduals.Speeifytheshotnumberforthe labek
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IS[104]:= 8how[plot8, plot9, PlotIO, plotll, Franw-*Tnae,
Prolog +Thickness[O.002], Fremetil+ {mTime (Usec)n, “Axial Distance (inn)m},
PlotLabel+”Shot #15-2861 Pin Data, Linear Fit, end 10x Fit Residuals”]

50

0 [

Shot #15-2861 Pin Data, Linear Fit, and 10x Fit Residuals

,/

I

o 5 10 15 20 25 30

out[lo4]= -Graphics-

‘l%edetonationvelodyistheslopeoftheaboveploc

III[105]:. DO.CoeEEi.cient [z[t], t]

Out[lOS]= 7.58576

Perform alinearxegression analysis:

In[106]:. Needs[”Statistics’LinearRegression’m]

In[107]:= Regress[datatz, {1, t], t]

Estimate

0ut[107]= {ParameterTable+ 1 -0.0246778

t 7.58576

Time (Usec)

SE TStat PValue

0.0212591 -1.16081 0.279182,

0.00118969 6376.25 0.

RSquared*l., AdjustedRSquared+ l., EstimatedVariance +O.00130837,

DF Sumofsq MeanSq FRatio PValue

ANOVATable+
Model 1 53194. 53194. 4.06566x107 o.

Error 8 0.010467 0.00130837 }

Total 9 53194.
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