e itessss it S esen T # 3

e
"

o

UHMTE vo0-26:

BEHAVIOR QF PMMA CYLINDER UNDER SHOCK
LOADING 8Y PENTOLITE CHARGES

Al7266904

BY
John O. Erkmon

12 APRIL 1971

}%i @%ﬁ"iﬁ%ﬁi iﬁsﬁﬁﬁﬁﬁ’f WHITE 62K, SILVER SPRING, MERVIAND

‘NATIONAL Tt,HNu\_bL
INFCRAMATION SERVICE

APPROVED FOR PUBLIC RELEASE;
DISTRIEUTION UNLIMITED

UDC
@Eﬁmﬁu’ﬁ z
NI R

LZEL—:}! 'gzj' U {SJ

NCLTR 70-265

"“""‘"’""""'ﬂ

;é('




|

|
G R A ;
;‘i': 3 ;4. f“‘?{ % . )
YR N
2
51 B N :
‘l,;'t ’,, U
il PO g
/““M(‘\
€

THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.




i_ - TR T e —— T T—— -

UNCLASSIFIED
Security Classification
DOCUMENT CONTROL DATA - R&D

(Securtly cleasification of 1ttty body ol adstract sud indoxing annotation mus’ be antered whien the overall report is classilied)

1 ORIGIHATING ACTIVITY (Corpurate austhon) 268 RCPORY SECURITY T LASSIFICATION
Navel Ordnance Lzboratory UNCLASSIFIED
White Gak, Silver Spring, MD 20910 25 cmous
- =

3 REPORTY TITLE

BEHAVIOR OF PMMA CYLINDER UNDER SHOCK LOADING BY EENTOLITE
CHARGES

4. DESCAIPTIVE NOTES (Trpe of report snd inclusive detss)

S. AUTROR(S) (Leaast name. tirst name, initial)

Erxman, John O,

€. REPORT DATE 78. YOTAL NO. OF PAGES 75. RO. OF REFS
12 April 1971 5 12
Be. CONTRACT OR GRANT NO. S8 ORIGINATOA'S RECOMT NUMBLNS)

NOLTR 70-265

b PROJECY NO.

ORD 331-002/092-1/UFi9-332-302
c.

