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ABSTRACT

A theoretical analysis is made of the mechanical effect of a detonation
occurring in a closed bomb during routine propellant testing in the pressure
range for which convective burning is expected to develop. A hitherto
unreported phenomenon was found, consisting of an amplification of the
peak reflected detonation impulse by products of combustion and leading to
a maximum impulse as a result of a detonation occurring during the first
third of burning. Graphical results of the analysis are presented for a
standard combustion bomb using an experimental propellant. Limitations
imposed by instrumentation, especially pressure gauges, appear to be more
severe than these imposed by mechanical construction over the range of '
experimental parameters of interest. .
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‘1 ) . NOMEICLATURE

; a Acoustical velocity in gas
Cc Lcoustical velocity in bomb material
pvp’ Cvo Isocboric specific heat (prope;lant and fill gas)
Ci . Constants in detonation equations
¢, = 3 x 456/¢4m) /3 30,48
C, = Truo/'routpr
c3 ° RuTr/“opr
C, = (T, - T,
. cS = uo/ppRuTo :
c6 = uocvo/RuTocvp
Aep Specific energy of reaction of test propellant
f Weight fraction of test charge burned
1 Reflected impulse per uait area in interaction between detonation
wave and bouwb wall
k Constant in Eq. (2) fer resonant period of bomd
o Mass
] Prgssure
R Radius
R” Universal gas constant = 8,316 MPa - cmslmol-’x

51.52.33 Tensile stresses (definad in text)
Shear stress

Tenporature

Tiwe

Velocity

Voluue

Yield factor to give TNI equivaleat
Scaled distance
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Ratio of specific heats

Loading density of propellant into bomb § = mp/Vb
Molecular weight

Density

Yield stress, shear

Yield stress, tension and compression

wall thickness

Subscripts

a
b
c

cr

- & @ 4 W %

Ambient, just prior to detonation
Bomb

Combustion conditions (umeximum pressure)
Critical conditions

Detonation conditions

Effective

Expressed in fect

Inside .
Expressed in pounds

Mcan value

Haximun value

Outside (radius); with no combustion (impulse); otherwise dwnotes
£i11 gas conditions

Resonance tice
Propellant
Reference conditiens
Scaled value
Iaoéhor&c

Corresponding to waxivum I,
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INTRODUCTION

The closed combustion bomb is regarded as a valuable tool for
studying deflagration properties of solid propellants used in guns and
rockets. It is desired to extend the pressure range of such studies to
provide data on anomalous combustion resulting either from changes in
the basic mechanism governing the conductive regression rate, or from
development of burning im physical grain defects -~ the so-called convec-
tive burning mode. Tests would be carried out over a range.of initial
pressures and loading densities in order to achieve control over pres-
syre range and pressurization rate. There is no assurance that anomalous
burning, considered as the first stage of transition from deflagration
to detonation (DDT), can be limited to deflagration under test condi-
tions. Therefore, it is necessary to consider the design criteria for
containing a detonation if it should occur during a routine deflagration
study. This report presents principles and an illustrative example
related to determination of requirements for containing peak deflagra-
tion pressures and impulsive detonat.ion loadings for closed bombs over a
rvange of design and operating parameters. The study is limited to
spherical bombs, for which the theory is better established than for
other shapes. Results are based on typical data and are intended to
indicate trends rather than establish a final design, which would require
additional calculations relevant to actual coustruction materials and
propellants. . '

The purpose of this study is te present conservative design princi-
ples in order to avoid destroying or damaging waterial facilities.

Under no otrawsstances should caution be lessened when iwman safety is
invalve&a ramote operations are always advised when high explosives are
ooneernod. ’

DESIGN PRINCIPLES

»
1)
.

