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W-76 PBX 9501 Cylinder Tests

by

Larry G. Hill and Richard A. Catanach

ABSTRACT

Five l-inch diameter cylinder tests were fired in support of the W-76 high
explosive surveillance program. Three of the tests used baseline nmte~ial, and
two used stoc%pile return material. The diagnostics were electrical pins to nlea-
sure cletouation velocity and a streak camera to measure wall motion. The
data was analymd for cylinder energy, C.urney energy, aud detlonatliou velocity.
The results of all three measures were consistent for all five tests, to within the
experimental accuracy.

I. INTRODUCTION

Five cylinder shots were fired in support of the W-76 high explosive (HE)” surveillance

program. Three shots usecl a baseline lot of PB.X 9501 (HC)L89C73O-O1O), n;eeting spec-

ifications for new material. Two snots used W7-’7Gstocl;pile return material. This report,

clescribes t,he tests, analysis, and results. The project, involved the efforts of a number of

people, each of whom are aclmowleclged in the context of their contributions.

II. EXPERIMENTAL DETAILS

The shots were fired in esse~tially the standard manna, to be described in cletail in a

specification that is currently being writt em Thus, only an overview of the test, configumtiou

is given here. Some small variations betmeen experiments were explored in an attempt

to clear u1) some minor Iong-stancliug issues. The results of t,hese ‘Lslll)-exI)erilllellts” are

discussed in some detail in Sec. -1.

Basically, the cylincler test consists of a copper tube filled with a solid or liquicl explosive.

The explosive is cletonatecl at, one end, ancl the motion of the tube is observed. While the
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test is sinll)le ill mmcq)t, murh att ewticm to detail is necessary to obtain high quality clata.

In particular, one mlwt. maiutain tight nwchanic.al t.olemuc>m and also pair close attel~tion

to the’ metallurgy of the Copprr.

The copper liners were made from oxygen-free higl~-rollcl~lcti~’ity (OFHC) copper, lulowl]

officially as “Alloy 1(11.“ The tubes were 1 inch id. x 0.1 hch wall x 11.8 inches long. The

tolrramw on the id. and wall was + 0.0003 inch. The tubes were marhiued by Gerry

C,alUA~a (D-X-5) at. th(~ TD Site shop. The i .c1. along the axis was verified l)y an air-l mm

gauge. The tubes were annealed ant] etched under the clirectiou of Carl NecIIer at MST-6.

After being etf+ecl, tbe portion of the tube in the region of the slit was wouml with pla$tic

wrap to Iwep the surfam from oxidizing. The wrapping was removed just prior to firing the

shot’.

All the HE sample c=yliuchwswere marhinwl about 1 mil UNCICV1 im.1 (Iia.nwter m as

to barely fit illt.o the copper tubes without interference. The baseline HE san)ldm -were 2

inches long, wit h 6 e~ch per shot. The individual pieces were cored at .youl) ES.A-TVLfh I

and were fillisll-l~lacllillecl 1)y C~eorge Harper (DX-5). The stociq)ile return HE cylimlem

were 1 incl long, with 12 each per shot. These pieces were corecl from the wealxm hemis

and were finish-m ackined b.y ~T~t)~~6’ Ha.rper.

The shots were assembled at DF Site by Bert Harry (D.X-2). .4fter the HE pieces were’

imwrtred in a tube, the stack wm gently compressed in a custom fixture (also dwignod by

Bert Harry) until the staclt lengtl] wws the sum of the individual segment lengths. TIN~eu(ls

were thell elxxied+ and the asembly was held under load unt.il the gllw had fully cured.

This process minimized the gaps between the individual HE segments, whit% callse small

experimental errors and which tend to cut the tube prematurely. Au SE-1 detouator, a

1/2-inch PB.X 9407 Imoster pellet. ~IIcla P-16 plane wave lens were used to initiate th{’

twperimc’ut.

Each tube hacl 10 electrical pins rnacle of 2 mil euamelecl copper wires, to mwwure the

detonation velocity. Tile wires wer,e,ftv~tellecl to the tube surface with Kapton “A’ tape, and

thrir leac]ing-edge location was prerisely measurecl by a cathetometer. The tube itself acts

as the circuit grmmcl; the electrical c-ircmitlis completed when the wM movement caused by

the detolmtion destroys the enamel insulat.iou on the wire.

The detonation expands the tube into a fumlel shape, as shown in Fig. 1. Thd radial

expansion of the tube wall is observecl at an axial location 7.5 inc31es from th? initiator eud

●

of the tube, via. a rotating mirror strealf camera. This axial position is far enough from the 8

initiating end so that the wave runs st@y? yet, Par Hl,QUglIfrom the opposite eId that the

observed wall motion is unaffected by the tube’s finite length. Alsot at this location tll(’
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reawn, Mrayne Clanl])bell (C.M..X-8) reportedly fired cylinder shots in a helium atmos]Aere,

since the refractive index of helium is Wnaller t}hau that of air and does Motlincrease with

clensi ty nearly as much. \Ve firecl the tlhirclbaseline shot in a helium atmosphere to see for

ourselves what, effect this had on the record. This test gave a cylinchw energy al~out, 1‘X,

higher than the average of the first two, which were withiu about, 0.5(Z, of each other. This

suggested that refractive index effects might, in fact, be resolvable even Me in the record.