$b OTHER gnonr NO(S) (Any other nuenbers -8t may be eseigned
thie snpo

d.
10 AVAILABILITY/LIMITATION NOTICES

Approved for public release; distribution unlimited,

15. SUPPL EMENTARY NOTES 12. SPCNLORING MILITARY ACTIVITY
Naval Ordnance Systems Command
Washington, D.C.

/

13. A\.‘.THACY
“The purpose of the work reported here was to improve procedures

used in calibrating the NOL large scale gap test., Some charnges are
suggested which should improve the streak camera records of shock
propagation in the PMMA cylinders. Data reduction has been examined
in some detail in order to £ind a suitable method for diffeventiating
the data. The application of smoothing and ¢iffersntiation opveratio
to subsets of the data is the most promising method. It 2an be
applied sc that subtle trends in the data a.’e not destroyed. When t
data contain noise, more severe smoothing cun be used. This supresse
the effect of noise on the derivative of the data, which is She shcek
veloeity, U, ..

-

~~~-Eacsuse most of the data used in this report contains too much
scatter from shot to shot, it has not been_possible to demonstrate
that the U = U(X) relation differs from a smooth curve. There is
a good deal of evidence, however, that the curve is not as simple as
has been reported by most observers,

.

ey
.

DD .%o%,. 1473 UNCLASSIFIED

Security Classificetion

b,




Q
Security Clessification

14.
KEY WORDS

LINK A LINK @ LINK C

Rixg £ w7 ROLE Kot €

Shock attemation
Data reduction
Explosive testing
Streak camera
Gap tests

INSTRUCTIONS

. ORIGINATING ACTIVITY: Enter the name and sdd-ess
of the comractor, subcontractor, grantee, Departmen’ of De-
fense sctivity or other orgenization (comporate authar) issuing
the report.

28. REPORT SECURTY CLASSIFICATION: Enter the over
al! security classification of the report. Indicate whether
“Restrictad Data’ is incleded Marking is to be in sccoed-
ance with apprepriate security rogulations.

2b. GROUP: Autom+tic downgrading is specified in DoD Di-
rective S200. 10 and Armed Forces Industrial Manual. Enter
the group numbes. Also, when spplicable, show that optionsi
a;::inga fLiave been uced for Group 3 and Group 4 ss siuthor
i

3. REPORT TITLE: Enler the complete repont title in ait

copital intters. Titles in all cases should be unclaesilied.
U a mesaingful title cannot be selacted without clausifice

tion, show title clsssificetion in all capitais in pacenthesis
immrdistely following the titie.

4. DESCRIPTIVE NOTES: If appropriate, enter the type of
tepor:, 2.g., ixterim, progress, summary, annusl, or final.
Give the inclusive dates when a opecific reporting peciod is
covered.

S, AUTHOR{Sx Enter the name(s) cf suthor(s) «x shown en
er in the report. Entes 1ast name, ficst nexie, midsie initial.
1 military, show rank ani brsnch of service, Thr nsme of
tke principsl agthor iv sn Chaolute minimum requirewent.

6. REPORT DATE: Esnser the dute of the report as day,
month, vesr; or momh, year. If more than one date appesrs
o the report, uie date of publication.

7s. TOTAL NUMBER OF PAGES: The total page count
shoun!d follow normal pagination procedures, L 2., 2nter the
aumber of pages comsining information

76. NUMBER OF REFERENCER Enter the total number of
references ciied in the report.

8» CTOITRACT OR GRANT NUMBER: if sppropriate, enter
the spplicable aumber of the contract or gram und2e «hich
the zeport waz wr.'len

§b, 8, & 84. PROJECT NUMBER: Enier the sppropriste
military depsrtment identi{ication, such ez project rumber,
subproject nunder, system numbers, task numder, etc.

Sa. ORIGINATOR'S REPORT NUMBER(S): Enter the offl-
cial report namber by whicl the decumant will be identified
and controlled by the originating sctivity. This number must
be unigue to this reposte

95, OTHER REPORT NUMBER(S): If the reprort has been
assigned any other zépc it aunbers Jetther 6y the onginator
or by the sgonzor}, al-s eecter clils numbes(s).

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-
itations on furthxr dinsemination of the rencri, other than those

-

imposed by security ciassification, using standard statements
such 4s:

(13 **Qualified requesters may chtain copies of this
sepor: from DDC."’

“Foreign sanouncement ¢ad Jissemination of this
raport by DDC is not suthorized.”’

U, S Grvernmet sGeacies may otteia coples of
this report Azectly fromm DDC, Other qualified DEC
users vhall vequess through:

&)
(3

”
.

sy, S. military ageacies may obtain | ies of this
report directly from DI:C. Other quaiified users
shsil requsst tkrough

4)

“ All distribution of this report is contrelled Qual-
ified DDC users shall reauest through

(s)

"
>

Af the repost 1cs been furnished to the Office of Technical
Ssivices, Department of Commerce, for sale tv the public, indi-
cate ‘his fact ant enter the price, if known

11, SUPPLEMENTARY NOTES: Use jor additions! explana-
tney notes.

12, SPONSORING MIL{TARY ACTIVITY: Enter the name of
the departizentai project office ar laborstory sponsoring (Rey
ing for) the rasesrch snd development, Iaclude sadress.

15, ABSTRACT: .lnter an abstract giving 8 brief end {actusl
sunmary of the document indicetive of the report, even though
it may alsc appesr elsewhere in the body of the techaicel re-
port. If additional space is requires, 8 continusticn sheet sheil!
be attaihed.

i is highly dezivable that the absircct of classified regorts
be unclassitied. Exch peragruph =f the absirsct zhatl ¢nd with
an indivstion of the =ilitury nec.vity classification ol the in-
formation in the perajreph, represented as (T5). 7 (C), or i¥l).

There i3 no ii*nitauve On the longth of the sbstract. How-
ever, the suggesred langth is from 150 to 225 words.

14 KEY WORD3: Key words sre rechnicelly meaningful terms
or shurt pvhrases that chsrectecize s report and may bo used as
index entries for catsluging the seport. Key words nust be
relected o thes no secaity cissmification is required. Identi-
fiers, suck a3 equipment model designution, trads name, militsry
project code asme, geographic location, may be used 3s key
wordy but will be followed oy an indication of tecanical con-
text. The sssignment of tinks, roles, and weights is optionel.

UNCLASSIELLD

Security Clessitication




NOLTR 70-265

BEHAVIOR OF PMMA CYLINDER UNDER SHOCK LOADING
BY PENTOLITE CHARGES

Prepared by:
John 9, Eriman

ABSTRACT: The purpose of the work reported hevre %w&s to Zmprove
procedures used ir: calibrating the NOL large scale zap test. Scme
changes are suggested which should improve .ae st.eak camera records
of shock propagation in the PMMA cylinders. Data reduction has been
exanined in some detail in order to find a suitable method for
differentiating the date. The application of smoothing and differ-
entiation operations to subsets of the data is the most promising
method. It can be applied so that subtle trends in the data are

rot destroyed. Wher thLz date contain nuise, more sevece smoothing
can be used, This supresses the effect of noise on the derivativye
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Propellant and Ingredient Sensitivity.

Suggestions are given for improving whe recording of explos!.ve ininced
shocks in cylinders of PMMA. A practical numerical method is used

for obtaining gap tests calibration curves (pressure vs di:tance) from
the streak camera recordings. This method eliminates some of the
