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‘A semiempirical model is developed to predict
debris hazard arising from the backblast of small rockeéts.
The quel is in three parts: Gas dynamics give upper bounds
on maximum velocities of jet entrained particles. Aero-~
dynamics give an expression for subsequent motion of debris
through still air. A semiempirical study gives an expres-
sion describing skin penetration by debris. Computer codes

are given for implemehtation of model.
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INTRODUCTICH

Entrained debris constitutes a widely recog-
nized hazard associated with the firing of rockets and
recoi11e§s rifles. Ignitcr wires, nozzle plugs, propel-
lent chunks, ground debris, or anything else in the path
of escaping prcpellent gases can be entrained and accel-

erated to speeds suffiecient t¢ injure personel or equip-

ment. Characterization of this debris hazard may thus

" be an important facet in the design of effective weapons.

Section 2 of this paper presents 2 model for
determining a region of h;zard in the viecinity of small
rockets and tube launched weapons. The model is developed
in three parts. The first considers motion of debris in
a flow field generated by expanding propellent gases.

The second considers motion of debris through awbient
air. The third coznsiders impacst of the debris with
personnel or ecuipment. These three parts are then com-

bined to give relations for estimating the extent of

s use of the med=l and

analyzes the Viper light antitank rocket, described

ustrative example. This Section

crat
of Section 2. The model is

it

i

i
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presented in this section both in the form of tabulated:
egquations and in the form of dimégsioﬁlésé plots. - Para=
netric sensitivity of the model is also discussed here;
debris drag coefficient is identified as a critieéal
parameter. Appendix D gives computer and calculator

codes for implementing this model. ]

Section 4§ discusses shortcomings of the model.

¥While the debris hazard area is estimated with "worst

case" considerations, theére are circumstances in which
paréicles can be projected outside it with dangerous
velocities. Those circumstances ¢an arise when particle
shape, plume characteristics, or backblast area give

rise to anomclous particle deflections.




SECTIOR 2

+iODEL DEVELOPMENT

This section develops the basic debris hazard model

for small rocket backblast. The equaticn of motion for a par-

ticlie in a flow is discussed and shown to be too complex for
exact implimentation. Several simplifying assumptions are

then made which lead to upper bounds on minimum safe standoff

distance and maximum dispersion angle. Ideas from fluid

mechanics, gas dgnamies,rané a semiexpirical skin penetra-
ticn criterion are incorporated into the debris hazard model.
. An effort has been made to express the model in terms of readily
ttainable parameters and to keep the number of those para-
neters at a reasonable minimum.

A particle entrained in a2 gas flow is acted on by
aerodynamic forces and by body forces. Equating those forces
to the rate of momentum change of the particle leads tc an
equation of motion for the particle. The zerodynamic forces
ara csavéntiéaaﬁly resolved into lift and drag forces which
are, respectively, normal and antiparzllel to the particle’s

motion relative to the gas. Gravity is the only body for

. of significance to the debris hazard prcblem.

For the present, we will ignore lift and gravity.
The effects of those forces will be discussed in Settion 4.

Even sc, a particle's equation of motion is complex:

"

p

it
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where m is particle mass, Gp(t) is particlé vector velocity
as a function of time, qiis particle drag coefficient, p
is gas density, A is particle velocity-wise projected area,

and 3@ is gas vector velocity. In general, C, will be a func-

d
tion of velocity, gas temperature, and particle dynamics while

A will be a function of particle wvientation. In addition,

p and Vg will have time varying spatiai distributions due to

time variation in the gas source, to turbulent mixing with
ambient air, and to dynamiec coupling with the particle motion.

The problem in this form is intractable. Never=
theless, it is possible to develop equation (2.1) to arrive at
an estimate for maximum particle velocity and maximum parti-
cle dispersion. Such considerations will suffice for defini-
tion of an area of debris hagzard,

Four assumptions will greatly simplify analysis
while retaining the essential features of the debris hazard
problem. First, a particle will reach a higher velccity in a
fully developed plume than in a partially developed one.
Second, a pé?ticle’s motion 1s not affected by a passing
shock. Third, the gas flow field is decoupled from the par-
ticle motion. Fourth, rocket motor motion does not affect
the debris hazard problem.

The first assumption is suggested by obsérvations
of developing supersonic plumes (see Appendix A on superson;g

Jjets). Photographs indicatc that, at any given time, a




=

m\ummmnmmnnT
ST

=
=
s
B
=
=
=
=
s
=
=
£
g

qmm T,
L

"

W

[} MMMII

—

Jr—

| B

Ao

i

developing plume can be representéd as a truncated version

of a fully developed plume (see, for—example, Schmidt, 1974).
It follows that for whatever veiocity a particle reaches in
a partially developed- plume, there will be further accelera-
tion in the fully developed plume. Since maximum streamline
turning angles occur at the nozzle.lip, the angular disper-
sion of particles should be about the same at any time during
plume development.
The second assumption is suggested by the fact that

a particle's interaction time with shock waves emanating from

a small rocket is very short. Observations of the motions of

ping pong balls in shock tubes.-(de Krasinsky, 1975) support

this assumption.
The third<assuﬁption will be valid when the debris

occupies an insignificant fraction of thé plume volume.

This condition may be violated in the vicinity of the nozzle,

where debris loading of the jet can be high. The effect is

one of reducing jet momentum and deflecting gas stream lines.