However, them was another way in which the third baseliue test differed from the first

two. It, had occurred to us that, the magnification of the first two tests was “a bit. on the

small side, and that b<yincreasing it (since there was plenty of light) we could increase the

resoltltio~~—see~lli~lgly for free. In retrospect we realized that this change-rather than the

helium-coulcl account for the discrepancy, if the magnification of the lens system was not

quite constant across the fielcl.

Unfortunately we clicl not, have another baseline shot to resolve this issue using iclenti-

ca.1materials, but, having raised the issue. it was necessary to put the matter to rest. We

therefore firecl the first stoclq)ile return shot at the larger magnification but in an air atn]o-

sphww, ancl found the resulting cylincler enerfyy to be larger than the first two baseline shots

(fired in air at the smaller magnification), ancl smaller than the thircl baseline shot, (firecl in

helium at the larger magnification). ~~e theu decicled to fire the ]ast, StOdipilC’ shot, at the

larger magnification in a helium atmosphere to checlc the repeatability of that particular

configuration. This last shot, gave virtually the same cylincler euergy as the previous shot

(fired at the higher magnification in air).

Given the available information, there was uo clear indication that the helium affectecl

the measurement other than, perhaps, very early in the record. On the other hand, there did

seem to be an effect of magnification since the three shots with the higher magnification all

had cylincler energies higher than the two with the smaller magnifications. Suspecting this to

be the case, we th+m charactmizecl the magnification across the film plane by photographing

a machinist’s rule at various uomiual magnifications. We found that there was indeed au

aberration, which caused the maguificatlion to change by about 1% betweeu the cxmtlerof

the film and the edge (a clistallce that, was somewhat larger than the half-width of the

inuages). The application of this correction to the data resolved much of the discrepancy.

From these vmiatiom we concluded that (1) surface treatment, of the tube has little

effect, (2) helium hacl no clvar effect ancl was not worth the trouble, (3) for best, results a

magnification correction shoulcl be macle (at. least for the model 72B strea.1{ camera), a~cl

(4) one SI1OU1CIpicl< an intermediate magnification and sticl with it, as there is some con-

sistency to be gainecl by performing each test identical y. However, one S11OU1CInot confuse

o 5



Table 2. Summary of Test Configurations

Test snot Material Tulw Refcmwce lYriting SImxl
Nlmlk mlllll)w’ Category Fhish .Atmospke Magnifhtiw (111111///s)

1 15-26W baseline 1 a!! almded air 0.23-!4 3.513
g 15-2695 baseline 2 etched air ~.~~~~ 3.55?
3 1~.~:~~ baseline 3 etchci helium 0.472? 3.530
4 15-2’i30 stockpile 1 etchecl 0.4719 3.-M?
5 15-2731 stockpile 2 etched helilun 0.4740 3.503

consistwq with alx+olute accuracy. For example, tests firecl at the same magnification may

be consistle]lt with each other, but, would all have a common systematic error to the extent

that the magnification variation across the field is not accounted for.

‘3%blc 2 sumnlarizes the various test. configurations. The reference nmgnification is that

based on the outer cliameter of the tube, as that is what, is measured from the film. The

magnifiratioll elsewhere in the field is modulated by the calibration function found from

optical tests. as mentioned above.

V. ANALYSIS

A. Fit to Wall Motion Data
●

Both sides of WM-11fihn trace {corresponcling to the left and right sides of the qvlindmj

were digitized oll au ol)tiral conlImrdror, 100 points from each side. IVhen thr data fmm the

two sides are overlaicl, the agreement is typic-ally excellent. INevertheless, one can usually 9

impro~”e the agreenlent a bit by mal<ing a correction, based on lmowleclge of the uature of

the misalignment error. The two main types of nlisaligmnent error are the slit, not being

s(luare to the shot and the slit not being squaw to the writing direction. Both types of

c’rror ted to cause time errors that are proportional to the radius. *

The corrected data was fit using the empirical fitting form

l?(t) – R() = ~,r=

Vmff(t)

-&J’(o) + f(f) ‘ ‘o

whine ~(t) is given by

f(i) = (l+ f)d–l. [~)

This form is a generalization of tlmt suggested by Bill Davis2, ancl wt~sdeveloped primarily *

3 In reality the tube motion starts impul-for ec~uation-of-state analysis of the cylinder test . .. .

sively by S11OC1Kloading, and it continues to ‘bring up>’ as waves r~fiect, through it. Tile fit of
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Eqs. (’1) and (2) smooths through the ringing, giving very nearly the trajectory that would

lW exhibited by au ideal incompressible wall. The fitti~~g I}aranwter v~ is the asymptotic

wall velocity; q is the initial acceleration (which is finite. consistent) with the assumption

of am illcolll]>rt’ssil~lt’ tube), and UJis a fitting parameter. The fit is also allowed a ~irtual

origiu to in the lcwst-scpmres fitting process.

Figure 2 shows an example (baseline 3, shot #15-2 i’29) of corrected radius-time data

with both sides overlaid, together with a nonliuear least-squares fit to the cla,ta using Eqs.

(1) and (2). ‘l?he fit residuals, magnified tell times for easy viewing, exhibit a symmetric

dam]}ed oscillation iudicatiug that the fit smooths through the ri~lg-up in a uear-optimum

● ’ mam~er. This particular shot will be used as an exzunple throughout this section, and the

Mathematics file used to process it is given in the Appendix.