arbitrariness and subjectivity inherent in method« used in the pau’.

These results ars of iaterest toc those studying the sensitivity to
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1. INTRODUCTION

Some work has been done on calibrating the Large Scale Gep Test
{LSGT) for pentolite donor charges, The calibration, which is
preliminary, is reported elsewhere!'. This report is concerned with
the methodology of data azquisition and reduction for gap test
calibration, One reason for studying the methodoiogy is, of course,
to obtain the best possible calibration of the LSGT. Ancther
reason is to find if the methods are sufficiently sensitive ani
accurate to detect subtle changes in the velocity of propagation of
the shock in PMMA cylinders. That is, does the shock front progress
in a steady manner, or does its velccity change abruptly at certain
distances along the cylinder? There are reasons for suspecting that
the acceleration is not a smocth function of time, T (or of distance,
X). One of the primary reasons for suspecting this is that the
pressure decreases from sbout 170 kilobars (kb) at the interfece
between the PMMA and the pentolite to about 17 kb at 5 cm from the
interface., It is improbable that this r&pid attenuation is achieved
by a smooth, continuous process. In the first several cm of travei,
the shock front is probably overtaken vy rarefactions having
amplitudes of many kilobars. These large ampiitude waves should
prcduce abrupt changes in the shock velocity ard its pressure.

Koleky® has discussed wave reflection and reirnforcement behind
shock fronts in explosive loaded cylinders. With regard te the
fracture along the axis of such cylinders, he notes that the fracture
does not fzll off uniformly with distance from the charge, but passes
through a maximum and then decreases rapidly. This is the case for
a charge having & smaller diameler than the loaded cylirnder. For
the gap test the twe diameters are the same, so the fraccuring
differs from that reported by Yolsky. In the region within two cm
of the charge/PMMA interface, all of the PMMA is shattereé., Starting
at about two cm, some cf the material near the axis is recovered in
the form of & tapered cylindrical siug. For 12.5 om iong cylinders
loaded with tetryl, the slug remains attached to the far end of the
cylinder’. The fractures meet the wall of the cylinder about 10 cm
from the explosive, For pentoliite loading, the central slug is
always broken loose from the recovered portion of the cylinder as if
the tension waves had increased in strength. The breakout of the
fractures is still about 10 cm from the explesive. This breakup of
the cylinders is another reason for expecting the existence of relief
waves of fairly large amplitude., Again, these reilef waves should
produce observable effects on the velocity of the shock front.

Curvature of shock fronts in PMMA has aiso been studied*. Thees
indicate that the radius of curvature of the front changes ebruptly
at 2.5 cm from the interface. This is undoubtedly preduced by the
interantion of finite amplitude relief waves interacting =ith the
shock front.

Most of the previous calibration work ati NuL was done with a
35 mm streak camera. We now have a 70 mm camera sc that any changes
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in acceleration can bte detected more readily. Hence the records
obtained in the calibration program for the lot of pentdolite which
we have been using have been exanined exhaustively. This study has
shed some light on the subject of shock wave attenuation in the
PMMA cylinders and has indicated how the calibration could bte
octaeined mcre accurately.

2. DESCRIPTION OF FLOUA IN ThHE PMMA CYLIRDER .

The atteruation cof the shock might be approximated ty ueing
the theory of compressible flow., The flow is two dimensionsl, tice ’
dependent, and axially symmetric., PFurtherrore, the flow bzhind
the shock front is subsonic., Becsuse the front is curved, the
flow behind it is rotatioral and non-isentropic. Ko analytic
sclutions are likely to be found for such fiow, ever for & =aterial
having & simple equation of state., The probiem is even =ore
compiicated tecause the effects of rigidity must be included in the
constitutive relations for PMMA.

The problem can bte attacked by using finite difference codeg,
ané at least two attempts have been made®*s®, This method is rela-
tively expensive even with a mcdern digital coeputer. Fine zoning
is requiied if small changes in the shock velocity are tc be
observed in the restlts. The attempts at solvirg the problem used
relatively coarse zoning so that the results are not definitive,

One fault of the codes is that they cannot take into account
the complicated fracturing of the FMMA immediately behind the shock
front, {Practuring is an energy absorbing process which should be
taken into account in the energy btalance during the computations,)
This fault makes it gquestionsbie if the use of codes wili give the
desired rvresults in the fcreseeable future. Thus the problem remains
a challenge to both the experimenter and ~he theoris*.

3. EXPERIMENTAL

The experimental arrangement is the same as that used in
previous calibrations®. Briefly, & cylindrical sample of PMMA 1is
shocked by detonating & charge of 5C/50 pentoiite {pe = 1.56 g/cc)
in contact with it, The diameter of the charge is 5.C8 cm and
consists of two pellets; sach 2.54 cm thick, and is point initiated
sO0 that the catonation 1s axially symmetric, The sampie nas flat ’
surfaces milled and polished on its cylindrical surface through
which the streax camera views the light source. The PMMA is 5.08 om
thick between the flat surfaces; these surfaces are 0.3 te 0.5 cm v
wide so thar the diameter of the cylinder {s slightly greater than
5,08 cm. As the shock travels thrcugh the sample, the light source
is shuttered. There results & streak on the film which relates
time and distance for the shock front., A camera record taken in
this way is kncwn as a shadowgraph.

in what will be referred to as a “regular chot", the FP¥M2
sample is 10 ¢m long, or lenger. One rault of these shots is

2
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that they give records which have very little curvaiure so that
accurate differentistion is dificult. Alsc for these shotz, the
objective lens of the camera is focused on a scils placed hezide

the sampls and &t the sanme zeometric dlistance fro= the camers as ine
axis of the charge. This results in soce error bvecause the scale
factor for distance shoald b= that appropriate for the opiicsl
distance to thes center o7 the PMMA sa=ple, nct that for the geometric
distance, These comzents apply to the Tegular shotz fired for thiz
work and s8l13 previcusiy reported work which uszd the 35 = strsak
carera. Results previously reported basea on shot records froe
ancther 70 e camerf were cbtained with proper focusing s&nd the
apprapriate scale factor:, but not with parallel light,

One consequence of using PMMR ss=ple- 10 ez long (or longer;
is that coaverging light =ust be used because the usable diameter
of the objective lens is less tran 8.8 cs, the diszeter of the
viewing port. With convergent lizht the record represents tkee
progress of different portions ¢f the 3 dixensional shock front,
Diwzinating the event with parsliel liight should give shadowgraphs