In any case, the effect is expected to be a small one since

any alteration of flow field occurs only in the nozzle vicinity.
The fourth assumption will be valid so long as gas

speeds in t@e jet are much greater than the speed of the

motor. This cgnditioﬁ'will‘probably be met in nearly all

cases -- typically, a small rocket starts from rest and ‘has

a terminal speed less than twenty percent of the gas speed.
With these assumptiéns, one can seb.an uDFerziimiﬁsOﬂ?

particle velocity by following the motions of single

FA DR




particles in steady supersonic jets. It is convenient to
transform equation (2.1) from a Lagrangian to an Eulerian

representation via the chain rule:
(2.2)

Particle velocity Gphas been transformed to spatial coordin-

ates through the relation

which is the éime t that the particle occupies position x.
Given a jet flow field, equation (2.1) can be used
) inrconjunctiAn with a skin penetration model (Lewis, 1978)
to predict a region of debris hazard. TFor each class of
.debris, one integrates equation (2.2) to the point where
IG?I drops below the minimum penetration velocity predicted
by the penetratioﬁ model. The locus of éll such points de-
fines the boundary of the debris hazard area.
Although the above procedure might be useful as
a check on more approximate p:ccedurés, it is not a good
choice for a debris hazard model. As will be shown, the
minimim safé.standoff distance is very sensitive to uncer-
. tainties in particle drag coefficients and other parameters.
The computational effort required in finding the flow field
~and then integrating equation (2.2) is not justified by the
uncertainty of the results. Results of simpler models aie

apt to be just as wvalid.




The model developed in the following paragraphs
follows a particle through three phases of its motion. The
first phase concerns particle acceleration in the rocket jet.
Expressions will bé developed for estimating the particle's
maximum velocity and maximum angular deviation. The secqﬁdg
phase concerns the particle's velocity decay in still air.
The tﬁird phase concerns the particle's impact with a target.
These pﬁases are shown schematically in figure (2.1).

Consider a prerticle of mass m acted on by a force

F(x) over a path between two points x4 and Xq- The speed
v(x) of the particle is changed only by the component of F
which is directed along the path. That component will be

designated FS. The particle's change of speed Av between

points X and X, is then given by

where ‘integration is pathwise and ds is an element of
the particle's path S(x) between x, and Xy« (This is equi-
valent to integrating the left side of equation (2.2)). An

upper limit can be written for Av:

Av < [2%_ th'max]

where L is the length of S and IFSI is the maxifium mag-

max
nitude of Fg.




For a given path, FS is equal to the pathwise

component of the right hand side of equation (2.2).

F, = agchdpiGg - x'}p!(x‘zg

where (Gg - Gﬁ)s is the pathwise component of (Gg - GE)

Equation (2.5) will continue to be satisfied if an upper

.
-

From vector

bound on ]?SI is:substituted for lFs]max‘

analysis, we have
V=" p H (Vv 12T~ " (V,-V0)
Substitution of (2.6) and (2.7) into (2.5) leads to

Av<[1—‘CAp({‘r ) @ )]%

R g P & P’ imax

This relationship states that the speed change of a

particle is less than it would have been had the particle

%een acted on by a constant force equal to the global maximum.
Relaticnship (2.8) is much simplified when Gp is

assumed to be negligible. There is good justification to

do this. In a small rocket, particles small and light enough

to follow the gas flow closely will have short ranges once

ejected from theé plume. The larger particles, owing to their
larger masses,will respond more sluggishly to the aerodynamic

forces of the jet sc that !Gp] << ]Gg} becomes the expected




condition. In any event, the effect of assuming %p =0 is

generally to overestimate Av in equation (2.4), so that

relationship (2.8) remains valid. With these considerations,

relationship (2.8) can be written

(2.10)

As previously noted, Cd and A can be complicated
functions of particle dyﬂamics and aerodynamics. We will
here suppose that constant valnes can be chosen for each
such that the inequality in (2.9) is not violated. How

those values might be chosen is deferred to later discussion.

Relationship (2.9) becomes

1
L C.A \?
d 2%%
bv 2 ("—'ﬁr“) (" v&}max

The quantity pvé in relation (2.11) is the local

momentum flux density of the plume. I the gas in the plume

2
undergoes an isentropic expansion, then pv_ has a maximum

- determined by the gas dynamics. (The assumption of an iseri-
tropic expansion may not be valid if a significant amount
of heat is added during the expansion. This may occur in a
small rocket if significant amounts of'fuel are burned out-=

side the combustion chamber.)




In an isentropic expansion (Van Wylen, p.358), .

2y (-
e

T _
T

where the subscript o denotes stagnation conditions and
vhere k is ratio of specific heats, R is gas constant, T
is temperature, and P is pressure. Substituting (2.14)

into (2.12) and (2.13) and noting that

il

11’\

RTopo = Po 3

L

one is lead to

2KkP 1/k
_ 0 P P
pv: = 4= ((Po) 3 ) (2.16)

SR
kG

|

o
Equation (2.16 is plotted in figure (2.2) for k equal to

1.4, corresponding to air, and for k equal to 1.16, corres-—

ponding to hot combustion gases. The figure shows variation

2

in the dimensionless drag force,2P as the flow expands

*
”~

from sta#natlon (% = l) to vacuurn(Pi = 0). Note that the
peak values of these . curves differ little in magnitude

and occur at approximately the same values cof pressure ratio.
This suggests thac a particle drag model depending on maximum

momentum flux density should be insensitive to uncertainties

in k.