●

●

●

I ,

10x fit residuals

%r 1
0 5 10 15

T~me HmsecL

Figure 2. Corrected wallexpansion data R – I?.vs. time,aI~clthe fitof Eqs. (1)and

(2) (shot #15-2729).

Ecluation 1 may be differentiated to give the radial component of wall velocity v~(t ).

Che may plot this fullctjion l~i~ralllf?tlri(”allyversus the radial expansion l?(t) – .Ro to show

the radial velocity as a fuuctiou of expansion. This curve, corresponding to the cla,ta and

fit of Fig. 2, is shown in Fig. 3.

B. Cylinder Energy and its Determination

Half the radial velocity squared is close to the specific kinetic energy of

not exactly so because the mass motion has a small component of velocity

●

the wall. (Itr is

in the forward

.I



Wall expansion HnunL

1.-/.5-
d
c)

0[!
o 5 10 15 20 25 30

Figure 3. Radialwall velocity (from differentiation of E(1. (1)) vs. wall expamhm
1? – I?() (shot #15-2729).

direction. ) This curve, z&o using the data and fit of Fig. 2, is shown iu Fig. 4 as a flmctiou

of the radial expansion. This quantity evduated at 19 l~lillil~lete~seXpallsiol~ is ~~llle~~tlN’

standani cyli7ukr energy. It is the main historical figure of merit for the cylinder test and

is denoted by A’l!l:

1
E19 = jvil R- fto=,,,rm .

(3]

Since the fit ting form (Eqs. (1) and [2)) asymptotes to a constant velocity-—aud thus a CON-

stant specific enmgy-oue may also determine the cylinder energy ext mpolatecl to illfinitr

eXpallSiOIl if desired.

c. Gurney Energy and its Determination

The Gurney energy is an approximation of the total l{inet ir energy of the explosive

products and the surrounding tube, per unit. mass of explosive. The Guniey calculation

assumes t,hatrthe tube expansion is cylindrical (rather than the true funnel Aapt’), that

the density of the detonation products is at, all times uniform within the tube, that the

tulw has m~gligil)le strength, and that it. stretches without breal<ing. The GUrIN’Y energy

for cylin{lrical geometry is given by

(-l)
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c
1.75-

, 1.5-

,1.25-

1 -

0.75 -

0.5 -

‘0.25 -

0 -,
0 5 10 15 20 25 20

Wall expansionHMML

Figure 4. “@limler energy’”vs. wall expansion R – @ (Shot #15-2729).

where 777~,11alKI nlf~~jlaIT the wall mass per unit tube lwgth and the explosive mass per

unit tube length, respectively.” T&ing into consideration the geometry of the tube, the

mass ratio can be alternatively written as

●

(5)

where p.U,is the density of the wall, p~I~ is the initial density of the explosive, .R~ is the

initial outer radius of the tube, WICITOis t,he initial inner radius of the tube. The CTurney

energy for tlhr example case (shot #15-2729) is plotted as a function of raclial expansiou in

Fig. 5.

Typically, when the Gurney energy is cluotecl for a cylinder test it, is, lil<e the cylin-

der energy, evaluated at 19 mm radial expansion. This quantity will be denoted by GIQ.

Examination of Eq. (-l) shows that GIQ is proportional to E’lg:

(6)

As for the cylinder energy, one may determine the Gurney energy cxtrapolatecl to infinite

expansiou. This wdue, denoted by C;~, has s]x?cial significant.e in that, it is ideally the llea,tl

of detonation, assuming that all the chemical energy released during reaction is converted

*.4 good general cliwussionof (lurney calculationsis given by Jones et al.~
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Figure 5. “Gurneyenergy” vs. wallexpansicm l?-li?o (Slmt #15-2729). *

to llldcllallicalellergy in the way assumed by Gurney. In reality, thdre arevarious euergy

lt]~ses llc)t.tl[”colll~t[’clfor,sotllat Gaisin I>ra~tict~sonl~~~\'llatlo\~'ertll ~illtl~c~tcjt<llcl~(*l~~i{.al

(W?rgy. ●

The dwlsit.y of the capper liner cloes not eut?r in the determination of’ the cylinder energy

Imt does enteu in the determination of the Gurney energy. The ciensity value wc used was

the hamllxmlc value for alloy 101 —8.94 g/cmls-as we did not have a meaus b-y ivhich to

mcfisure it. more accurately, @

D. Iletermination of Detonation Velocity

To determine the detonation velocity one may plot the pin positions versus the piu times ●
ou an .r —t diappnn as shown in Fig. 6. The .r —t data are fit with a straight line, the dope

of which is the (let,ollat,ion velocity. The uncertainty ill det,onat ion velocity associated with

the r.mdom scatter in the data temls to I.}ea few meters per second. In tho case shcmm. thr

standard deviation ill velocity is 5.3 m/s.
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I Table 5. Detonation Velocity Rrsults

●

● Initial HE Do Do (norrnalizecl

shot Matmial Deusity (unnormalized) to 1.832 g/cni3)

Number C’oclt’ g/cn13 lnnl///s nml/ps

15-2694 baseline 1 1.832 8.7816 110change

15-2695 baseliue 2 1.832 8.i981 no change

15-2729 baseline 3 1.832 8.7829 no change :