Typical scliematic pressure-time historfes for detonation and defla-
gration in a closed bomb are shown iw Figure 1. The pressure at time A
is the initial pre-pressure provided for the test. Normal deflagration
proceeds along the line ABDE, the pressure rising in a nearly spatially
uniform manuer froa Py to Pg: The portion of the curve BCD indicates

o Ml
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FIGURE 1. Schematic Pressure-Time History
for Closcd Bouwb Detonation and Deflagration.

the effect of a detonation occurring at time ty after an inftial perdod
of normal burning which may even approach zero. Because of the propapa-
tive nature of the detonation, the pressure-time history shown as RCD
wvould vary, depending on the radial distance from the detonating source.
It s esnvenient to consider three regions surrounding the detonation;
wr detorations at standard atmospheric conditions these are: (1) the
teplon of direct explosion effects, extending from the center of the
explosion to a radial distance of 1.6 charge radii, aad characterized by .
peak pressures varylong from several hundred kilobars down to several
bhundred bars; (2) the region of composite blast (lavolving products and
ambient gas), extending outward to a distance of approximately 16 charge
radii and peak pressure of 175 psia; and (3) the region of air shock

beyond 16 charge radii in which the shock pressure eventuvally decays
with increasing distance to a simple sound wave.

It should be noted
that in an unconstrained environument, the 1ine AE would be horizontal.

A tractable analysis is attainable only for simple geowmetries. The
simplest §s the sphere with a centrally situated spherical charge so
that the expanding shock reaches all portions of the wall simultancously
vithout the shock reinforcement afforded by angular configurations.
Departures from this ideal configuration have not been treated compre-
hensively by any quantftative analysis and vould result in more severe
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requireménts for containment; it is estimated that at an additional
safety factor of 1.5 would be needed for a cylindrical bomb with an L/D
ratio of unity.

In order to avoid the extremely high explosion pressures of region
one, loading densities are limited to values below 0.4 g/cm3 and associ-
ated static pressure rises of approximately 90 kpsi. The final pressure
pg is readily calculated from thermochemical and gas law considerations;
standard unfired pressure vessel design principles suffice for estimat-
ing static pressure mechanical requirements. Dynamic requirements
depend on determination and analysis of the curve ABCDE appropriate to
the bomb radius. The two following sections of this report will con-
sider the dynamic and long range static aspects of detonation in a
closed bomb. Dynamic or detonation effects will be discussed first
because the static pressure conditions, existing after decay of the
detonation transient, can be obtained as a limiting case of one of the
equations required to determine detonation conditions. Except for
different heat loss effects and possible non-equilibrium chemistry
accompanying detonation, the final static pressure is independent of the
occurrence of detonation.

DETONATION EFFECTS

While internal pressure alone dictates the design of a closed bomb
to contain static loads, the situation is entirely different for the
dynamfc loading presented to the bomb wall by a detonation sheck. It
has been found that the effect of a shock wave depends primarily upon
the impulse per unit area (integral of the pressure~time curve) and jts
time of delivery i{n the interaction between shock and wall., When a
critical fmpulse iy delivered to the bomb wall within a critical time,
it wmay be expected that the bomb will suffer unacceptable damage. Four
quantities must therefore be determined in order to estimate the response
of the bowb to an internal detenation: (1) actual fmpulse, (2) actual
action time, (3) critical lmpulse, and (4) critical action time. Items
(1) and (2) reprosent detonation parameters which depend on the sf{ze and
enerpy of the detonating chavge, the distance of the bomb wall frotn the
chatge, and the nature of the intervening wedium just prior to detona-
tion. The critical paramoters, items (3) and (4), depend upon material
properties, especially under conditions of dynamic loading, and upon
bomb geometry.

.

.

1

Detonation Parameters

Items (1) and (2), mentioned above, are the detonation paraseters
vhich are needed to detevaine the ability of a closed bomb to withstand
an faternal detonation. A third quantity, the peak reflected pressure,
vill also be calculuted as an {ndication of the requirvement of instru-
mwentation to withstand short duration pulses of extromely ﬁlgh aagni-
tudes compared to the static pressure capabilicses.
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The¢ bases of calculation of detonation parameters are model experi-
ments and scialing laws derived from dimensional analysis. Figure 2,
adapted from Cohen, shows typical relationships between scaled para-
meters pertinent to the problem at hand.! A discussion of the rationale
of scaling laws is contained in reports by Kinney and Baker, while the
use of alternate sets of parameters (leading to similar results) is
covered by Rinehart and Pearson.’~% It is important to note that,
usually, scaled parameters are not dimensionless groups, but, as in
Figure 2, have dimensions determined by the units in which the model
experiment was conducted. While it would be possible to convert the
number scales on the coordinate axes to agree with the S8I, c.g.s., orx
some other standard system rather than the English, it is more conven-
ient to convert the quantities with which the figure is entered from
c.g.6, to English.