Ll




The rapid fall off in dimensionless drag force

as g— approaches zero is an important .consideration in
) o .
laser doppler velocimetery. That technique assumes that

drag forces are large enough that entrained particles follow

the flow streamlines everyvhere. In an underexpanded super-
sonic jét, where gl can easily be as small as 0.001,

: o
particles may not follow the flow.

Differentiating equation (2.16) with respect to

gi and setting the result equal to zero leads to
o

X
B o

——

o

for the pressure ratio corresponding the maximum momentum

flux density. Substitution of (2.175 into (2.16) leads to

1

-

-
L

for the maximum momentum flux density. Equation (2.18)
states that the maximum momentum f£lux, and hence the maxi-

mum drag force on a particle, is directly proportiomal to

the stagnation pressure and weakly dependent on the ratio of

specific heats cver its normal range. One can use equation

(2.14) and the expression for Mach number M,

M

e




A B A

= T . ’ N
2 o , 10y
= ETI'(T"" ) (2.19)
to show that the maximum in momentum flux density occurs 1n7
an isentropic expansion at a Mach number equal to ‘dgi This
is very -early in the expansion and will probably occur within

the nozzle.

Substituting (2.18) into (2.11) leads to

2LC,A P
Av {(.;__i_ Y
- m

for an upper bound on the velocity change of a particle
entrained in an isentropic expansion over a length L.
The value of L will depend on the jet's geometzy.
:We propose, tentatively, that it be set equal to the length
A of the bottle shock, noting that, downstream of the Mach
disc, the momentum flux density is rapidly dispersed by tur-
bulent mixing (Che-Haing, 1969). This choice is further
motivated by the fact that the jet will scale on A (Che-Haing,
1969),230 that setting L=) is in error by at worst a multi-
plicative constant. It will be shown later that safe standoff
distance is not critically dependent on L. )
Lewis (1966) gives an empirical expression for
the wavelenéth A as a function of exit Mach number ME and of

the ratio of exit pressure PE to ambient pressure PA:
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qhére*dE is the nozzle exit diameter. This equation has

e , . P
been verified over a wide range of values for M, and "E

E P -
It might be noted that Love (1959) gives an expression

A
which differs considerably from equation (2.21).

—

much scatter in these data.

ﬂ

Lewis
comments that, béetween investigators, there is frequently

Rﬂmm“ mvﬂmml

The exit Mach number can be found from

!

’ /1,

, (lt1) /2(k-1)
A — 1 2 B _la 14 -
G “é)j

where AE is the nozzle exit area and A* is the throat area.
The exit pressure ratio can be expressed as {Van Wylen, 1963)

p K/ (1-k)
_E_ = ___Q [ 1+ (k"'l) ¥ 2 ]
s Ea Z

Once clear of the bottle shock region (see

Appendix A on jet structure), a particle interacts with a
decaying jet plume where gas momentum flux density drops
rapidly with increasing distance from the source.

These
particles of most interest to the debris hazard problem are

unlikely to be further accelerated in this region of rapidly
dvindling jet influerce.

Within a distance of a few A ,

the more danmgerous particies will be traveling much faster




than the surrounding gases. ‘There, setiing %g = 0 in equation (2.2)
becomes a valid approximation. (Note that if the particles are

accelerated to supersonic speeds, they can outrum the shock wave

generated by the starting jet. Setting \?g= 0 in that casé is not

an approximation, but a statement of the observed physics. Schmidt

i

I
|

(1974) has taken remarkable photographs of such particles occurring
in the muzzle blast of an M-16 rifle.)

From equation (2.2), the motion of a particle through

i H ..1. tylh i ly}.ll‘ il ,.m}x‘.k Kb \ﬂ

still air with no body forces is

i

A

2
mv = -%_CdApAv

A

el

where p, is the air density and where x has been tzken to be in

A
the direction of particle motion. Form, C 4 A and p, constant,

equation (2.24) integrates to

v
-om il
* chpﬁ_k‘[v]

where v is the initial velocity. Equation (2.25) sxpresses the
distance required for a particle to drop in speed from v, tov.

Lewis (1978) has shown that a particle's probability - %
Wz :
A
Q’P

vhere'm is the particle's mass, v is its velocity, A is its

of penetration is 2 monotonically increasing fimction of

area, and Q is a parameter describing the target's material

. properties (see Appendix B). It follows that if the probability

&

i Mwm‘

of penetraticn is not to exceed some given level, then

mist not excesd some nuarber n:

ﬂu nulmmnlmllmﬂ
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Q,=m

will be termed the penetration parameter.

