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ABSTRACY

The nean prasented arees of smll irregular shaped

ol fregmente, within
and beyond the lowsr lintt of the 1 gage, were d by o new

method, This techmique, based upon the free fall of a fragment in @ viecous
£luld and the fragent weight, yislde reculte caupsrable in eccuraoy to the
icoeahedron gage; an averags deviation of 4.3% and a maximum deviation of

10% from true valuea were observed. For fregmenta below 30 greina,an eupirieal

expreeeion for presented eres wae determined,se follows:

»t
s

Mean pressnted area, taken in the manner of the current literature as
. } of the totel eurface arsz {eq. cms.).
W = Weight of fragmert (grame),
¥ = Terwinal velocity of frapuent {cms./esc).
Xy & Ky = Constanta depending upon the fluid density, viecosity, and teaperature.
Ky & Xp = (0758 and 4700 for liquid methyl elllcons fluid (Dow-Corning
200 Fluid, density 0.971 gms/ce? at 25° C , kinematic viecoaity, 200
centistokes at 25° C , and test tempsreturs of 25° C +2°¢C ).
The axpreesion above holds for chunky frageente with no major concave

contoure,
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concLUSIONS

For sieel freguents holov 30 grein weight, mean presented ereas cen be

measured with simple equipment in a reasonable tims. An everage devistion

of 4.3% and a maximum deviatioa of 10% wes echieved in this measuremsrt for
chunky fragments with no major oono®ve oontours.
Thess results were cbtained with 32 fragnente ineluding:
#. Esndom shaped stsel shell fragmsnts previously measured
on the icosahsdron gage et B. R. L. (13.5 to 32 grains).
b, Steel parallelopipeds, oylinders, and sphsres (0.32 to 54
greins).
o. Boass oylinders (0.97 to 5.1 greims)
Dete obteined indicated that the mean preeented eree (as defined below)
of random shaped stesl fregments under 30 greins subsoribe to the following

empirical expressiont

- Equation (1)
'vlz ustion

wheret X = Mosn presented erea or £ of tho totel surfacs arsa,

in the mannsr of the currsnt literaturs (eq. cms. ).

W = fragment weight (srams).

¥ « Tarminal velocity of fregment (cme./n0c. ).

Ky & Kp = o0758 and .A700 for 1iquid methyl eilicone flutd (Dow-
Corning 200 fluid, density, 0.97L gua/csd et 25°C, kinemetic
visconity, 200 csntistokes ot 259G, erd amblent tempsreture of

259 3 2°C).




INTRCDUCTION

In the pursuancs of weapons lethslity foresasts, ths mean pressnted ares
of a random shaped fragment in fres flight appsare as & significart detsraining

valus.

The expression for the drag forcs producing a nagative sc
the fragmert 1s as follows:

- ma=0dApV2

a = sooslsrstion

n =~ mass

A = pressntsd ares

P air density

¥ = weloolty

Cd = cosfficisnt of drag

The mean pressrtsd ares (I), oan bs shom to be squal to ons-fourth of
the surfacs srea of ths fragment. Hsreafter, ths mean prasspted ares may
be referrsd to simply ss A.

Before the advent of the icosahsdror gags in 1953, the msasurement of
ths K of 2 fregmect was an sxtremely laborious lengthy task involving &
great many readings. B.R.L. Rsport No. 877 statss thet the icosshedron
gags could make a measurement in lees than ons hour with an overall in-
strument srror of » 5% and was lisdted to fragarts stovs .023 s1. in.
tor K. Ths method of this report aekes possibls the measurement of mmall
fragments with mo obssrved lower limit in 7 and in the comparatively short

time of ten minutss or lass.




Mr. Berard Fsirbanks in his Instrumentstion Report No. TR=360-58/1
dated Juns 12, 1958, "Determining the Presented Area of s Fraguent from
its Terminal Vsloeity in a Gresss Column®, suggested the use of tha tarminal
velocity in viscous silicoua fluid and developed en empiricsl equation for
X of spheres of differsnt

Ths subject of this rsport extends the methed of free fall through e
£1luid for the determination of mean presented eree to shapes othsr than
sphares, 1.e., to othar regular shapes and to the prectical cass of msall

random shaped freguants.