The scaled parameters of Figure 2 contain four scale factors (see
the Appendix for details): acoustic velocity ratio a,/ay, density ratio
o,/cy, pressure ratio p,/pe, and charge weight my. The last is also a
ratio, but since the reference weight in Figure 2 is 1 1b of INT, the
ratio is numerically equal to the actual weight in pounds.

It {¢ convenient for computational purposes to express the scaled
parameters in terms of design parameters of the bomb, naumcly, radius,
loading density, and fraction of propellant mass burned, as well as
other constants characterizing the initial fill gas and propellant
combustion products. An inert fill gas, such as nitrogen, will be
assumed, thereby eliminating additional chemical heating from ingerac-
tions of fill gas and propellant products. Details of this transforwa-
tion ave shown in the Appendix. The anbient conditions, denoted by sub-
script 3, refer to the conditions of the bomb contonts at the fastant of
detonation, They are a function not ounly of the fill gas parancters,
but of the fraction of the propellant charge burned at the time of

lgduard Cohen (consulting ed.). “Preventfon and Protection Against
Accidental Explosfion of Munitions, Fuels, and Other Hazardous Nixtures,"
Annais of the New York Academy of Seiemces, Vol. 152, Art. 1, p. 320.

2javal Weapons Center. Engincering Elements of Explosions, by
G. F. Kinney, Naval Postgraduate School. China Lake, Calif., KMC,
November 1968. (NWC TP 4654, publication UNCLASSIFIED.)

Yniversity of Texas Press. Exp’osions tn ALr, by Wilfred E.
Baker. ustin, Texas, 197).

“American Socicty for Metals. BSehavior of Netals Under Iepulsive
Lowjs, by John S. Rinchart end John Pearson. Cleveland, Ohio, 1954.
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detonation. This latter effect distinguishes the current study from
avaflable calculations neglecting detonation augmentation resultipg from
partial combustion.

A computer program, incorporating Figure 2 and the expressiouns
developed in the Appendix, was used to calculate I4, pq, and ty as func-
tions of £(0-1), 6§(0.005-0.3g/cm3d), and p,(0.1-30 MPa). Propellant gas
propertics were obtained by running the NWC propellant evaluaticn pro-
gram (PEP) for ALTU-16, an experimental propellant considered for the
actual tests; the fill gas was assumed to be nitrogen; and the reference
conditions applicable to Figure 2 are air at one atmosphere and 70°F
€294 K). A bomb ID of 5 inches was used, corresponding to a commercial-
ly available bomb. A summary of the constants used is provided in Table
1. As mentioned before, impulse is one of two important detonation
parameters; a noteworthy result of the calculations is the existence of
a matioum dmpulse in the I, vs f relationship as a result of competing
effects of charge weight and ambient gas conditions. This effect prec-
valls over the range of parameters investigated and is shown, for illus-
trative purposes, in Figure 3 for specified values of loading density
(o) and fill gas pressure (pg). The maximum Iy and corresponding value
of { vary with 4§ and p,i maximum Iy is shown as a function of p, and 6
in Figure & over the range of values investigated. Also indicated (for
$§ = 0.005 and 0.3) are typfcal impulse values calculated by assuming no
combustion, {.e., the entire charge detonates at the indtial fill gas
pressure. It is seen that tho trends as a funciion of fill gas pressure
are opposite for the two methods of calculation., If impulse from a
detonation under initial conditions (no combustion, f=0) is compared
with the maximum fwpulse (f ranging from 0-0.) depending on parameters),
an impulse amplification factor (I4)/14,) 15 observed which ranges up to
atne. Figure 5 18 a plot of this factor as a function of & and p, over
the range of parameters studied. Since the fastant of DDT s not yet
predictable, one should base the detonstion capabilicices of the bowsb on
maxisus fupulse.