which represent the progress of trhe shock aidng the axis of tre
cylinder. These considerations, along with difficulties in
differentiating the data, ied to a change in the expsrixzentsl
arrangement o that the camera viewsd cnly S c= of ¥M:, Thus one
ahot covered thermnge of distance, 0 to 5 cz, end ancther cshot
covered 5 to 10 cr. There it sozme cveriap between the two shols
s0 that the results cen te joined in & reasoncblie zanner, FEecause
the fields of view have szaller dimensions then the objective ions
»f the camers, parallel iight can be used. The camers is fccused
on & scale placed behind 2.54 cm of PMMA, following which the
explosive-PMA assembly is 2laced so that the camera is focused on
the axis of syameiry. 7Thus the scsle factor for distance is correct
for the optical distance tc the center cf the semple and caxers
focusing and lighting sre cptimuer for shadougraplhy. These shots
are referred to &8s "clogse~up shots®™ in the folluwing.

%, DATA REDUCTION

The camers reccrds are digitized by using the Universsel
Teiersader. The output of this mechine iz sutomaricelly punched
into IBM cards as the mmder of "counts™ starting from sowe 2rdbi-
trarily selected origin. A cospuier program is used to convert
counts into tise and disfance ty use of the agpropriate reducti
Tactors., These J{ata are then differentiated in crier to d2t2rmine
the shock velocily. The film record, data cards, snd m0o3t of the
printed computer cutput ere stored for Nuture reference,

The art ¢f cifferentiating such data has been discussed in
some deteil in a previous report’. As before, the dsts are rot
e7seniy spaced in either variable so that ordinery smoothing zxd
differentiatirg formilas cannct de used, More ccmplicated foremles
can be used, hut nc computer code incorporeiing tnex was s#silabie
at the time that this werk was initiated. in Reference 7,
the data were studied witna the ald of a spline functiion which had

3
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been programmed for the IBM 7090. This function is a set of cubic

equations, ~ach being fitted to a subset of the data. Adjacent

cubics are joined so that the overall function is smooth at the

Joints. The first and second derivatives are &lso requlred to be

smooth at the joints., The computer program evaluates the param:ters

for the spline function and supplies the derivatives at any specified

velue of the independent variable, When the number of points in

each subset, G, is 3, the function fits every point so that minor ‘
errors in the data meke the derivative irregular. Larger values of

G causes tne program to produce & smoother function so that the

derivative is also smoother., The spline function appeared v
attractive because the degree of smoothing could be controlled and

because 1t was available.

ATter the data had been differentiated by using the spline
function; it appeared that the experimental work needed lmprovement,
This led to the "close-up" shots mentioned above. When the code
gave strange results for these improved experiments, the code
its:21f became suspect. The spline function subroutine calls a
matrix subroutine in order to solve for the coefficients. When
the value of G is small, 3 or 4 in the work referred to above, the
matrix is falrly large. Round-off error becomes serious so that
the results are not reliable. Replacing the single precision
matrix subroutine with a double precision subroutine improved the
results, i,e., the derivative was less erratic. Becauze we have,
at most, 4 significant figures in the data from the Telereader,
it seemed unwise to use a numerical method which required double
precision, For this reason, simpler methods have been used to
diftferentiate the data, These are described in the following.

When the data are evenly spaced in the independent variablea
simple formulas are available for differentiating numerical datea”.
In order to reduce the effect of noise in the results, other
formulas are ayailable for smoothing the data prior to computing
the derivative , These formulas have to be applied with a certain
amount of cauticn, else subtle trends in the X, T data will be
surpressed. In the work reported here, the data are not equally
spaced in either X or T. Hence we must use more complicated formulas
for smoothing and differentiating the data. These formulas, &s
well as those for evenly spaced data referred to above, are based
on interpolation functions which are used over a subset of the data.
These functions are usually low order polynomials, the coefficlents s
of whiin are determined by the use of computer codes, In order to
preserve as much of the character of the data as possible, poly-
nomials of the first, second and third degree have been used in ¢
this work. The number of points in a subset was either 3 or 5.
Actually, formulas (in the usual sense) are not used. The poly-
nomial is fitted to the subset of data in a least square sense by
a computer subroutine. This method may not be as efficient as one
based on the use of foraulas., It is, however, flexible, and requires
e minimum of computer programming. A self-contained subprogram for
smoothing and differentisting data was obtained from R.’T. Nelson, Jr.
at the Naval Air Test Station, Patuxent River, Maryland .  Resuits

i
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from the use of this method, &s well as from the use of the spline
function and a method based on subdividing the data for linear
fits are given in the following.

5. REGULAR SHOTS

A series of four shots was fired using identical procedures and
components. Plots of the shock velcclty, U, as a function of the
distance from the explosive-PMMA interface, X, were obtained b
using the spline function, first with G = 3 and then with G =
(that is, 3 and 4 points per subset of data). For Shot 578,

Fig. 1A, the two curves nearly coincide over the whole range of X.
Both curves have a "hump" in the neighborhood of X »~ 3,0 cm. The
two curves for Shot 579 &lso agree reasonably well, but the hump

is not so much in evidence, see Fig, 1B, Data for Shot 580 were
assumed to be of poor quality because the curve for G = 3 has an
oscillatory component, see Fig. 1C. For this value of G, the spline
function passes through each point; see the description of the func-
tion above. Any errors in the observations tend to become more
prominent in the derivative of the data. Finally, the results shown
in Fiz. 1D imply that the data for Shot 581 are poor because the
curve for G = 3 has a large oscilletory component. At the time
these data were processed, there was no explanation for the
roughness of the U vs X curves for the last two shots, Part of

the trouble turned out to be rocundoff error in a matrix subroutine
as mentioned above. There must be, however, some noise in the
records for the last two shots, particularly Shot 581, because
alternate treatments do not give smooth curves.

The effects of changing from a single precision to a double
precision matrix subroutine are shown in Figs. 2A and 2B, which
should be compared with Figs. 1C and 1D. Noise is still present
in the U vs X curves, es. cially for Shot 581, Fig. 2B, with G = 3.
This shot must have had some derect elther in the components or in
the assembled experiment itself. The record was difficult to read,