15-2730 Stoclq)ile 1 1.835 8.7952 8.7839

15-2731 stoclqjile 2 1.839 8.8215
e

8.7952

normalized stoclq>ile detonation velocities is 0.02%. The agreemeut is somewhat improvecl,

suggesting tlrat the pressed cleusity is, in fact, partially responsible for the small amount

of data scatter. The unnormalized and normalized numerical values for Do are shown in
● Table 5. \

VII. CONCLUSIONS

●
The results for cylinder energy, Gurney energy, and detonation velocity are consistent

for all five tests to within what is believed to be the, accuracy of the experiments. The

stocl:pile return samples had slightly higher densities than the baseline samples, and this

fart appeared to account for a fraction of the (already small) relative deviation between the
● five tests. This conclusion was reached by mal<ing reasonable corrections for these density

differences and noting tlvat the agreement W= generally, though not universally, improvecl

as a consequence.

@
There were a few intentional clifferences bet,ween the tests which were intendecl to help

determine a final st,andarcl for future tests. The factors explored were the surface treatment

of the tube, the atmosphere around the tube (air versus helium), and the magnification.

only the latter affected the results in a noticeable way, due to a small aberration in the

*
optical system whirh caused the maguificat,ion to vary across the field. This aberration ~v~s

characterized and then applied as a correction in the data analysis.

●

● 15
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Appendix

Mathematical Analysis of Cylinder Test Shot #1 5-2729

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

● 8

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

This program operatesinteractively. The user is prompted for informaticm and must make decisions based on intermediate

results. The commands should be executed 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 is read in a particular way. The film is aligned with the writing

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

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

sepamte files. The time origin is set to the “jump-off” point, where the tube expansion begins. The time origin may be set

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

opt imum agreement.)

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

little delay in between so as to minimize dimensional changes due to shifts in ambient temperature.. As read, the upper

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

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

Date and version information:

Date[]

{1998, 5, 4, 13, 44, 25}

.$Version

NeXT 3.0 (July 11, 1997)

This command turns off spelling error warning messages:

Off [General: :spelll ]

17



■ 2. Shot Information

Shot number:
Shot date:
Description:

Temperature:
Shot parameters:

15-2729
9/23/97
Reference shot for surveillance.
helium atmosphere.
Ambient

Specify the reference magnification, corresponding to the tube o.d.:

Fired in

I I ,,, ,,,,,,,, ,! ,!!,!.!,s

0.4722 ●

Specify the writing speed (assumed to be constant across the film):

I wspeed= 3.530 (* nd~sec *)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Specify the outer radius of the tube:

RO= 15.240 (* mm *)

15.24

Specify the inner radius of tube:

rO = 12.700 (* mm *)

12.7

Specify the density of the tube:

pw= 8.94 (* g/cc *)

8-94

Specify the initial HE density:

,,,,,

9

9

9

18



● 1.5-2729. CylAnal.nb

●

PO = 1.832 (* g/cc *)

1.832

■ 3. Film Data
●

Thiscommand sets thedirecto~ towhere thedata files reside, Specify the path:

. “—, - ,,, t

SetDirectory[

“/lghla/StandardTests/Cylinders /Shots/PBX9501/97Surveillance /15-2729’1]
,,,, k

/lghla/StandardTes&/Cylinders lShots/??BX9501/97Surveillance/15-2729 ‘

Thesetwo commands readthe data files. FiIesare identifieci by Ufor ’’upper” andLfor’’lower/’butiti$rbitraryry whichis

which. Recall that xis thespatial film coordinate andyis the temporal filrncoordinate. Specify the f’ilenames:

1

dataUyx .ReadList[ W15-2729U.lghn , {Real, Real}];
.— ,,,,,,,,, 1.

.. ! ,, 1.

dataLyx =ReadList[ ’”15-2729L.lghw , {Real, Real}];
. .. ,, J.L ,.,k”,fi. I

■ 4.Conversion to Real Space-Time

Thisisthe mapping toreal space-time coordinates. Here tdenotestirneand e = R- ROdenotes the raclial expansion of

● the outer tubesurfacemlative to its initia] position. The term Risused todenote the outer radius, andr isused to denote

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 Alamos model 72 B camera and a particular lens (Rodenstock 800 mm). One may substitute different

●
corrections, or assume a constant magnification, as appropriate. This equation describes the measured magnification,

normalized by the centerline value, as a function of the spatial film coordinate x measured from the center of the film:

MF800[x_] = 1+
9.6642 X2

106

●
1+ 9.6642x1O” X2

This is the actual magnification, which makes use of the reference magnification magRef measuredatan x position

RO *magRef:

magRef MF800 [x]
mag [x_] =

MF800 [ROmagRef ]

0.471964 (1+9.6642X10-6X2)

● 19



15-2729. CylAnuLnb ●

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

{
w~l] Abs [w [2] ]

}
●

FNte[w_] :=
wspeed ‘ mag[w ~2 ] ]

Apply the mapping to the data tiles:

dataUte=Map[FNte, dataUyx] ;

dataLte=Map[FNte, dataLyx] ; ●

This is lhe Uncwrected combined data set:

dataULte= dataUte UdataLte;

‘ This is a plot of the uncorrected combined data set. Specify the shot number for the title: ●

ListPlot [dataULte, Frame + True,
Prolog + PointSize [0.O05], PlotLabel + I,&ot #15.2729 Uncorrected Film Data”,

FrameLabel + {‘Time (flsec)“, ,,~adialwall eXpaX’IsioI’I(-) “~I

Shot #15-2729 Uncorrected Film Data

~ 3“”0
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...
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V-1 ..
m ..””
$ 2,r) .. .