The second important dotonation paraseter is the tiwe duration of
the reflected impulse, showm in Figure 6 ag a function of loading den-

sity and f41] gas pressure. The relevance of ty will becose clear fu a
later section.

Although peak detonatfon pressure {s not fncluded among the design
requircnents for the bomb, it is feportant in assessing requirements and
capabilities for instrumentation, especially pressure transducers. Like
impulse, detonation pressure has a maxieun vhen considared as a function
of f; howover, maximum fepulse usually results fron a detonation which
oceurs ¢arlier (i=0-0.3) In burning than does saxiwum detonation pressure
(£20.6-0.7). Figure 7 presents maximun calculated detonation pressures

vs. initfal fL11 pressure and propellant loading density over the range
of parameters of this study.
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v

TABLE 1, Physical Properties and Conditions
Used in Calculationms.

Reference conditions (air)

Pressure, P, 0.10136 MPa
Temperature, Ty 294 K (70°F)
Molecular weight, o ' 29

Initial conditions

Pressure, P, Variable
Temperature, T, 240 K (70°F)
Molecular weight (NZ)’ Mo 28

Specific heat, Coo 0.1786 cal/g K

Propellant gas (ALTU-16)

Isochoric flame temperature, T 4295 K

Molecular weight vP 19.73

Specific heat, Cvp 0.503 cal/g K
Solid propellant

Density, pp . 1.75 g/cm3
Yield faétor h 1.3

The ambient pressure at all burnt (f=1) is the pressure which would
be generated in the absence of detonation and would also bec the pressure
after detonation transients decayed, assuming similar heat losses and
products of reaction in the two cases. We consider this pressure now
because it is the natural limit of no detonation. Figure 8 shows the
static, long term, combustion pressure as a function of 6 and p,. The
effect of p, is mainly due to dissimilarities in properties between the
§111 gas and propellant combustion products. The combustion pressure is
used to determine static design as will be presented in a subsequent
section.

This concludes the discussion on calculation of detonation param=-
eters. The nert section considers the determination of critical values
of impulse and timec, necessary to the estimation of the capnbllities of
the bomb under detonation loading.

2 SIS NIRRT S A AR 3 7 T W S BT GEATRS o W Trde LS e e s o
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FIGURE 8. Maximum Combustion Pressure in a
Closed Bomb (ALTU-16 Propellant).

Critical Parameters

In order for a detonation to cause failure, the reflected impulse
and its time duration must bear a certain relationship to critical
values of impulse and time which depend upon material and structural
details. The criterion is: impulse must exceed the critical value and
must be delivered in a time not exceeding the critical time. The prin-
+ e¢iples of calculation of the critical values are presented in the fol-
loving sections.

Critical Impulse. The critical impulse is related to the critical
particle velocity of the resisting structure, which is actually that
velocity to which one portion of a structure must be accelerated rel-
ative to another in order that failure may occur. This velocity" (Ugp)
for steel is around 200 ft/s and is related to critical impulse® by the
expreseion

SNaval Weapons Center. Reeponse of Structures to Blast: A New
Criterion, by Robert G. S. Sewell and G. F. Kinney. China Lake, Calif.,
NWC, June 1968, (NWC TP 4422, publication UNCLASSIFIED.)

14
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Icr L Ucr . 1)
where py is the density of the metal in slugs/ft3 and t is the thickness
of the resisting medium in feet. For steel, a good value for I,y is
1750 psi-ms/in., which means that an impulse of 1750 psi-ms, applied to
a l-inch-thick steel plate, will cause failure, if the time duration of
the pulse does not exceed a critical time.

Critical Time. The concept of critical impulse within a critical
time is discussed by Kinney and Sewell.?s5 Both the results of detailed
analysis and physical reasoning suggest a critical time equal to one-
quarter of the natural resonance period of the structure. The physical
argument is that maximum displacement occurs if the impulse is delivered
during the interval of increasing displacement, i.e., the first quarter
period. For a thick spherical shell, loaded symmetrically, the funda-
mental frequency is given by Seide.® The corresponding quarter perilod
is given by .

t kR
P
= -Eﬂ (2)

where Ry is the mean radius, C is the velocity of sound in the struc-
tural material, and k is a constant depending on Poisson's ratio and
thickness, Considering the accuracy of the other availabiec data, it is
sufficient to use k = 0.75. The calculated quarter periods will then be
in error by no more than 5% for steel with a Poisson ratio of 0.33
regardless of wall thickness.