largely because the film was not exposed uniformly. This could
result from an inferior light source, or because of dust in the slit
of the camera., The data used here are from a second and more
carefuvl reading of the film. The original set of data contained
even more noise than the second set.

The differentiation formulas described in Section 4 have also
been used to obtain the shock velocity from the data for the four
shots, The data for a shot were first smoothed by fitting a subset
containing five points with & second degree polynomial, using a
least squares criterion. The ordinate for the 3rd point was then
calculated to give a smoothed value, The distance, X, was used
as the independent varlable so that the coefficient C in the
relation T = A + B X + C ¥X* would most likely be positive., If T
had been used as the independent variable, the coefficlent of the
second degree term would probably be negative. Note that the
smoothed valne of T ic not necessarily at the middle of an interval-~
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it is the third ordinate of the subsel. Each point of the data
is smoothed in turn by the computer code. The choice of five
points and a second degree polynomial is entirely arbitrary.

The next step in the process 1s to go through the set of data
containing the smoothed ovdinates, Tg, fitting three points at a
time with & quadratic function. The fit 1is a least squsres fit;
and the coefficients are used to compute the derivative at the
second point. The choice of three points and a quadratic function
is again arbitrary. Results for the four regular shots are shown
in Figs. 3A through 3D. In these figures, the shock velocity, U,
is plotted as a function of X. U 1s, of course, the reciprocal
of the derivative, dT/dX, as computed by the scheme described above,
where X was the independent variable. Note that in Fig. 3A, there
is a rough section in the curve., This is partly obliterated by
smoothing the values of U~? by using in succession subsets of the
data set, X, U~*, A second degree polynomial and five points were
used in this smoothing process, resulting in a new set of ordinates,
Us™. These smoothed veiocities, Us, are shown in Figs. 3A through
3D also. As noted above, the rough section of the curve for Shot
578 at about X = 12 mm is now a little smoother. Elsewhere, the
smoothed and unsmoothed curves are practically indistinguishable.
The same is true for the two curves in Fig. 3B and 3C. Shot 581,
Fig. 3D, has a constant veloclty region at X = 10 mm; this is similar
to the step in Fig. 3A. With this methed, Shot 581 is about as
good as any of the others,

This local smoothing and differentiation method (1sd) is the
preferred method at this time. The codes are simple and the results
are reasonable, That 1s, there is less noise in the results, U vs X,
especially for X < 10 mm, and it gives better results for X = O than
those obtained, for example, from the spline function. We do not
expect to record the effects of the reaction zone of the explosive
by the optical method used for these shots., But e should be able
to obtain a velocicy at the interface close to that which can be
calculated by using impedance matching and the Chapmen-dcuguet
parameters for the explesives. This gives a value of U of atout
0.624 em/psec®., All of the 1lsd results, Figs. 3A through 3D give
values of U equal to or greater than 0.56 for X = 0. This is grat-
ifying because the results obtained from the codes will not have
to be changed significantally for small values of X in crder to give
the correct interface value. It 1is true thal some of the curves
obtained with the spline function give values of 0.56 cm/usec, or
greater, at or near the interface. But too many of them oscillate
for values of X < 10 mm., The spline function subroutine could
probably be changed so that the interface value of U could be used
as an input parameter. This would give a boundary condition on
the function,; at, or near the first data point. However, roundorff
arror might continue t¢ be troublesome s¢ that the 1sd nethod will
probably remain the preferred method.
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6. CLOSE-UP SHOTS

The problem of differsntiating data from streak camera records
can be better appreciated by examining the curves in Fig. 4. These

show the relation between the time T and the distance of shock travel,

X. The origin for curve A is at the explosive-PMMA interface while
that for curve B is 5.08 cm from the interface. Points on the curves
represent the points read on the Telereader, whose output is in
counts, For these data, a count represents 0.03 mm in the distance
direction and 0,007 psec in the time direction. Points are read at
spacings of about 30 to 40 counts, or 0.9 to 1.2 mm, on the film.
This ﬁives 40 or more points for each of the close-up shots, see
Fig. 4. The curves are nearly linesi, even curve A, along which

the pressure drops from 170 kbar for X = O to about 17 kbar for

X =5 cm., This rapid attenuatior of pressure gives a change of
slope which is little more than perceptible. Nevertheless, these
data are not as difficult to work with as those described above
where 10 cm of shock trevel was crowded into one record, Increasing
the size of the plots referred to above would help in determining

if the derivative was continuous or not. Such a change of scale can
be effected by fitting the data with a function linear in T and
evaluating the residuals, (X - Xopgerved). =Residuals are relatively
large for Shot 715, Fig. 5A and smaller for Shot 716, Pig. 5B, Each
small division for the ordinate axes is 0.1 mm for Figs.5A and 5B as
compared to the value of a count which is 0.03 mm. The spatial
resolution of the streak camera is about 25 lines/mm. For these
shots, the magnification is about unity, so that a count on the
Telereader is sbout equal to the distance that can be resolved.

Thus the 0.1 tm/division scale for the ordinates in Figs. 5A and

5B 1s reascnable considering the resolution of the camera.

An interesting feature of Figs. SA and 5B is that sets of the
‘residuals can be represented by straight lines. These straight
lines fit the points in each set to very nearly within % 0.03 mm,
or within one count., In Fig. 5B the fits are not as good, deviating
by something like * 2 counts, or # 0.06 mm. The velocity of the
shock front can be ohtained from the coefficients of the original
linear relation between X and T and the linear relations between
the residuals and T. In preference to such s process, the plots are
used to select sets of data for linwur “ite. Table 1 shows the
resulte of these fits. In the first 3 columns &are shown the values
of T, X and the residuals. For each set of data, Col. 4 gives the
standard deviation of the linear fit, opr, Col. 5 the velocity, U,
and Col. 6 the standard deviation of the velocity oy. For the first
4 gets of data, the only residusi greater than 0.03 mm is in the
second set; it ie 0.036 mm. Thus the fits are as good as one can
reasonably expect, i.e. within = 1 count on the Telereader. For
T 2 11.73 psec the fit is considerably worse; these data are from
Shot 716, see Fig. 5B for the residuals for the overall linear fit.
The value of o¢ is8 0.062, or 2 counts on the Telereader, and the
larsest residual (absolute value) is 0.133i, or about 4 counts. This