SUMMARY OF RESULTS

Verioue regular shaped fragaente such ee apherse, cylinders and TeOL-
engular parallelopipeds elong with irregular frageente wars meapured with the

following resulte:

M. % %.m 01‘_Lu£ 'innm-.p
Tinal Splaren [ Equation (1)  .BL-54  .OW5-.70 5.5
Biesd B 7 . (1) .32- 6.2 .033-.2 3.8
Buasl Souire 7 - (1) 1.0 -18.5 .075-.55 5.k
Staal m:u L] " (1) 13,5 -32.3  .48-1.48 4t
Bress Cylinders 5 . (1) 98- 5.2 .053-.21 2.6
Gopper Sphure 1 . (1) b.237 117 1ob
Steel Spheree 4 . (3)  o84-5h.  JOk5-.70 6.3
Steel Spheres 4 " (h)  oB4-5he  OW5-T0 2.0
Aluninum Cylindare 5 = (5) .41-2,0 .067-.232 Ouls

the T for regular shaped fragments, calculated from tha terminal velocity
uweasur ment and equation (1), were compared to tha valuae given by k the total
surfece area.

Ths A for the irreguler shell fragments, caloulatad from the terminal
velocity meseurement and equation (1), ware compared to the values recalved
frca Hr, M. Famiglisttl of the Bellistic Research Laboretoriss.

An avsrate deviation of 4.3% for 32 determinations wae achiaved in

ueing equetion (1)«

a X = Msan presented erae




EMRIENTY, PACEUES

Por the scousulation and analysie of data so that an ampirioal relation-
ohip could he found to measure T, regular ehaped cteel oylinders and reotangular
parallelopipeds wers fabricated. Thase were mai- to the epeoifiostion that the
ehape ratio of mximm regular to minimum regular dimension be within the Limit
of £ to 5 and that the weighte renge below 25 graine. For cylinders, the sheps
ectioned

ratio wae taken se the length to diameter, while for squars sros
perallelopipeds, the ohape ratic wae taken ae length to ons eide of the equure

of orces section as illustreted:
poy

)|
&

Shape ratio = 1 Shape ratio = 1
4 O

Thees regular shaped pisces wers droppsd in Dow Corning 200 fluid, oon-
tained in the four foot glaee tube ae etown in Figure 1, and terminal velvcity
was caloulated.

The Dow Corning 700 fluid uesd had & deneity of 0.971 ard 8 Xinesatic
vieoosity of 200 centistokes ot 25°C., Tha amblent temperature in the air
conditioned rocm ae 25°C » 2°C.

The particle teminal velocity was calculated from the time of fall
through 36". The time wae the average of four individual falle. Orhnt‘luon

of the particle before drop did not affect the measursd time and the particle

5
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always took the eame preferred orientetion in the fluid on resohing terminal
velooity.

A test fort .inal veloeity wae tiat the time of travel for the firset
12% of 36" travel equal 1/3 of the total tima for 36". Thie oondition was
met by allowing an 8 ineh fall vefors initlsting velocity timing se ehown
on sketoh of glaes tube,

Tims wae messured with e hand opsrated etop watch No. Lik made by
Minerva of Switeerlend, graduated in 1/10the of a sscond. The watch wee
otarted and stopped st the indlces eignifying the beginning of the "e®

{nterval and the end of the "o interval ss thess indices were crossed by

the falling fragment.

Before being dropped in the Dow Corning eilicone fluid the partioles
wers weighed with e chemical balance end measured for all esignifioant
dimeneions with s« miorometer.

After drawing various ourves, the retio of weigit to mean preeented

ares wae plotted sgainst terminal velocity, ueing the dete for cylinders,
rectangular psrallelopipeds, and the dete for -phnr-? from Reference 6. A
mathematicel expression for mean presented ares wae derived from thie graph.
To teet thie sxpression, irregular shell fraguente, previously mescursd by
the Ballietio Ressarch Laboratories, were remessured using the method of
thie report. Likewles, spheres and cylinders of metele other than stesl

were ussd to cheok the velidity of this methed.