...
a

...
x

. . .
. . .

~ 15 ,..
...

l-i ‘“ ...
A ...

...
g 10 - ...

..””
l-l

..”” J...
.: 5 ...

...
a

. . .
. . .

!$0 -, ““””.....””
0 2.5 5 7-5

Time

10 12.5 15 17.5

(~sec)

■ 5. Tilt and Time-Shift Correction

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

I-mingpcrfcctl ysquarcwit htheshot. Both of these errors cause timcerrors proportion:ll totlle radius. Formost shots such

errors 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 anti-symmetric about R = O.

Itis equivalent, and simpler, to work with the time as a function of expansion, t [e], rather than of radius. This just

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

FNet [w_] := {WU2], W[l]}
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dataUet=Map[FNet, dataUte] ;

dataLet .Map[FNet, dataLte] ;

●

WcnowperfcJrnl aninte~ol:ited fit to thedatain m-der to subtract thetwo data sets:

tU . Interpolation [dataUet ]

tL. Interpolation [dataLet]

InterpolatingFunction[{{ O., 29.6177)}, <>]

Interpolate.ngFunction[{{0., 31.972]], <>]

Find maximum time and radius values for plotting.

Tmax=Max[Thread [dataULte]ulll ]

18.8924

Thevariableemaxl stisthemaximum expansion

Tmax isthemaximum timeofthecombineddataset:

of the side that breaks first:

emaxlst =Min[Max [Thread[dataUte] [2]1, Max[z?hreati[dsttame]lt211]

29.6177

Thevariablcemax2 ndis the maximum expansion of the side that bredcssecond:

emax2nd.Max [Thread[dataULte ]12]]

31.972

Thisisaplot ofthe twointerpolation functions fortime as afunctionofexpansion. Specify the shotnumberfor thetitle:

Plot[{tU[e], tL[e]}, {e, O, emaxlst}, Prolog +Thickness[O. 002],

Frame -> True, FrameLabel+ {nRadial wall expansion (mm)”, “Time (Usec) “},

PlotLabel+ “Shot #15-2729 Interpolated e-t Data l!races”l

Shot #15-2729 Interpolated e–t Data Traces

17.5 ;

15

12.5 :
;
al

: 10

>$
7.5

E+
5 ;

2.5 :

0 5 10 15 20 25 30
Radial wall expansion (mm)
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1.5-2729. C\rlAnul.nh ●

This is the time difference between the two traces as a function of radial

difft[e_] = tU[e] -tL[e]

InterpolatingFunction[ {{O., 29.6177}}, <>] [e] -

InterpolatingFunction[{ {O., 31.972}}, <>][e]

wall expansion:

This is a plot of the difference between the two above interpolation functions. Specify the shot number for the title:

Plot[difft[e], {e, O, emaxlst}, Frame -> True, Prolog +Thickness[O.002] ;

FrameLabel+ {“Radial wall expansion (mm) “, “Time (Vsec)”},

PlotLabel+ “Shot #15-2729 Difference Between Interpolated e-t Data Traces”]

Shot #15–2729 Difference Between Interpolated e–t Data Trac<s

0.04
t

0.02 -

-3
al

2
0 -

g
E-+

-0.02

I
o 5 10 15 20 25 30 :

Radial wall expansion (mm)

Thepremisei sthattheaboved inference will be basicall ylinear(withquite abitof noise superimposed). Theinterceptis

therelative emorbetween thetwotime origins, andtheslope isthe relative tilt. Often thcdata near theorigin (which tends

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

thecurve. You will need to lookat thecurve and decide whichportion (ifany) tocut off. Specifyechop, thewall

expansion below whichthefitting datawill be dropped:

1 echop= 13.

0

13.

The followingcommands generateapruned listofpointsfrom theabove differencefunction,andfitaIinetoit:

dataDi.ff .Table[{e, difft[e]), {e, echop, ernaxlst. 0.1}];

ikkte the foi~owing intermediate plot after evaluation:

plotl = ListPlot [dataDiff ]
●
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● 15-2729. CylAml.nb
i

This command performs a linear fit to dataDif f:

● f.itDifft [e_] = Fit [dataDi.ff, {1, e}, e]

-0.0591224 +0.00314457 e

Delete the following intermediate plot after evaluation:

● plot2 = Plot [fitDif ft [e], {e, O, emax2nd}]

Thisisa plot of the time differencedatabetween e-t records,and thelinearfittoit.Specify the shot number for the

title:

●
Show[plotl, plot2, Frame -> True,
FrameLabel + {“Radial wall expansion (mm) “, wTime difference (fisec)“},

PlotLabel+ “Shot #15-2729 Difference Between e-t Traces: Data VS. Fittt]

Shot #15–2729 Difference Between e–t Traces: Data vs. Fi
,,

0.04 -

G
a) 0.02 -

:

0
v
g

$

G –0.02
-d
5

z
.$ –0.04 -

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

t
I

Thefollowingcommands applythc correction,determined bythe above fit, tothe datapoints. Thedatais also transposed

● back to e as a function of t at the same time.

fnCorrU[w_] := {wK21-0.5fitDi. fft[w~l]], wul]}

fnCorrL[w_] := {wu2]+0.5fitDif ft[w~llj], w~l]}

●

dataCorrUte .Map[fnCorrU, dataUet];

dataCorrLte .Map[fnCorrL, dataLet];

The combined corrected data set is:

dataCorrte . dataCorrUte UdataCorrLte;

B Tktimeo riginshiftjustp erformed will generally giveapoint ortwo with negative time values. It is desirable toshiftthe

combined set to make the first data point correspond tozerotime; otherwise, the fitting form will becomplexin that region.

The following command shifts the time origin so thai the first value is zero:

D 23



15-2729. CylAmd.nb ●
—.-— -- ”..”..”,..““,“. ... ,,”..-,.. ,,. : ,,,,

fnShift[wJ :. {wUl]-Min[dataCorrte~l] ullj,0], w121}

datate= Map[fnShift, dataCorrte];

Thisisa pl{J[()f thecorrected radial wallexpansion data. Specify theshot number forthe label: “

I 1
ListPlot[datate, Frame +True, PlotLabel+ “Shot#15-2729 Corrected Filq Data”,

FrameLabel + {“Time (usec) “, ItRadial wall expansion (~)”}1

Shot#15–2729 Corrected Film Data
+
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G () : <:-O::,.,,,,,,,,,,,,,,,,,,,,,,,,,,: ,

0 2.5 5 7.5 10 12.5 15 17.5
Time (psec)

Delete the following intermediate plot after evaluation:

plot3. ListPlot [datate]

Thisset ofcommands is aroutinefor writing datatoan external file.

WriteMatrix[filename_String, data_List, separator_String: “\t”] :.

With[{myfile = OpenWrite [filename]} ,

Scan[(WriteString [myfile, First[#]];

Scan[WriteString[myfile, separator, #]&, ReSt[#]];

WriteString[myfile, “\n”])&, data];
Close[myfile] ]

Wrhe thefinaldatasetto a file,so thatitmaybe used outsidethisnotebook:

WriteMatrix[W15-2729te.dat” , datatel

●

●

●

15-2729te.dat
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● ■ 6. Data Fitting

Load the Nonli.nearFi k package:

Needs[ ‘Statistics ‘NonlinearFi.t’” ]

●

■ 6.1 Fitting Form

Use the following rational polynomial fitting form, where vr~ isthe asymptotic radial velocity, arO is the initial radial

acceleration, tO is a virtual fit origin, and cd is a fitting parameter:

vrcO(t-tO) ((l+ (t-t O)) O-l)
efit[t_r vrcOJ arO_r (Lz to–l =

20 Vra
+ ((l+ (t-to) )”-l)

aro

(-1+ (l+t-tO)w) (t-: OJvrm

-l+(’l+t. Eo)”+*

9 6.2 First Pass

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

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

SOII = NonlinearRegres s[datate, efit [t, vrw, arO, 1, 0 ], t, {vr@, arO},
RegressionReport -> BestFitParameters]

{BestFitParameters + {vrcn + 1.84753, arO + 1. 8925}}

a These commands assign the fitted parameters to variables:

vrco[l] = vr.=o /. SO1l [[l, 2]]
arO [l] = arO /. SO1l [[l, 2]]

1.84753

1.8925

These commands compute the IOXfit residuals:

●

fnlOxResl[w_] := {w~l], 10 (w~2] -efit[w~l], vrw[l], arO[l] , 1, O]) ]

datalOxRes[ 1] = Map [ fnlOxResl, datate] ;

This is a plot of the first pass 10x fit residuals. Specify the shot number for the label:

●

●
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15-2729. Gj’IAital.d)
.

●
✌✌✌✌✌

ListPlot [datalOxRes [l], Frame -> True,

FrameLabel+ {“Time (&sec) “, “Radial wall expansion (mm) “},

PlotLabel+ “Shot #15-2729 First Pass 10x Fit Residuals”]
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■ 6.3SecondPass

Now use theparameters from thefirst pass asstarting values, and allow afinite virtual origin tOand and,arbitraryexpcment

u. The goalisforthefitrcsidualstooscillatesymmetricall yaroundzero.Insomecases itmaybe desi;abletochop off

some oftheinitialda~a points when fitting, to give the fit the desired properties. In other cases the tube may break near the

end of the record. In that case the tube appears to accelerate because of the smoke squirting out. If both sides of the tube

are read, the record may also become asymmetric following break up. (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 re-fit.

■ 6.3.1 Truncated data set

The parameter t fitmin k the time below which the data is to be dropped for fitting. Its value should be zero initially,

and modified only if necessary to achieve the desired fit. Specify t fitmin:

J

tfitmin . 0 (* nominal value zero *)
~,.