implies that the record of Shot 716 was of lower quality than that
for Shot 715, cspecially over its first third.
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The results of the process described above are shown graphically
in Fig. 6. So far, values of U have been calculated only over the
values of X spanned by the solid lines. In some cases, the shock
velocity apparently changes discontinuously, as beiween sets 1 and
2, see Table 1, and between sets 2 and 3, No data were left out
at these "joiats". One data point was left out, however, between
sets 3 and 4, and between seis 5 and 6, see Fiz, S5A., Severa" points
were left out between sets 6 and 7. There remains the problem cf
connecting the lines for constant values of U in Fig, 6, at least
where data have been excluded from the fits, Cver these regions,
the shock valocity may be contihucus while the acceleration under-
goes large changes,

Even a casual reader must have noted that the curves in Figs., 5A
and 5B are parabolic in shape., Therefore they couid be fitted in
a least sauares sense by

R = A + BT + CT?,

Where R represents the residuals, (X - Xe), where Xe is an observed
value of the position of the siicck. Values of X are from the
linear fit,

X =2a + bT

If we assume the residuals are fitted exactly, the equations can
ve combined, giving

X, = (a - A) + - B)T - CT°,

so that Yo aad T are related exactly by & quadratic., T»is method of
smoothing data is similar tc a method developed by A. T, Doodson

and discussed by Hartree®®., The latter cautions that smocothing

data ixay result in errors. He states:

“The main purpose in zarrying out a process of smoothiig
must therefore be to achieve smoothness, not accuracy.
The contexts in numerical analysis ir which smoothness
is a prirme requiremernt are not many, so chat such a
process 1s not often required. But occasionelly it is
difficult tc make satisfactory rrogress without one."

Differentiating streak canera records is a process in which smoothing
is required in order tc make progress.

Rather than evaluate the five coefficients in the egnations
given above, the X, T data were fitted directly. The best quadratic
fit by least squares is

X =0.36 +5.33 T ~ 0.097°

80 that the velocity is
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U = 5,33 - 0.18T.
This iz an alternate interpretation ¢f the recorda for Shot T715.
A similar interpretation of Shet 716 gives
X = 0.02 + 3.28T - 0.009T°
so that
v = 3.28 - 0,018T.

These interprztations of the Jdota for Shots 715 and 716 require

the acceleration of the shock front ic -~hange by & factor of 10
after traveling O mm, One has the choice oif believing that there
ie this one big change in the acceleration /at X = 5C mm), or that
there are several smaller changes (as in Fig, €) or that tne accel-
eration is smocth 2s has heretofore been asaumed., This is not an
enviable situation,

The situation described above can be complicated even further
by studying the residuals from a quadratic fit. This leads one to
believe that, for example, a cubic should be used toc fit the data
for Shot 715, Thus one is led along the path to polynomials o
increasing degree., Because there are no physical ressons for expecting
thn? shock path to be described by higher degree polynomisals, that
route has not been followed.

T. LOCAL SMOOTHING AND DIFFERENTIATION OF "CLOSE-UP" SHOTS

Data from these shots have been studied by using the Naval Air
Test Station subroutine "Crout" (see Appendix A ). The data have
been smoothed and differentisted using first, seconi and third
degree polynomials. Only part of the results are r2ported here:
those given in Figs. TA, 7B, 8A and 8B are based on second degree
smoothing over £ points. The smoothed data, X, T, were then
differentiated by using the second degree polynomZal over 3 points;
thus the three points ave fitted exactly and the de:rivative is
evaluated for the second value of X of the 3 values being used,
Pizures 7A and €A show results obtained in this way for Shots 715
and 716 respectively. Figures 7B and 8B show results of smecthing

~

the values of U by using a second degree polynomial over 5 points,

The discontinucus X, U values of Fig. & are surerimposed on
Figs. 7A through 8B. There is scme correlation between the results
from the lsd process and the discontinuous resulis, see Pigs, 7A
and 7B. Smoothing the X, U data makes the correlation less
noticeable, Kere again is the dilemma which is always encountered
when numerical differentiation is required:; how much should the
data be smoothed? If one is tiased in favor of a smooth shock path
(X, T curve) and smooth acceleration, he will prefer the smooth
values of U as given in Filgs, 7B and 8B, Bias toward the more
chaotic condition as suggested by Figs. SA and 5B mskes one pirefer
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the unsmoothed results, Figs. 7A and 8A. A wise choice obviously
depends on how wvll the results can be repeated, which, of course,
deperds on the care with which the experiments are performed, and
on the precision of the camera and film reader. These points will
be discussed in later sections.

For small values of X, the values of U are off scale in Figs.
7A and 7B, The first several values of X, U and U, are given in
Table 2. The smoothing operation did not change tge value of U

Table 2

Values of Shock Velocities, U and Ug
for Small Values of X (Shot 715)

X (mm U(mm/usec) Ug (mm/nsec)
0.00 T.12 7.23
0.0U46 6.64 6.48
1.11 5.88 5,8
1.69 5,50 5.62
2.93 5.51 5.51
4‘025 5055 5'51‘

very nmuch over this range., For the first two points, both U and

Ug are greater than the Chapman-Jouguet value, 6.24 rm/usec (see
Section 5). The more or less flat portion of the curve where U ~
5.5 mn/psec could possibly be the effect of the reaction zone,

There are good reasons to be doubtful of these results for small
values of X: (a) the numerical methods cannot give accurate results
at the end of the set of data and (b) the'flats" on the PMMi samples
w2re not good near their ends., These samples snhoulid be of optical
quality; this is difficult to achieve in a non-optical shop. The
flats were polished by hand which introduced curvature, especially
near the ends of the flats.

For the same reasons as given above, the values of U for
X ~50 mm in Figs. TA, 7B, BA, and 8B are probably not reliable.

8. REPRODUCIBILITY CF U{X) FROM THE FOUR REGULAR SHOTS

The methods which have been used for obtaining U(X) from the
data are objective., That 1is, they are numerical schemes which give
the same results when a given set of dats are treated & second
time, Admitiedly the "segmented £its" to the data of Shots 715
and 715 were based, to some degree, on a subjective selection of the
subsets of data. The other methods were objective, and of these
the local smoothing and differentiation method has been chosen for
a study of reproducibility. This choice is &lso admitted to be
subjective, If we had =snough information to permit an objective

11
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gselection of a method for reducing the datz, we would undoubtedly
have 8ll the information needed for the calibration of the LSGT

witli no rurther work. In the following discussion, reproduciovility
is based on the results from the lsd scheme, using quadratic fits