PP SRRy T R TR T




DISCUSSION

The evolution of a measurement method for obtaining mean pressnted area
of an irregular ehaped fregment hi.e, by tho very naturs of the problem,
involved a euccession of lengthy and intricate approaches, esch attempting
to increaes tha raliability of the meaeursment and dacreaee the exesssive
time and labor required.®

The ieosshedron gage ae described in B.R.L. Report No. 877 reprseente
the culminstion of previoue efforts and ie the surrent instrument used.
B.R.L. Roport No. 877 states that meseurement of a fragment can be made in
lees than an hours with a & 5% overall instrument error, and the range of
mean presented ares measurable by the inetrument is ,023 in? to 5 in.2

B, Pairbanks, in hie report on epherse dropped in a viscoue fluid
(Reference 6), took a distinotly different taok for the problem, arriving
at an enpirical oxproseion. At the outest of the present investigation,
an sttemet wae made to correlste the experimental terminal velocitiee for
apherse from the report of B. Fairbanke with Stokes law for small spheres
falling ‘n a viecoue fluid, nmely: V = 2 g ro( dj - d2)

n
where:
¥ w teminal velocity of a ephers falling in a fluid
£ = accaleration of gravity
r = radiue of the sphers
d] = demsity of small sphere

# Somo of thees approaches are presented in Ballistic Research Lavoratories
Report Koe. 877 and 501 lieted in the "Rafersnees”.

L]




dz = density of fluid
n = coefficient of viscoeity of fluid
#*hs dimensions for ephsrss of diffsrent diametsrs, calculated from
Stokes law, differed from the actual dimensione as shown in Table I and
Figures Nos. 2 and 3. Since the radiva squared wae ueed in both the

oomputing of actual ephers preeented area ard the Stokes squation, the

correlation between actusl radius and Stokes law calculated radius wee
based on the radius equared as follows:
1. Plotting rgtoku against 22 actual on logarithmic paper amd

achisving & straight line, the equation

R? actual = .42 (ryope)t ™ Sqution (3)
wae dsrived. The aversgs deviation for A ueing squation (3) abovs ws
6.3%.

2. A second corrslation wae worked out by inductive reasoning from
the availible data. Examination of the data pointed to an exponsmtisl
relationship with a decreasing exponent oe rg, .. .. increased, rasulting in
the following expreesion:

R var ™ Throres’ 1~ e Trfioken Equation (4)

The averoge deviation for nean presented arse ueing ths RZctual
from equation (4) wee 2,08,

Wumerical data from equatiop (3) amd (4) for various spherss and the
resulting X deviations sre to be found in Tabls I. Although aquation (i)
gave a enmall average deviation from the irus valus for sphsres, correlation

for other ehapes could not be mads and other svemuss were sought. .

#3ee Appendix: Applicability of Stokes Law
to the Measurement of Sphere iadiue

ol
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Terminal velocitiee for uniform circulsr and equare oross ssctions of
steel for inoreasing lengthe (shaps ratio:  to 5) wers plotted againet
actual X (4 Z A) of tho perticles and against thoir weights in Pigurss 4
and 5 respeotively. The similarity of tha lattsr two curves is quits
striking, implying that weight amd A hold a close relation to length in its
effeot on terminal vslocity for a unif~ru crose ssotion of varying length.
This might bs sxpscted, eincs for & uniforw cross section particle, weight
is directly proportional to lsngth and 7 1s mors direotly a function of
langth as the lsteral arsa bscomes ths dominant eontributing factor for
inoreaeing lengths.

Plotting tsrminal velocity against shaps ratic for both stesl cylindsrs

and parallslopipeds in Figure 6, nots 1s made tlat terminal veloeity increa
sharply below a shaps ratio of ons, deorsases sharply between the shaperatios
of one to thres, and that the terminal velocity approaches a ecmtant for
shaps ratic beyond three.
In attempting to ectablish an empirical expression for A the following

was acsumed:

1. Weight and X were considered as opposing factors in thair effect
upon particle accelsration in the fluid.

2, Terminal velocity wes considersd proportional to welght.

3. Terminal vslocity was considered inversely proportional to A.

4. Prom the above conaiderations, the expression

Terminal Velooity oc Weight
Iy

was axplored, and the ratio,weight to X,sms solved as a function of terminal

13
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velocity, 1.e., Weight = (Teraiml volocity)
A an expression to be tested empiriocally.
Plotting terminal valocity in cme/ess against the retio of waight in
grams to X in eq. cms, for the ragular shaped circulsr and “quare oroes
eectioned stesl particles in Figure No. 7,a straight line was produced with
the following equstion:
H_-%g*ﬁ - 0758 ¥ + L4TOO Equation (1)

T and ¥ deviation % for emll steel cylinders and saall stel
parallelopipade ware osloulsted using squation (1) snd tabulsted i Tables
2 and 3, The T average £ devistions for the stesl cylimders snd parallelopipede
ware 3.8% and 5.4% respectively,

For etsel epheres, the actual ratio of weight to 1 wae oomputed and
plotted against terminal velocity on Figure No. 7. Thess plotted points for
spheres fistributed reasonably along the curve of Figure 7. The Tamd 1§
deviations for epherss ware calculated uaing equation (1) amd tabulrted in
Table 1. A average deviation X for spheres we 5.58.