0

The~aialmetef t Ei-tmax is tk iiiiieabove which-the-data “is to be dropped for fitting. ifs vaiue shoitidbe~inax initliil[y,

and tnodifiedon]y ifthereisevidencethatthetubebrokebeforetheend of the record. Specify tfitmax:

●

●

●
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●

●

● 15-2729. fy/Amd. nh
““”, . I

tfitmax . Tmax (* nominal value Tmax *)

18.8924

These commands chop low and hi:hpartsseparately:

datatechopLo . Drop[datate, Floor[Length[datate] *tfitmin/Tmax]];

datatechopHi = Drop[datate, -Floor[Length[datate] * (Tmax- tfitrnax) /Tmax]];

The&sired ’’chopped”filckthe intersectic)noftheabove two lists:

datatechop . Intersection[datatechopLo,

@
■ 6.3.2 Final Fit

datatechopHi] ;

This fit optimizes allthcfitting parameters simultaneously, starting with reasonable guesses:

●

●

S012 = NonlinearRegres s[datatechop,

efit[t, vrm, arO, 0, tO], t, {{vrm, vrm[l]}, {arO, arO[ll}, {co, o), {@f 1}},
RegressionReport -> BestFitParameters]

{BestFitParameters +{vro+2 .16903, arO +2.1147, tO+-0.230378, w+ 0.485206} }

These commands assign the fitted parameters to variables:

vrc0[2] = vzxo /. so12[[l, 2]]

arO[2] = arO /. so12[ [l, 2]]
@[2] = u /. S012[[1, 2]]

to[2] = to /. SO12[[1, 2]]

2.16903

2.1147

0.485206

-0.230378

= 6.3.3 Examination offit

Nowcompute the residualsofthe second fit. Examine theresidual pattern over the whole range, evenifthefitting file was

truncated:

fn10xRes2[w_] := {w~ln,10(wu21 -efit[wKl], vrm[2], arO[2], a[2]r tO[2] ])}

data10xRes[2] .Map[fn10xRes2, datate];

Thisisaplot ofthesecond pass lOx fitresiduals. Theseshould looksignificantly better than thefirst. Specify theshot

numberfor the label:

● 27



15-2729. CylAncIl.nb ●
1 . . . . .. .

plot4 . ListPlot [data10xRes[2] ,

Frame -> True, FrameLabel + {“Time (~sec) “, 111OX Fit Residuals (mm) “},
PlotLabel+ “Shot #15-2729 Second Pass 10x Fit ResidualsW]

Shot #15–2729 Second Pass 10x Fit Residuals
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Delete the following intermediate plots after evaluation:

plot5=Plot[efit [t, vrc0[2], arO[2], cIJ[2],tO[2]], {t, tO[2], Tmax}]

plot6=Plot[0, {t, O, TMSX}]

Thisisa plot ofthe corrected radial wallexpansion data, fit, and lOxfit residuals. Specify the shotnumber forthe label:
●

,

Show[plot3, plot4, plot5, plot6,
Frame +True, Prolog+ {Thickness [O.002], PointSize[0.005]},

FrameLabel + {“Time (~sec) “, “Radial wall expansion (mm) “},
PlotLabel+ “ShoE #15-2729 Film Data, Fitr and 10x Fit Residuals.]

1 ●

Shot #15–2729 Film Data, Fit, and 10x Fit Residuals
3

Time (~sec)
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■ 6.3.4 FinaI Fit

●
This is the formula USCCIfor subsequent evaluations, in which the virtual time origin is zeroed out. (The timeoriginis

unimportantbecause themeasures we shaIl compute are quoted as a function of tube expansion. )

er[t_] = efit[tr vrm[2], arO [2], ~[2], 0]

● 0.4852062.16903 t (-1 +(:.+ :).. ). 1
-0.00465887 + (1+ t)0.4a520c

■ 7. Radial Wall Velocity

a’
The radial wall velocity as a function of time is given by:

vr[t_] = ez’[t];

(The radial velocity is not the same as the material velocity of the wall, but is close to it.) The following are radial

● velocities at the three standard expansions. The computed times correspond to the indicated expansion in millimeters. For

example, “t6” is the time at which the wall achieved 6 mm radial expansion, and so on.

t6. t /. FindRoot[er[t] .=6, {t, 1}]

4.8085

●

a

vr[t6]

1.61856

t19 = t /. FindRoot [er [t] == 19, {t, 1} ]

12.2435

t30= t /. FindRoot[er[t] .= 30, {t, 1}]

18.1482

vr[t30]

1.8906

●

Delete the following intermediate plot after evaluation:

plot7 = ParametricPlot [{er [t], vr[t] }, {t, O, t30}] ;

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

29



parametricplot [{er[t] , vr [t]}, {t, O, t30}, Frame +True, Prolog +Thictiess[O.0021.