to 5 points for smoothing, and to 3 points for differentiation.

This choice is arbitrary; it is rationalized on the basis that it is
simple, it smooths the data a minimum amount, and the results appear
to be reasonable (an admitted subjective appraisal).

Results for the four shots discussed previously are cshown in
Fig. 9 as curves relating U and X. A value of U is plotted for each
pair of values of X and T in the original sets of data. For each
shot, the points are connected by straight lines; this is the way
the Calcomp Plotter produces "curves". Wnile ccmparing these curves
it must be remembered that the data reduction techniquz mey give
unrepresentative results at each end of a set of data., This is
inherent in numerical methods for interpolations, smoothing and
differentiation. Hence the divergence of the resuits for the four
shots at X = 0 is not significant. Otherwise, divergence of the
curves represents lack of reprcducibility from shot to shet, At
X = 5 mm, the total spread 7 U is 0.14 mm/psec, the average value
of U is about 5,35, so the spread ie % 1.3%, At X = 25 sm, ¥ = 4.29,
and the spread in values of U are %+ 0,11 mm/psec, or = 2.6%.

Vhen tetryl was last calibrated in the LSGT 2, error in U at
X = 5 mr was estimated to be about 5% in the average of five shots.
For U = 5.3 mm/psec, {X approximately 5 mm) the range in values of
U was estimated to be about % 0.13 or z 2,5%. Hence the spread in
the shock velocity for the four shots discussed above is not
unusually large. In fact, the reproducibility of the results from
these four shots 1is entirely comparable to that obtained in previous
calibration work. Of course, such reproducibility is the collective
effect of (a) replication of booster pellets, (b) adequacy of optics
and camers and {c) methods of data reduction.

Evenr though the reproducibility is good for the four regular
shots, the magnitude of the spread of the values of U make it impos-
sible to detect any subtleties which could be the result of wave
interaction. That is, the breaks in the U vs X relation shown in
Fig. 6 are not detectable within the spread of the resuits of the
four regular shots., Any argument about wave interaction must be
baged on the results from the close-up experiments, Shots 715 and
716.

3.1 IMPROVING THE SHOCK VELOCITY METHOD OF CALIBRATING GAP TESTS
Some comments have been made in the preceding text about
improving the calibration of the gap test. Tnese improvements &re

discussed in rore detail in the following two sections., When it
is feasible, these improvements will be included in future work,

12
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.2 IMPROVEMENTS IN COMPCNENTS

A significant improvement can probably be made by mcre careful
preparation of the flat surfaces cn the PMMA cylinders. In the
past, these have been prepared by machining and hand polishing in
an ordinary machine shop. Such & shop cannot be expected to produce
specimens of good optical quality. The hand polishing is probably
the mosi. difficult operation. There is a tendency to produce a
curved surface, the radins of curvature of which is, of course,
greater than that of the cylinder. Thus the two flats become the
equivalent of a barrel lens. Near the ends of the sample, the
surfaces become curved toward the axls of the charge also. That is,
the two surfaces are closer together at the ends of the cylinder.
Optical distortion because of this defect may have been the regson
for stating that measurements could not be made for X < 0.5 ¢cn™ .

For the next calibration, PMMA specimens will be used which
were prepared in the Optical Shop of the Bureau of Standards, With
these, it is hoped that data from near the explosive/PMMA interface
will be more reliable.

In the past, exploding bridge wires were used as the sources
of light. Inexpensive lenses were used to provide nearly parallel
1ight through the sample because they are destroyed by the blast.
Better lenses should be used; somewhat better lenses have been
cbtained for work in the immediate future.

Even better lighting should be used foxr these experiments. Some
modification in the bomb-proof would permit placing the light source
outside the bomb-proof. This would permit the use of a good lens
sc that practically parallel light would be obtainable, A laser
could eventually be incorporated into the system for even better
light,

The optical system can be improved by using better material in
the port in front of the camera. PMMA is usually used in camera
ports for this kind of work at NOL. Many installations use glass,
and exploratory work has shown us that giass in the port upgrades
the quality of the image in the streak camera, Glass will be used
for tuture calibration work.

One "component" over which we have no control is the Telereader
which is used to digitiie the data. This machine is in another
Department. Its perfcrmance has been upgraded since it was last
discussed’. This was done by replacing vacuum tube circuits by
s0lid state circuits; resulting in more stable operation. The optics
of the instrument are still deficient in that the lighting is uneven.
This can cause trouble because the operator may compensate, for
example, by moving the cross wires further into the streak in brightly
lighted areas of the field of view. Rearing & record a second time
on this machine may give s:guiricantally different results when

13
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the digital data are processed. Placement of the wires on a streak
is a subjective operation, of cocurse. It should be made less
difficult by improving the lighting in this machine.

A second factor outside our control 1s the quality and uniformity
of the pentolite pellets supplied by the Naval Ammunition Depot,
Crane, Indiana. However, when we feel that we have reached the
practizcal limits of improvements in tha other components and techniques,
a sggcial experimental lot of pellets can be preparsd for additionsl
studies,

It has been implicity assumed in the above discussion that the
PMMA is reproducible as a material.

9.3 IMPROVEMENT IN TECHNIQUES

Some improvements in techniques have been mentioned in the
discussion about the close-up shote. When the fizld of view 1is
restricted to less than 8.9 cm (3.5 inches), the light through the
sample can be parallel. That is, the field of view is smaller than
the port, which is £.9 cm in diameter. The objective lens has a
focal length of 30.5 cm (12.0 inches) and a diameter of zbout 10.9 cm
(4.3 inches), s0 it is not limiting the field of view. Parallel
light in shadowgraphy procdaces more "legible” picturesi!, It also
insures that the backlight is shuttered by that part of the shock
wave in a plane which containg the axis of the cylinde>, and which
is perpendicular to the optic axis. Por converging light, as was
used for the regular shots, the "shuttering plane” at first lies
behind the axis of the specimen, moves forward until it is in front
of the axis {assuming that the cyiinder is located symmetrically
with respect to the optic axis). Movement of the shuttering plane
produces an error in the camera record which cannot be eliminated
during data processing.

In order to obtain superior records, the strezk camera’s
objective must be focused on the plane mentvioned above; the plane
containing the axis of the cylinder. This can be done by first