Steel ahell fragaents, previously meamired for % by B.R.L., ware dropped
in the viscous fluid ard their terminal velicities were computed. A for
thess fragnente wae calculsted using equation (1) and tabulated in Table k.
The X Avarage deviation % from the B.R.L values was L6,

Unifora cireular cross esotioned braes particles wera tested for
terminal velocity, and & wae caleulsted using squation (1) and tabulsted in
table 5. The X average deviation % was 2.6%.

Unifora circular cross sectioned aluminua particles ware tested for

terminal velocity and X wae caloulated using equatlon (1) and tabulated in

17
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Teble 5. As saan in Table 5, tha & overaga devistion % wae extramaly high,
33.4% for theee aluminum partiolaa indiceting that aluminua fragaents do not
follow the empirical constante in equatlon (1), The ratic of weight to
ectual T foo tha aluminum perticles was re-computad and plotted against
tarminal velocity in Figure 8. The plot gava e etraight line with the
following equation:

Welght = (0916 V + ,1538 Equation (5)

A

X wus calculated ueing equation (5) and tabulated in Table 5. X everaga
devietion % waa O.4%.

Note is made that ressonabla rasults were achieved ueing the constante
in aquetion (1) for etaal, copper and brass. The deneitisa of the latter
thraa metals range from 7.6 to 8,9 gas/cx3, Howszar, for eluminum with a
density of 2.69 gus/cx3, a elgnifizant departure from tha 7.6 - 8.9 deneity
range, another et of constants, K) and Kp, had to be developed, ae shown
in equation (5).

In using the method of this report for massuring X of irragu ar freg-
ments below 30 grains in weight, the advantagae era os follows:

1. Short time per fragment maseuremort.
2. No lowsr limit for fragnent weight or mean preearted area.
3. No complex inetrumentation.
4. Mo substantial lnetrument coeb.
5. No Livolved tachniques.
6. Low space requirement.
In sctual operation, the weight to presented orea ratio can be picked

off an enlarged graph or table for eny particuler terminal velocity.

23
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APPENDIX
APPLICABILITY OF STOKES IAW TO THE MEASUREMENT OF SPHERE RADIUS

S TAW TO THE MEASUR N = o ==

The rasisting force oi a sphere of radiue r moving through a medium of
viscosity M with constant velocity v wae expressed by Stokes ae follows:
P=bMmry (a)
Por a free falling sphers, the resisting force is equal to the sphers
Woight minue the fluld buoyant force, and, if dj and da ars ephers and fluid

densitiea reepactively,woustion (A) brcomes

Poprwnr § = M(.W ps) & = (T

A dg — YaTTA d, g = LTman

e BTNGCod)  dnty (Loch)
Lrm 9m
no= ;;(d:'d-x (B)

Mr. B. Fairbanks, in hie initial attempte at msaeuring mean presented
area of spheres, tried to use the Stokes equation (B) and, getting no cor-
ralution, he developed the empirical expreseion reported in Inetrumentation
Report No. TR 380-58/1 in the "References.”

The write: reported the results of ueing correction factore for Stokes
law in the "Discueeion® of this report and the deviation,between mcasured
and Stokes lnw calculated sphere diameters versus actual ephere diameter,in
Figure 3. Prom Figure 3, it can be essn that the deviation ia approaching
sero but is still appraciable for stesl apheres below a weight of one grain

as shown in the table below for some Actual measuremente:

25




Sphere Diam, in .nches .0937 21562 »25C0 375

Sphere Stokes Diem Deviation % 10,7 19.3 29.3 37.0

Sphere Weight in grains JBLAL 3.889 17.13 54,32
At this point note is made of comments Ly others on the cnrplicability of

Stokes law as follows:
1. Elemertary Mechanics of Fluids by Hunter House, 1946, Picatimny

Library No. QA91L R
2. Page 158, middle of first paragraphi “Although its derivation
is beyond the scope of this book, the expression for the longitudinal force