FrameLabel + {“Radial wall expansion (mm) “, “Radial wall velocity (mm/~sec )“},
●

PlotLabel+ “Shot #15-2729 Radial Wall Velocity vs. Radial Wall Expansion”]

a
3
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1.25

1
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0.25

0

Shot #15-2729 Radial Wall Velocity vs. Radial Wall Expansion

t

,

I
o 5 10 15 20 25 30

Radial wall expansion (nun)

■ 8. Cylinder Energy

Thccylinder energy isdefined asthespecific kinetic energy ofthcwall based ontheradial component ofits velocity. It is

notquite thesame as the total specific kinetic energy of the wall, but it is close.

vr2
Esp[vr_] . —;

2

●

This plot shows the cylinder energy as a function of the radial wall expansion. Specify the shot number for the label:
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● 1S-2729. CjdAnal.nb
~., I ,,,,

ParametricPlot [{er[t] , Esp[vr[t] ]},

●
{t, O, t30}, Frsme -+True, Prolog+ Thickness [0.002],

FrameLabel + {“Radial wall expansion (nun)“, “Cylinder energy (kJ/g) “},

PlotLabel+ “Shot #15-2729 Cylinder Energy vs. Radial Wall Expansion”]

● 1.75

1.5
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>
+,1.25

$
0.25

0

Shot #15–2729 Cylinder Energy vs. Radial Wall Expansioh

0 5 10 15 20 25 3;

Radial wall expansion (mm)

Compute thecylinderenergy at the three standard radial expansions:

E6 . Esp[vr[t6]] (* MJ/kg *)

1.30987

The’’standard’’ cylinder energyis computed at19mm radial expansion:

E19 = Esp[vr[t19]]

1.67273

E30 = Esp[vr[t30]]

1.78718

(* MJ/kg *)

(* MJ/kg *)

●

l%ecylinderenergy may alsobe extrapolated toinfinite expansion:

Em . Esp[vro[2]] (* MJ/kg *)

2.35234
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i5-2729. CylAnal.nb ●
+ ,,

■ 9. Gurney Energy

The Gurney equation for cylindrical geometry is:

1.32358vr2

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

ParametricPlot [{er [t], G [vr [t]]},

{t, O, t30 }, Frame + True, Prolog+ Thickness [0.002],

FrameLabel + {“Radial wall expansion (nun)“, ,,Gurney Energy (kJ/ 9) “}~

PlotLabel + “Shot #15-2729 Gurney Energy vs. Radial Wall Expansion” ]

Shot #15-2729 Gurney Energy vs. Radial Wall Expansion
“.. .”

o 5 10 15 20
Radial wall expansion (mm)

Compute the Gurney energy at the three standard radial expansions:

G6 = G[vr[t6]] (* MJ/kg *)

3-46743

The “standard”Gurney energy is computed at 19 mm radial expansion:

G19 = G[vr[t19] ] (* MJ/kg *)

4.42799

The “asymptotic” Gurney energy, evaluated at the asymptotic expansion velocity, is:

25 30

I

●
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Gm . G[vrm[2]] (* MJ/kg *)

● 6.22701

■ 10. Axial Velocity

●
Specify the pin data in (t, z ) pairs, with t in microseconds and z in millimeters:

●

datatz= {{-0.002, O}, {2.927, 1*25.4}, {5.828, 2*25.4}, {8.697, 3*25.4],

{11.598, 4*25.4}, {14.469, 5*25.4}, {17.358, 6*25.4}, {20.251, 7*25.4},

{23.165, 8*25.4}, {26.058, 9*25.4}}

{{-0.002, 0], {2.927; 25.4), ””{5.828, 50.8}, {8.697,76.2}, {11.598, 101.6j,

{14.469,127.), {17.358, 152.4}; {20.251, 177.8}, {23.165, 203.2}, {26.0b8, 228.6}}

Delete the following intermediate plot after evaluation:

plot8. ListPlot[datatz]

●

●

Thiscommand performs alinear fitto thedata. If thereare any bad pins,eliminate them from the fitusing the Drop

comtnand):

z[t_] . Fit[datatz, {1, t}, t]

-0.184422 +8.78292t

Themaximumpin timcis:

tmaxpins. datatz ~Length[datatz] 1~111

● 26.058

Thesecommands compute the IOxfit residuals:

fn10xRes3[w_] := {W[ln, 10 (wit2n-z[wltln l)}

● datalOxRes[ 3] = Map[fn10xRes3, datatz] ;

Delete the foilowing intermediate plots after evaluation:

plot9 . Plot [z[t] , {t, O, tmaxpins] ]

plot10 = ListPlot [datalOxRes [3]]

plotll = Plot [0, {t, O, tmaxpins}]

This plot shows the t-z pin data, the linear fit, and the 10x fit residuals. Specify the shot number for the label:

●
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Show[plot8, plot9, plotlO, plotll, Frame +True,

Prolog +Thick.ness [O.002], FrameLabel+ {“Time (#see)”, ,,Axial Distance (mm) “},
●

PlotLabel+ “Shot #15-2729 Pin Data, Linear Fit, and 10x Fit Residua~lsW]

Shot #15–2729 Pin Data, Linear Fit, and 10x Fit Residual

200

A

-j 50

0
0 5 10 15 20 25

Time (psec)

velocityis theslope of theabove plot:

DO =Coefficient[z[t], t]

8.78292

Performa linearregressionanalysis:

Needs[”Statistics ‘LinearRegression’”]

Regress[datatz, {1, t}, t]

●

{Parameterl’able+ ~
Estimate SE TStat PValue

-0.184422 0.0826259 -2.23201 0.b561206t

t 8.78292 0.00534566 1643. 0.’
RSquared +0.999997, AdjustedRSquared +O.999997, EstimatedVariance +O. 0197172,

DF SumOfSq MeanSq FRatio PValue

ANOVATable+ Model ~ 53225.5 53225.5 2.69945x106 o.
}Error 0.157737 0.0197172

Total 9 53225.7

J

●
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