Envations (2.20), (2.25), and (2.27) can now be com-
bined to form the basic model for calculating safe standoff
distance from a small rocket. A safety criterion cx be set by
demending that a particle, accelerated to the maxim speed given
by equation (2.20), must be slowed via drag, described in equaticn
(2.25), below the minimm penetration spead given in equation (2.27).
This leads to

m )
S> 5C Ao dAgg Lln

or, in dimensionless expression

2.4 L
1 1n1<]+ a

where 3 is the standoff distance.
The angular disPErSi{m of the debris could be calculated
by integrating equation (2.2) over a L:rcve nurber of casés: As

with standoff distance, however, néertainties in the problem lead
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us -to search for a simplified means of establishing an upper

bounds on dispersion angle. Gas dynamics is helpful here. -

The largest angle through which a gas molecule can
tun in a supersonic expansion is given by the Prandtl-Meyer
tuming angle (Shapiro, 1953). Thus, in the plume .of an under=
expanded rocket, no streamline will have an-inclination fo theﬁ
axis larger than the sum of the nczzle divergence and the Prandtl-
Meyer turning angle for conditions at the nozzle lip.. See figure
(2.3). In the absence of 1lift and body forces, an entrained par-
ticle moves away from the axis at no angle larger than that of
the most inclined streamline. We will take this as the upper
bounds on particle dispersicn. Conditions under which that "upper
“bounds" might be exceeded will be discussed in a later section.

The tumning angle § for a Prandcl-Meyer expansion is
given by Shapiro (1933):

0 =—atan (4>-1)% -s-(%}‘% atan (%’% (ﬁ'?—}.))%

This represents the angle through which a flow turns in expanding
from Mach maber wnity to Mach mmber M. _

To calculate the maximsn angular streamline deviation .
6 .y Tor an underexpanded jet, the following *gré’:e&ni'e can b)e fclr
‘lowed. Tirst, determine a k agpmpﬁat:e for the propellent gases
Next determine an awbient turning féngle 8, by s@s‘tz.tutmg ¥, dnto -

_equation (2.31), where

M"‘MN‘W‘MNNMN‘ TN A
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is the Mach number of a flow expended from chaxber pressure P

to abient pressure Pé. Then determine a nozzie exit turning

angle 8; by substituting M, into equation (2.31), vheze M

is the Mach msber at the nozzle exit plane, satisfying

[—

\ (1) /2(k-1)
A _ 1 2

——

A

with A baing the exit area and A% the tixcat area of the nozzle.

If g, is the nozzle divergence angle, then thex

deviation is

e =% "8t %

bl

it i

Tube lavmched rockets require same special coasidera-
tions. A system in which the rocket mozzle's exit plaie is placed
at or near the laumch tube's breech will have essentially the same

higher up in the launch tube, the lamch tube can be expscted to

act as am extensicn of the rocket nozzle. Mozzle exit plane confi-

guration for the debris hazard model is then the lammch tube breech

configuraticn. Usually, this will not mmch change the standoff

distance and will narrcw the élsgﬁrsim angle. then the rocket is

placed several diameters up the E@m‘n tube, the d:spzfsz{z} may widen.
This completes the basic debris hazard model. Equation

(2.29), for minimm safe stzdoff distance, and equation (2.34),

for madm= dispersion, together define a sector of a circle

rear of a rocket where a debris hazard m rist. There are




semiempirical parameters in the model: Qp,

target material, and L, describing the particle acceleration

deséribing the

Y

distance. Model usage is described in Section 3.
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SECTION 3

MODEL USAGE

This section illustrates use of the debris hazard
model developed ip Section 2. The Viper, a shoulder launched
antitank rocket, is used to aid in the illustration. A step
by step procedure is presented for determining standoff dis-
tance and dispersion angle from the pertinent physical data.
Interactive computer codes incorporating that procedure are
given in Appendix D. PFinally, a series of dimensionless plots
are shown which identify critical parameters in the model.

The debris hazard model of this report reguires
knowledge of eleven paramecters -- five to describe the
rocket motor, three to describe the debris, one to describe
the target, and two to describe the ambient air. Viper
characteristics are summarized in Appendix C, and target
toughness is discussed in Appendix B. (Additionally, there
is a semiempirical constant which relates debris acceleration

length L to jet primary wavelength A. In the present implemen-—

tation of the model, L is taken to be equal to A.) These para-

meters are listed in Appendix C.




The next few paragraphs show the use of the para-

meters of Table (C.1l) to determine standoff distance and dis=

D 3 e i

persion angle for the Viper. The procedure is outlined in
figures(3.1l) and (3.2).

The first calculation is the determination of jet

primary wavelength A from equation (2.21). This equation re-

quires the exit Hach number ME’ which can be determined from

equation (2.22) (see Appendix E), and the exit plane pressure

PE’ which can be determined from equation (2.23). (Equations
(2.22) and (2.23) are represented in figures (3.3) and (3.4).)

6

For Viper, M_ = 2.07, P.. = 8.03 x 10° N/m°, and A = 0.85 m.

E E
Substitutic.. of these values and of values from Table (C.1)
into eguation (2;29)'gives 2 minimum safe standoff distance
S = 33m for Viper's detente fingers striking people wearing
summer weight uniforms. j

Calculation of dispersion angle is as fTollows.