F oxerted by a slowly moving viscous fluid upon 2 small sphers, known as the

equetion of Stokes, is of interest at this point;
F=3TDMag
This equation finds particular applicaticn to the fall of relatively smsll

bodies through fluids of relatively high viscosity, - - ="
b. Page 2hL, first parsgraph: “Resistance diagram fur bodies of

revolution. As indicated in Figure 125, a wealth of experimental duta is at

hand for the drag coefficient of spheres over a very great Reynolde-number

range. At low values of K {i.e., in the zone of deformation drag) the mensure-

ments are seen to follow the straight lime C = 24/R, which may be shown to

correspond to Lhe equation of Stokes Eq, (172) by the following operation:

> a S

FooamDme x 20m _ Bm wD e 2y g
§Dpar  MDp 9 < R

Ths experimental points begin to deviate from this line as soon as the ae-

celerative offects, ignored oy Stokes, begin to become appreciable; 2 Reynolds

number slightly lesy than unity evidently marks the approximate limit of ue-

formation drag, beyond which the Stokes equation is no longer applicable

26




Witn increaeing values of R ths 3one of spprscisble viscous deformation
becomes reetrictsd more and more Lo the immediits boundsry vicinity; at
the sams time, however, accelsrative effscts bacome mors pronounced, ind
separation takes plice in the zons of dscslarstion it the resr. By ths tims
» Keynolds mmber of sbuwt 2 x 10% 1a reachsd, the viscoue shear st tha
boundary has become so insignificant in comparison with the pressure reduction
in the zome of discontinuity that the drag cosfficient no longer varies
perceptibly with the Reynolde number; this comdition corresponds to the
prassure distribution shown in Pguras 120b."

Plenes note that for etesl spheree ueed, Rsynolds numbere ranged from
1.04 to 26.1.

2. Fluld Mechanles by Ruseel A, Dodge and Milton J. Thomson, 1937,
Picatimy Librery No, QA%0L N6

5. Pagee 175 & 176: "Expsrimental dsts on the resistancs of spheres

will be discusesd in detail in Chap. XII, but at thie point it may be mentioned
thit Stokes law holds only for a very rsetricted range of conditione. In tis
cise uf ordinary fluide, such ae water and nir, the eize of ths sphsre must
be s0 emull a5 to be practically microecopic in character, while with larger

epherce, mither the fluid must _be sxtremely viscoue or the velocity myet be

very low. Theee latter cases are often refsrred to as 'cresplng’ motione.
In spite of these restrictione Stokes' lsw hae not been without
its practical applicstions. For exampls, it forme the basis for onme method
of mensuring viscoelty and me also bsan ueed to advartuage in investigsting
the eettling out of material euspendsd in liquids and in solving problems

in diffusion.”



b, Page 337: "Direct comparisons of the drag coefficienta of bodiss
of rewlution of different ssctions are difficult to make bocauss of ths
varistion cf these coefficients with Rsynolds' number. The most exhaustivs
studies in this connection havs bssn mads on spheres and the rssults of s largs
numb¢ ¢ of sich investigstions sre shown in Figure 222. Ths sxtremely low

values of My correspond to ths viscous type of flow in which Stokss' lsw

s val!d, Thie solution 2 given by Ba. (11}, Cq = 24/np, S8 slso included in
Figurs 227, and it appears thst this squstion agress with ths expsrimental

data onlv for values of Nr up to about O.4. For higher vslues of Nr ths inertia

forcea becoms more importsnt snd ths drag cosfficisnt dscresces lsss repidly
witt the Reynolds' mmbsr, approaching s practicslly constent valus in ths
rangs from 103 to 195.% (Figurs 222 {s reproduced on ths next pags).

In rluin 7low around s sphars, there are inertia forces and viscous forces
involvid. Por s low Reynolds numbsr, the viscous forcss ars lsrgs compared to
the inertia of the fiuld particles. Stokss .aw solution for ths drsg of a
sphere 13 based on thie typs of flow and brasks down when the insrtia forces
begin Lo predomirate, Thie occurs for a Reynolds rumbsr of O.4. Experimentally,

m 1 lead shot spheres, .0543" and ,0385" diametsr, were checked for terminul
velocity int he Dow-Corning 200 silicone fluid at 25 = 2°C. The resultant
Stokes cslculated iiameter dsviatlons were 0,9% ucd 2,58 - much smaller ds-

viation percentages than fur the treviounly mentioned larger stsel bslls,
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222—Vnrucion of drag coefficient of a aphere with Reynolde!
r.(F. Eisner, Dae Widerstandsproblem, Proc. Third
Inc. COng. ApP. Mech. (Stockholm), 1931.)
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