Knowing the critical impulse and time, we can now determine the
effective impulse. If impulse action time, .t4, is less than or equal to
a quarter period, all the impulse is delivered within the required
critical time and the effective impulse ds equal to the actual impulse.
If the action time is greater than a quarter period, only a portion of
the actual impulse is delivered within the required critical time. The
calculation of effective impulse is then determined by assuming the
pressure time curve to decay linearly (adequate accuracy compared to
other assumptions) so that

- - « - T Y P um—

L4

Te . Ler ( - tcr) R 3
Iy ta ta1 ta1 . )
t
cr
1 a1 —— >‘1
e Nl oy, . (4)

.GPnul Seide. "Radial Vibrations of Spherical Shells," Journal of
Applicd Mechanices, 37, 528-530 (1970).

15
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Having now completed the discussion of detonation principles, we
turn next to the relatively simpler matter of requirements imposed by
static pressure in a spherical pressure vessel,

STATIC PRESSURE CAPACITY OF THICK WALLED SPHERES

The pressure capability of a thick walled sphere is presented in

T A A RAT LI e et 2

numerous references based on various criteria which are still subject to

'Q_ controversy. The thick walled vessel is complicated by the non-uniform
ﬁ‘ distribution of stresses across the wall and associated combined stresses.
i We have chosen the following formulas as a basis-for design:’

L . R34+ r 3

; 1 | ®*max, - °max, - P > 3 - 3 : ' ©
E: 1 2 2R~ = R,%)

P . o i

S aax, * P (6)
. 3 3

{ 3 R

The quantities s}, 83, and sy arc the meridional wall stress, hoop wall
stress, and radial wall stress, while sg is the shear stress. All four
stresses are maximum at the inner radius, Rj{. Important parameters are
the working strength in tension (assumed equal to compression) and shear
(usually taken to be 0.6 of tensile). Based on the foregoing, shear
stress is limiting for Ry/R, less than 0.91, while tensile stress is
limiting for Ri/R, greater than 0.91. Since Rj/R, 18 less than 0,91 for
most thick wall vessels, the static pressure design will be based on Eq.
(7) with sg ppx equated to the working shear stress for the material in
question.

a T e e g

This completes the section on design principles for containing
impulsive and static loads resulting from a detonation occurring inside
a spherical bonb. We now proceed to the application section where we
will examine the capabilities of a given bomb which would be suitable as
a vehicle for studying development of convective burning at moderate
pressurcs.

-, VA ATl e o b R 24l
SR Easi Cemat i et gt oM

*

. ™McGraw-N111 Book Company. Formulas For Stress and Strain, by
Raymond J. Roark. New York, N. Y.. 1965.

16
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. APPLICATION

The purpose of this section is to illustrate the principles just
developed by a practical example in which the operating limits are to be
estimated for an availlable high pressure bomb, whose specifications are:

Inside diameter -~ 5 inches
Outside diameter - 10 inches
Material - 316 stainless steel
Working Pressure - 16,000 psi

It is desired to know the allowable limits of propellant loading density
to keep within design specifications for static pressure as well as
impulsive loading. Also, it would be interesting to know, as a check-
point, if the specified working pressure is over-conservative. The
tensile yield stress for 316 stainless steel is found to be 50,000 psi.8
Using as,y/ct y = 0.6 and a safety factor of 2, we calculate a working
shear strengtﬁ of 15,000 psi. From Eq. (7), tke working pressure is
calculated to be 17,500 psi so that the 16,000 psia specified working
pressure is reasonable,

The critical impulse, at 1750 psi-ms/in. of wall thickness is

I, = 2.5 x1750 = 4375 psi-ms - (8)
The critical time, given by Eq. (2), using 15,000 ft/s as the acoustic
velocity in steel, is .