Eguation (2.31), using ME determined in the standoff calcula-

tion, gives = 350. Equations (2.32) and (2.31) give

s
6

M, = 4.27 and 6, = 102°. (Equations (2.32) and (2.31) are

represented in figures (3.5) and (3.6).) Substitution of

OE’ GA and GN (from Table C.1) into equation (2.34) gives

e

a0
ema:»: = 78 N

&

it

In summary, the model predicts that a hazardous

T

T

region exists behind the rocket to a distance of 33 meters

from the nozzle and to 78 degrees off axis. In a complete
analysis, the standoff distance would be calculated for each
type of debris. The procedures outlined above have beéen in~

computer codes documented in Appendix D.
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In one of Viper's proposed configurations, the
laurich tube is extended rearwara several centimeters beyond
the rocket nozzle exit plane. In that case, it is approp-
riate to regard the launch tube as an e;tension of the nozzle.
The nozzle exit diameter dE should then be set to the launch
tube inside dgameter of 06.0793 m, and the nozzle divergence
angle should be set to 0°. cCalculating debris nazard as
before, one finds fov andoff distance, S = 34 m, and for
off axis divergence angle, 8 max 52 Thus; a short launch
tube extension has little effect on standoff distance, but
reduces the dispersion angle. . _

It might be noted that, in the above example, S
is much greater than L. This will generally be the caée
if there are particles accelerated to speeds well in excess
of that necessary to cause a.age; The error introduced by
dropping the last term in equations {2. 29} and (2.30) is,
therefore, apt to be small. With these ‘considerations, one

can neglect that term and express minimum standoff distance

by rewriting equation (2.30):

~

A_pS S . ) ;
—Eﬁ_ = §%f (;n Gd + 1n LFO + 1 Ink) €3.1)
~a Qp 1-k - ;

Equation (3.1) 1s plotgedtin figures (3.7) and ’3;8).fer

several drag coefficients and for specific heat ratios of’

1.16 and 1.67. The variatio n of cquation (3. 1‘ with k over.

the range 1.15<k<1.067 is l*gnt~— ee figurc (3.7). Note,




|

however, that there is an implicit variation with k

contained in L.

Figure (3.7) covers a parameter range likely

R

for small rockets

i

and unarmored personnel. Two points

il

are noteworthy here. First, the standoff distance is
LP

only weakly a function of I for _59 greater than about

20. This means thatvthe estimated standoff distance is

not much affected by errors in estimation of L. Such

behavior is generally desirable for semiempically deter—

mined parameters. Second, the standoff distance is very

strongly a function of drag coefficient. Since drag co-

efficients can vary sharply with particle geometry and

dynamics (Sadeh, 1975), this causes a serious and unavoid=

able uncertainty in the debris hazard model. Specifica-

tions of drag coefficients are likely to be the overriding

source of undertainty in any debris hazard model. There-~

fore, further sophistication in the jet fIuid dynamic

model. is likely to be unproductive. The reader is refer-

"red to the discussion in Section L.
LPO

a3 covers a
. D
range that might be pertinent to armored persornnel. The.
: LP

e

“p

Clearly, a large

Figure (3.8), for small values of

standoff distance for this range varies rapidly with

and chaotically with drag coefficient.

margin of safety should be applied for positions in this

range.

I




Figure (3.9) illustrates the quantity eoé (0,-65)

as a function of ambient pressure ratio P /P, , exit to.

throat nozzle dliameter ratio dE/d ; and three values of

specific heat ratio. The angle 60 represents the maximum

off axis divergence of fluid stream lines for a straight

supersonic nozzle. These figures can be used in lieu of
evalugtiﬂg equation (2.31). Evidently, 6, is a strong
& function of all three of its arguments, P /P,s dE/d* R
and k.

Helium, with a mass density near that of typical
combustion products, is occasionally used in modeling
. chemizal rocket jets. Bubt, helium has a specifié heat
= ratio oftl.é?. The strong dependence of 6, on k argues
. that caution be used in deriving quantitative conclusions

from such experiments. ) i




Figure (3.1). Outline for Calculation of Standoff Distance.

‘wm\lllllﬂﬂ'lllllllhﬂ

For standoff distance S, use equation (2.29):

.m_
ZCdApA

S =

For m, Cy, A, Py, | and k, see Table {3.1)
For skin penetration parameter Qp, see Appendix B

41

For acceleration length L use equation (2.21)

r

kP \%
E 2
L = k = 0.69 E E (—-—>

A
1) For d;, k and P,, see Table (3:1)

2) For exit Mach number ME, use eguation (2.22)

(k+1)

2 - -
) _ 1 2\1;1_@; 21
as EE k+1 2 ¥

a) For d%, see Table (3.1)
b) Sece Appendix E for inversion of equation(2.22)

3) For exit plane pressure Pp, use equation (2.23)

: ; k/{1-k)
= ¢ Lk1) 42 :
PE-PO[l-!- - ﬁg] :

R




Bl

Figure (3.2). Outline for Calculation of Dispersion Angle.

. Por disperision half angle Omay’ use egluation (2.34)

e =0, — 0., + 0
A Iy

max A N

&) For 0y, see Table (3.1)

]

\ % % K- x35
0. = —atan{%é - %)2 + (%é%) atan (ﬁ—l(ﬁ% - 1)

1) For k, see Table (3.1)

2) For exit Mach number M,, use equétion (2.22)

E

E@) _ 1 2 \fi 4 k=12 k+1/2(k-1)
a¥/ = Mg | \k+1 "2 E -
a) For d_ and d* , see Table (3.1)

B
b) See Appeéndix E for inversion of

eguation (2.2z}

C) For 0,, substitute M, into equation (2.31)

,, A
— Ry §_=2 -
OA- -acan (‘;;‘1 1 )

B > A %
k+l k-1f.2 -
+] atan|{ —+{H¥, -
) (k«l) tér(x+i\ A 1

1) For EA’ use equation (2.32)

» )‘%((?h )(}:—1)/1: )a
M, = it 5 -1
V= A\ VN |

a) Fur Pa and Pﬁ, see Table (3.1)
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SECTION 4