focusing on the front flat, and then or the rear flat, and tzking
the average position. Or a good plece of PMMA haif 2s thick as the
distance between the flats cn the cylindar can be put intc the optical
path while the camera 1s being focused.

Many details muc*® be kept in mind when 2n experiment is assemtled.
Obviously the optics must be clean, The =lit aust be properiy
aligned and adjusted as well as cleaned. Light source, subject,
and camera shoculd te aligned to spticzl bench precision -- even -
though tempecrary stands are used in the nomb-proof. There ore
sufficient minor problems in these experiments to cause one to
despair of ever obtaining the ultimate accuracy. Adding these to
major problems, suchk as discussed above, makes it obvious that cali-
bration vork is a continuing project. Aside from the necessity of
increasing refinemcnt of the experiment, each new lst ¢f booster
pellets must te tested.
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10. CONCLUSIOCNS

Several improvemente in the data scquisition phase of gap
calibration have besen suggested. Tnese include the vse of belter
opticsl components and retter precedures.

The data reduction probler Las veen examined extensively. It
w&s found that the spline functicn is not useful inp differentistiing
data from the gap test caliovration, This is ccntrary to & previousiy
published opinion ¢ the author. Other irplementations of the spline
function couid perhaps be useful.

Smoothing and differentiating by numerical operations <n subsets
of the data appear to be the best metnod of obtaining the shock
velozcity. These numerical overations are somewhat cosmplicated by the
fact that the data are mot ,ually spaced., The use of a modern
digital computer makex ‘hi. compiication trivizl once the cogdes have
teen perfected. The flexibility of this methoC is a =ost desirsble
attribute; the amcunt of smoothing can be conirolled so “hat feairly
subtlie trends in the data can be detected., On the other nhand, the
data can be smoothed to any degree desired, m=&king it possitle to
suppress any suspected noise,

It has not been possitle {o give 2 clear cut dexmonstretion that
the shock veloclity vs X curve hes discontinuities or that its slope
is discontinuous. The Jata for the four regular shots do suggest
that the "bulge™ reported previously does exisi. Coxputations tend
to confim this observation., Results fro= Shot 715, in which only
5.0 ¢ of the PMMA cyiinder was observed, suggests theat the U =

U(X) relation is even mwore ¢ampliceted, This observation is being
checked during the calibration of the next lot of pentoliite pelliets.
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Appendix A

SUBROUTINE FOR SMOOTHING AND DIFFERENTIATING
UNEVERLY SPACED DATA

A subroutine has been s&cquired from Patuxent River Naval Air
Station which smooths and differentistes unevenly spaced data, The
progrea is known by the name "Crout"” and is described in the attached
subroutine abstract by Richard T. Nelson, Jr. The description is
somewhat misleading with regard to obtaining the derivative of the
smoothed input data. If the values of the derivative of the smoothed
data are wanted, the smoothed ordinates must be used in a second cali
of the subroutine. Some changes were made in the code so that it
would run on the IBM 7090 as a Fortran IV code. A listing of the
revised code can be acquired by a request addressed to the author

of this report.
Changes in the Subroutine

l. Tne varisble FR hes been removed from the call., It is
get to 1.0 in the subroutine., If could be elminated,

2. The common statement has been deleted.
3. Thke array E ia now in the call, and is dimensioned E(M).
All print statements have bzen repaced by write statements,

4,
32. Tests on E(I) between statements 15 and 16, and between 30
and prevent attempting to compute O®*0 in the statements for

computing DX(X}.

6. Pollowing statement 20, the value of I is saved for use
at statement 50.
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5 Augustc 1968
CROUT

PURPOSE:

To smooth M data points, which may be unequally spaced, by the
method of least squares and moving arc polynomial. Differences
between the original and smoothed points and the first derivative
of the smoothed pcints are computed, ‘
RESTRICTIONS:
See calling sequence.,
CALLING SEQUENCE:
Call Crout (M, ND, NS, FR, F, 3, X, DX, DIF, IERR)

M is the total number of data points
M23, M2 NS

ND is the degree of fit
ND =< 19, ND< NS

I

is the number of points to which the fit is to be made.
3 = NS = 21 and must be odd.

FR 1s a conversicn factor such that the first derivative will
be computed in the desired terns For example, fcr radar,
where P 1is in seconds and S is in feet, FR must be 1 to
obtain DX in ft/sec. For theodolite, where F is frame number
and S is in feet, FR must be the number of frames per second
to obtain DX in ft/sec.

FR>0
F is the M dimensional array of abscissas.
’ S is the M dimensional array of ordinates,
X is the M dimensional array of smoothed ordinates.

DX is the K dimensional array of the derivative of the smoothed
ordinates.

DIF is the M dimensional arrey of the differences between the
smoothed ordinates and the original ordinates,

iERR will be zerc if no errors are found in M, NS, ND and FR.
ERROR RETURNS:

Crout - Total No. of points (M) is less than 3,
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Crout - Total No. of points (M) is less than the No. of points
to be fitted (NS),

Crout - No.of poin*ts to be fitted (NS) is even,

'rout - No., of points t> be fitted (NS) is greater than 21
or less than 3.

Crout - Degree of fit (ND) is greater than the No. of points
to be ritted (NS).
Crout ~ Degree of fit (KD) is greater than 19.
Crout - Conversion factor (FR) is zero,
METHOD:

When a point is under consideration in the smoothing operation,
a polynomial of degree ND is found for the point and 2N other
points (where NS = 2N+1). Except for the end points, (the first N
and the last N), the 2N points consist of the N immediately
preceding and the N immediately followirng the point under consider-
ation, To retain some significance, the sbscissa of the point under
consideration is subtracted from itself and the 2N other points
giving a new set of abscissas. An ND by ND + 1 Matrix (representing
the set of NI + 1 normal equation) is found using the principle
cf least squares. From the Matrix ol normal equations, another
Matrix fs derived and solved by Crout's method. Solution of the
derived Matrix yields the coefficients of the ND th degree poly-
nomial which best fits the point in raonsideration and the 2R other
points as described above. Substitution of the new abscissa for
the point in consideration (which is always zero) will yield the
smoothed ordinate value. The smecothed ordinate value for the end
points (lst N points and last N points) are found by substituting
the new abscissa for the end points into the polynomial which
describes the 1st NS points and the last NS points respectively.,
The first derivative is found by differentiating the polynomial.

REFERENCE :

Nielsea, K. L., "Methods in Numerical Analysis"™, The Macmillan
Company 1956

LANGUAGE :

This subroutine is coded in FORTRAN
AUTHOR:

Richard T. Nelson, Jr.
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