:cr = kRm/C = 0,75(3.75/12)/15000 = 15.6 us (9)

Operational limits are determined from the working pressure, criti-
cal impulse, and critical time just computed. The principles involved
are: :

1. Working pressure is the limiting consideration for combina-
tions of & and p, which produce a final static pressure greater
than 16,000 psi (110 MPa) as determined from Figure 8.

2. Impulse is limiting for combinations of § and p, which produce
a maximum fmpulge as determined from Figure 4 which leads to
an effective fmpulse of 4375 psi-ms, In this example, Figures 4
and 6 show that whenever impulse exceeds 4375 psi-us, the

8Afr Force Matertals Laboratory. Aerospace Structural Metals NHand-
book,. Vol. 1, Ferrous Alloys. Wright-Pattersca AFB, Ohio, 1964,
(Publication UNCLASSIFIED.)
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“action time is less than the critical time of 15.6 ps, so that
impulses are always 100% effective when they are limiting.

Limiting combinations of § and p, are shown for static and dynamic
criteria in Figure 9. The region below the line ABC is available for
conducting experiments, It is seen that static considerations are
limiting at high £111 pressures, while dynamic considerations are limit-
ing at low fill pressures. Lines of constant maximum static and detona-
tion pressures are also indicated in the region which is open to experi-

mento )
0.07 I R I L 1 SP2io S B 1 T
R, = 66 IN —=" =~
St s ATTAINABLE STATIC
0.08 ~ n, -
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FIGURE 9, f{erformance Capabilities of 5-Inch ID
Spherical Bomb Using ALTU-16 Propellant.
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Two additional curves are shown, labeled "attainable static limit"
and "R, = 5.5 inches." The first is the limiting static performance
capability of a 5-inch ID sphere, regardless of the wall thicknesss, and
corresponds to the limiting form takem by Eq. (7) when R, becomes very
large. The second curve shows the improvement in dynamic performance
afforded by increasing the wall thickness from 2.5 to 3.0 inches.

Figure 9 is a summary of results as well as a typical design chart
giving relations between experimentally chosen parameters and per-
formance. The limit line ABC not only delineates the region of avail-
able combinations of p, and 6§ for safe operation, but separates propel-
lant dependent quantities from bomb dependent quantities. The bomb

design does not influence the lines of constant maximum reflected detona-

tion pressure (pg) and constant maxiwuw combustion pressure (p.) which
depend solely on fill gas and propellant gas properties. Likewise the
result of changing the bomb design would only change the limit of the
region of safe operatien, i.e., the line ABC. The dynamic limit line AB
could theoretically be increased indefinitely by thickening the wall;
improvement in the static limit is constrained by Eq. (7) unless con-
struction waterials of higher shear strengths are used. However, the
limiting feature in the currently available 5-inch ID design is more
likely the high detonation pressure peaks, even though they have a
duration of only a few microsecconds, It will probably be necessary to
interpose a low pass filter, cutting off below 100 kHiz in order to
protect any sensitive pressure transducer. If this can be accomplished,
then a loading density of 0.02 g/ewm3 (20-g charge) will provide a
maxitum test pressure ranging between 35 and 100 MPa (5075 and 14,500
psia) depending on initial pressurization. Although the propellant data
leading to Figure 9 are based on a particular propellant, it would be
simple to construct analogous graphs for other propellants.
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. Appendix

TRANSFORMATION OF SCALED DETONATION PARAMETERS
TO BOMB PARAMETERS

The correlations of detonation parameters upon which Figure 2 is
based! were originally determined for ambient conditions corresponding
to air at sea level pressure and 70°F (294 K). In order to apply this
information to the current study, two transformations were required.
First, a scaling to convert to different ambient conditions (determined
by partial combustion of the propellant charge) was applied in accordance
with the discussions in Ref. 2, Second, the resulting scaling laws were
expressed in terms of bomb parameters and properties of the propellant
and fill gases, The result of the first transformation is shown, without
discussion (see Ref. 2), in the following equations.