MODEL RESTRICTIOKS

Th gection discusses
model cof this paper may undaeresvimat
debris- hazard area. Such conditions

~

nput parameters of the model do not adequately describe

he particles or the jet. The following paragraphs will

discuss the effects of part hayp obestruct n
external burning.
It is assumed in the
y its mass, projected area,
and drag
for some
very long or very
or 2 thin disc) can develep 1if%t and drag force

» those of the simple mocdel assumed here. Par-

oints or edges may have penetrating

that suggested by Lewis' (1978)

noted in the preceedi ng section, drag co-

Unfortun-




IR

drag coefficient facet for its motion through the still

air. Such a particle can have a greater range than a =

= 'y

similar one described by a single drag coefficient. =
Equation (2.24), giving the minimum safe standoff dis-

- -

tance, can be rederived keeping drag coefficients and

'ﬂ

rojected areas separate for different phases of particle

flight. 1In that case,

. 2LC..A.P \
T 0% ink .

S > s 1~1{ de.; L2} I 1+ L (4.1)
da a'h \ pp

g coerfficient and projected are

and A_ for motion in the still

coefficients and projected areas.
Lift forces act perpend

d. and can seprve to increase the angular dis-
persion of debris from a rocket backblast. (Baker (1978)

discusses a 1ift induced rangs increase for debris from

explosions. This can occur if 1lift forces are so oriented

o
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je's trajectory. Small particles,

as might be expected in a small rocket backblast, will
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sense that

absence of

momentum to

become part of the

conservative
ticle dispersion

fluid

testing proves
beomerang can

aining enoug

the region behind

redicted region cf

the gunner.

of the rocket nozzle

, these effeects are

situation dependent and likely to be unpredictable:
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Agaln, these observations are qualitative, since the
experiments were uncontrolled and uncalibrated with regard
to debris hazard. The debris consisted of irregular plas-
tic "detente fingers" about a centimebter long, pileces of
wiring and ignitors, fragments of the plastic nozzle closure

ranging in size to the full disc, styrofoam throat plugs,

and so forth. 'There was a great deal of variation in the

rocket configuration from test to test.

Witness panels as described above were placed
at ten and twenty meters on some runs and at the gunner's
position on at least one set of runs. As might be expected,
particle penetrition on the ten meter panel was generally
greater than on the twenty mete. panel. There have been
some measurements made of penetration depth and particle
characteristics, which méy be useful if someone ever
calibrates the panels. While the gunner's position panel
was intended to pick up debris thrown backward as the
rocket exited tne launch tube, it also picked up desicant
spheres (about one mmnm diémeﬁer) on the rear facing side
(Chipser, 1980). Again., we speculate that this was debris
blown forward by an afterburn explosion.

Debris dispersion .an be estimated from the
distribution of lauvnch site ground debris. After a number
of firings of both
debris found zlong lines extending backwards from the
launch tube breech at abocut forty--five degrees off axis.

Very littie debris was found more than sixty degrees off axis.

R s
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While these observations are substantially in agreement

with the model predictions (see Section 3), we strzis

P—

their qualitative nature. The firings were uncontrolled

exseriments in this regard, and personal activity in the

s
Hi—

launch site vicinity would have redistributed the debris

to some extent. John Chipser (1980) of the Human Engineer-

ing Laboratory has noted that the witness panels collect

a surprisingly small amount of debris at their standard on
He has recommended that the panels be

moved off axis, noting that debris concentration is heav-

iest along the aforementioned forty-five degree lines.

Such experiments are as yet pending.
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iCTION 5

CONCLUSIONS

The preceeding sections have developed a model

for backblast debris hazard from small rockets. The

model itself represents a balance between plausible

physics and useable engineering. Verification of the
model against real world experiments remains yet to be
accomplished.

Physics of The model are covered in Ssction 2:

use of the model is covered in Sections 3 and 4. Sections

3 and 4 amount to "how to do it" sections, and can be
ead nd ect: We believe that this
format marximizes accessibility to potential users, but
we caution against the blind use of any semiempirical
model. The computer codes, of course, can be used with-
cut any understan&ing of the physics.
It is important that the model be given quanti-
tativ ] tion in experiments designed expressly for

that purpose. Verification of this essentizlly stochastic

model will reqguiry i hot fired'uﬂder calibrated end

controlled conditions. Our difficulties with "piggy-

backing" on the Viper test program lead us to believe that
rograms where conditions are determine? by other experi-

nts are apt to
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APPENDIX A

JET PLUME STLUCTURE

This appendix presents an overview of jet plume

structure pertinent tc the debris hazard problem. The
descriptions will be generally qualitative with references
given to quantitative znalyses where needed. Of primary
importance for the debris hazard model is the extent of
the bottle shock region. An empirical relation will be
given for this. Additionally, some basic properties of
a tube confined supersonic flow will be discussed.
Underexpanded supersonic jets have complex
structures that have so far defied any simple explana-
tions. The wmethod of characteristics (Shapiro, 1953)
and an assortment of hydrocodes (JANNAF, 1976) have all
been used in the last twenty or thirty years to map out
velocity and pressure flow fields in such jets. Con-
currently, jets have been probed and photographed over
a wide range of physical conditions. The enormity of

the problem is underscored by the fact that, under tre-

mendous impetous from the missile development programs,
theory and experiment are only beginning to come into
good agreement.

Figure {Al) illustrates the bottle shock region

of a steady, undercxpanded, 3 At the exit
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plane, the jet has a Mach number of M. and a pres-

i

sure of PE’ It expands into still air with a smaller
pressure of PA‘
For now, assume the flow is of a perfect gas
with no heat addition. In that case, there will be a
Prandtl-ifeyer expansion fan attached to the nozzle lip.
This is illustrated in the upper portion of figure (A1).
The lines of the fan represent characteristics across
which fluid thermodynamic properties change by some

fixed factor. As it crosses these characteristics, the

the jet axis and drops in pressure,

source type flow is developed in the

The innermost characteristic can

It is the diverging nature of the flow that
.eads to computational prcblems. Gas in
supersonic flow must L1 drop in
sure, but the outer bound t is hela
atmospheric pressure. T is resolved
in the flow when the } from the
surface of specified e3s3ure whi marks the Jet's
voundar - .SC! fluic that boundary is a
vortex sheet, ti s, a velocity discontinuity.) The

reflection chan he sense of the expansion waves 11

that trney boeocome compression waves with opposite their
¥ Pr
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original turning angles. Problems arise when this
system of compression waves coalesce to form an oblique
shock imbedded in the plume. This shock, because of
its shape, is referred to as a bottle shock. Gas
within the bottle shock remains in a divergent compres-
sible source flow. At the shock, it turns sharply down-
stream and forms a lower speed, though still supersonic,
sheath b.:ween the bottle shock and the ambient air.
Further complications arise downstream, since
the barrel shock bends around and reflects from the jet
axis. For overpressure ratios greater than about 2,
this is generally a Mach reflection (Love, 1959), with
a Mach stem extending from the barrel shock towards the
axis to form a so-called Mach disc (or Rieman wave in

-

plane jets). As the Mach disc can be of enormous strength

nd so drastically alter the fluid moti

]

on, its location
is of great importance in describing the jet -- many
features of the jet scale ca the primary wavelength,
Le.the distance to the Mach disc.

The primary wavelength can be calculated
(sometimes!) with hydrocodes or with any of a number of
empirical formulas. It is a functicn of Mach number and
ratio of specific heats, and, to a lesser extent, of
nozzle divergence, combustion chemistry, and particulate

1

(]

ading. Lewis (1968) gives the relationship

: (1@? \ 1.45 0.6 L
L= 8 V] — - G 5
k=69 M ) QR 0.197 M, ¢ ) (A.1)
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where d i1s nozzle diameter, ME is Mach number at nozzle
exit, PE is pressure at nozzle exit; PA is ambient pres-

sure, and ¢ is fractional particulate mass density. Lewis

notes that this fits his data to within five percent, but

that there is considerable scatter between data from

different investigations.

Beyond the Mach disc, the flow takes on an
annular form. GCas passing through the Mach disc is
shocked subsonic, leaving a subsonic core flow surrounded
by a supersonic sheath. Virtually all the momentum flux
is carried in thic sheath. Viscous and turbulent pro-
cesses transport momentum from the sheath and into the
core and the ambient atmosphere. Che-Haing (1969) has
treated these processes semiempirically, but the results
are difficult tc use. As a general rule, velccities in
the jet beyond the Mach disc decay rcughly as the in-
verse of the downstream position (JANNAF, 1976). This
occurs as momentum is transferred, primarily through tur-
bulent mixing, to the ambient air.

An impulsive starting flow for a supersonic

-jet is a highly complex phenomenon. In generszl, there
will be a supersouic region extending from the nozzle.
Schlieren photographs (Schmidt, 1974) show this region

to resemble closely a truncation of the corresponding

fully developed flow. t the downstream end of this
regicn there will be an expanding recirculation zone

which entyrains ambient aiy and 1

o

itexfaces jet mamentbﬂ

M
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flux to the atmcsphere. There is Ireguently a well
defined vortex ring generated by this process. Finally,

0y

the expanding gases wi generate compression waves in

the ambient air which c¢an be expected to form one or

more spherical shocks.

tube confined super ic jet can be profoundly

different from free jet. Scali n such 2 flow de-
pends not only v exit conditions, but alsoc on
the relative si che tube, on the distance to the
tube exift, and on the characteristics ol the tube wall.
exit diameter
maller than the inside diameter of
gn be delineated according to the
the rocket is placed from the end of the tube.
¥For a nozzle position very
tet is virtually unaffected.

downstream from the nozzle

tube

"2xit" condilions

opposed to the rocket
iikely b redi since the over-

essure ratio measured at the it is smaller than

ratio measured a " yzzle exit of the
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For nozzle positions further than a diameter
from the tube cend, there can be a substantial boundary layer
build up and internal shocking inside the tube. These
phenomena depend critically on tube roughness and on the
nature of the jet itself. Conditions at the tube exit are

best found empirically in this case. Once those conditions

are known, the nature of the external plume can be estimated

iures. It nt to the

1

breech «f
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APPENDIX C

VIPER CHARACTERISTICS

The Viper is a shoulder launched light anti-

tank rocket under development by General Dynamics. The
motor, using a high performance boron based propellent,
burns out within the launch tube. Data given below

apply to a configuration tested in the spring of 1980,

@
n

and may not he representative of current design. They
are pre :mnted to illustrate the sort of data necessary

to use the debris hazard model.