R o \1/3
f a
Z® o [ (A-1)
1/3 (o )
mlb.c ¢
Pg ™ Pd/(Pa/Px) psia (A-2)
1/3
1, (a Za)(e l0))
d arYa'r
I = psi-os (a-3)
s mitl)tie (o /v,)
t
ty = e (8,780, /o) us (A-4)
nlb.e

Subscripts on the syabols for weight and radius emphasize the dimensional
nature of the scaled parameters. In addition, the subscript e, on
charge weight, iaplies that, for the propellant considered, the equiva-
lent weight of the reference explosive TNT should be used. This point
vill be covered later.

* Calevlation of the actual detonation parameters (subscript d) from
the scaled values (subscript s) require the calculation of ratios of
ambient to reference conditions for pressure, density, and acoustic
velocity in terms of expetimental parameters. In addition, changes in
the system of units from English to metric are applied to scaled distance
and pressure. .

-

The first facgor Rf/u:£3e » in the scaled distance, is converted to

aetric dy using
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‘R = R,/30.48 . (A-5)

m. = 4/3 uRi §(1 - £)¥/454 | (A-6)

1b,e

where Y is the yield factor for converting actual propellant weight to
INT equivalent. We have as a result

1/3
1lb,e

Re/m 1/3(1 - f)1,’3

= 01/6 (A-7)

The density ratio, p,/pg, Which occurs repeatedly as a scale factor,
is expressed in terms of experimental parameters, thus:

' %, + EGVb _
p_= - {A-8)
a Vb - (1 f)évblop

wp V :
0o b

Wo R T - 6/0;’) (A 9)

uo ~
and

up
e

e "ET . (A-10)
ur

COubining Eq. (A-8) through (A-10) provides the desired expression

L]

o Cy v, (L -~ &/p ) + c3f6

1= f)m (A-11)

2 .
D

The perfect gas lav is used throughout the analysis as an adequate
approximation of the equation of state for the pressures {nvolved in
view of the other assuaptions which are made.

The pressure ratio is most easily deternined indirectly in terms of
teaperature and molecular weight ratios. For temperature ratio, Ta/T,,
the ambient tempevature is deduced froa the energy equation, using the
coangervative assumption of no heat loss.

f'bbep + (T -7 )(f-p vp + .ocvo) =0 . (A-12)
Equatfon (A-12) evaluated for n, =0 {no £111 gas), becomes _
L ]
Aep- + (T, - T)C w * 0 (A-13)
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Assuming constant dep, using Eq. (A-9), and noting that, by definition
of ¢

mp = 5vb (A-14)
ve obtain
T T :
a 0 f4
A==+ C (A-15)
T, T, W T )8+ Coo,

To deirive an equation for "r/”at it is required only to manipulate
the expression for mass average molecular weight (u, in this instance).
During burning, propellant gas mixes with £fill gas so that

m, + £8V, m £8V,
R (A-16)
D‘ uo up

By wmultiplying Eq. (A-16) by u, and substituting Eq. (A~9) for 0, ve
obtain

v, wplu + n‘g[uo

X, .xoe o (A-17)
By P, + 8
vhoos
RT _
uwo (1 - f)4
g " - . : {A-18)
By 1 Glpp _

The: ratios p,/p, and a,/a, are now given in torms of the ratios already
presented

Pa/Pp @ (o, 1o ) (1, T (v fu ) - (a-19)

1/2 1/2 172 q
a,fa, = (T ) oy ) (A-20)

In this repert, the ch:mgev in v during burniag s neglected, an
approximation vhich errs on the safe side in estimating the bosb capa-
bility since vy actually decreascs during burning. Assuming a constant
vy (equal to v,), thecefore, results in a reflected {fopulse vhich s on
the high side. .

In summary, the equations which are actually used in the calcula-
tions are ;

Py = (P /245)(p /) (A-21)
ey = e iz(r 1M 2 g )12 (A-22)

2)

A,
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’ 1, = R(pa/pr)('l‘all‘r)llz(ur/ua)l/2

7 = Cl(pa/pr)l/3/61/3(l _ f)11"3 (A-24)

I s/z (A-23)

The quantity, 145, appearing in Eq. (A~21) converts from psi to MPa. 1In
the computer program, values of pg, tg, and I are obtained from Figure 2
by an interpolation scheme based on fitting the curves to a series of
straight line segments (18 segments for each correlating curve).
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