VIPER CHARACTERISTICS

PARAMETER SYHMBOL VALUE FOR VIPER

Rocket Motor:

Nozzle exit dizmeter. 'dE' e e e+ e « 4 « . 0.0b42bm

YU

Nozzle throat aiameter.d®. . . . . . . . . . 0.0616m

Noszle divergence . . .0 11°

‘angle

3 5 o 2
: Chamber pressure. . . P . « « « « « « « .« . 6.8xlu7 N/m

Specific heat ratio . XK . . . + « « « « . . 1.16
for combustion
products

Debris (plastic detente fingers used to secure rocket
in launch tube):

.. - 2
Projected avea. . . . A . . . . . . . < . .10 m

D
.y
BASS . « v o v« v e o WM 4 e e . e e o« . . . TXL0TT kg
. Drag coef{ficient. . . .Cd. B I

. Target (summer weight uniform - two layers of clothing:

- . 5

Skin penetration. . . Q.. . + . « « « . . . 3.4x10° kg/sec

parameter p
N . " 0
Ambient air (sea level, 25 C):
X lMass density. . o . .o pp ... 1.29 kg/m3
[:?2
Pressure. . . . . . . ‘PA‘ T o M V4
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APPENDIX D

]
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COKPUTER ARD CALCULATOR CODES

Two codes are given nere wnich implement
the debris hazard model as developed in Section 2.

The first code is written in floating point BASIC

bdo

ne

721

and should run on any mach upporting that langu-
age. The second code is written for the Hewlett-
Packard 41C programmable calculator and is specific

to that device. The algorithms used in these codes

=

are discussed in Program Notes sections, and can be

Ml lll
v

|

adapted to other languages.
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' ‘ BACKBLAS'! DEBRTS HAZARD CODI
r IN DBASIC
PROGRAM NOTES:
This code is documented by remarks con-
tained -dn the listing. Note that the listlng appear-
; ing in this appendix 1o for SI unitas. To run the code,
‘ type RUN. The code will interogate for pertinent phy-~
sical parameteres. A sample session, run on the
University of Tennessee 3pace Inctitutce VAX-11, fol=-
lowg the listing; the file containing the listing was
named DEB2.BAS.
PROGRAM LISTING:
1O [ MEBRTG HAZARD AREa FOR RUCKET RACKELAST
PCUATIN B v & P Thie rrodraw culenlehos bhe timensions of & civeulse ~oolor
vy B Rt g rear of g eocketl G owhieh there 4z o2 Jdebrie hezors

AT, de dn Lhires secliong! one srecifwing the rocket, ono
wegraed Padindg obdoel nr o rorson Lo e osrotectody oie one deooocibing
cebtigy deirrlg. The rrodraem 13 desigdmed Lo he euy drm WS wnd Lay
ot eon be cherncied Lo osne obhor svaten of ecopsiolent und e
et chandind Ahe sir consbanbs io slatlomente 320 &ad 340,
SETETOYROCERET it

f" \) l
100 Trrygr * Mozadle Anvact diomt "y N
AR ATE B PE R Mosate oxwib dicw? “yline

SOty Channer presuirpot Y

S010MEUT o Seeeibie ook pralbio?l Yyl

A0 TMET Mozrlo half zedlold *aNeowond

ST COHRTH FENETRATIOHN FaRarETER"

Feelt A @ o mossnrn of soeprdy rer volume reavired Lo fractur.
b tee o malovial, Tro HRG wuniitys bhe Tollovinsg valueg
Pty b msed (Canm JoHulowis et uly/An Empiricsl/Mobkhematico)
Peetoie ] Lo Eolimptbe Lho Probobilibte of 8kaip Ponolrabion by
e avinney Prodoetiloae’ s ARCSL-<TR-P800A fipy T,
-
f
|

e i eed
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ZAATAN Y

BN £3 bare ghine o e =Qe 150000 kig/vockano
ey R 2 Tager uniform--@23A0000 g/ veckan o
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CODE FOR
LCULATOR
dispersion

CA

1 BLE
memory .
34 are To

KRESEAA
~
17
-~

o
"~
P
(N

o
s

.
R

3

wrough

\

~
I
age

tl
io;
Line

i1

HP-41C PROG

registers ol st
afte

ister

function of area rat
regi

the program runs.
37
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PROGRAM USAGE

The listing below is desligned for SI units and

for standard atmosphere. Line %5 has ambient air pressure

A A Sl aa s ; . . .
of 100,000 ¥/m~ and line 12¢ has ambient air density of

1.28 kg/mB. The cede can be set to cther units or to other
the numerical constants on
Data entry must be in consistent units.
nd press R/S. £n e

session

PROGRAWN

TEXIT DIAM

PROMPT

et ——————————— '
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APPiSHDIX B

SOLUTION OF EQUATION (2.22)

Equation (2.22) gives area ratio as a function

ol Mach number:

) (k+1)
AeoLo1 |2\, Loy 2| fTRY (2.22)
A% M, K+ 1 2 R )
P}

The medel rcéquires Mach number as a function of area
ratio. The inversion can be accomplished by iteration.

‘Reformulate equation (2.22) to read:

Assume a trial Mach number of unity and evaluate the right
hand side of equation (E.1). Take this value as an updated
trial Mach number and repeat the procedure. Satisfactory
convergence will penerally occur in four or flve iterations.

See also figure (3.3).
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