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ABSTRACT

Project PYRO consisted of a comprehensive program to determine the blast

and thermal characteristics of the three liquid propellant combinations in most

common use in military missiles and space vehicles; liquid oxygen-RP-1 (Loz/RP—l),
liquid oxygen— liquid hydrogen (L02/LH2), and nitrogen tetroxide/50% unsymmetrical

dimethylhydrazine —50% hydrazine (N204/50% UDMH — 50% N2H4)“ Miring the course
of the program some 270 tests were conducted with these propellant combinations
on weight scales ranging from 202 1% fo 100,900 1b. This basic explosive test
progran: was supplemented by auelyifconl aad statistical siudies, lahoratory-

soale exporimental stuaies inlintist tesis with inert propellant cowmbinatiouns

and % serles of high-explosive wests for calibration and eveluation purpcases.

The baslc tvest program was dealgored to itnvestigate the explosive charac-
teristics of the three propellant combinations for the most credible ways that
the propellants might sccldentally come into contact with each other and re-

sult in a significaat explosion.

The resuits of the basic test program in conjuncticn with the analytical
studies and prior information regarding liquid propellant explosive behavior
were used as the basis for developing methods for predicting the blast and
thermal environment that would be expected for any given missile or space ve-

hicle system and any specified failure modz.

in the prediction method the thermal environment ig given only as a func-
tion of propellant type, while the blast environment is given as a function of
a number of controlling parameters. A failure mode analysis is required to se-
lect the appropriate values of the parameters needed to predict the blast en-

vironment for a specific system.
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FOREWORD

This report was prepared by URS Systems Corporation, Burlingame, Cali-
fornia, under Air Force Contract AF 04(611)-10739, which supported the
NASA/USAF Liquid Propellant Blast Hazards Program (Project PYRO) conducted
at the Air Force Rocket Propulsion Laboratory, Edwards Air Force Base,
California. The URS support included establishing the overall design of the
program; analyzing the test data; developing mathematical models relating
the pertinent blast characteristics to the missile failure conditions;
conducting exploratory studies; designing and constructing test articles;

providing statistical, ordnance, and instrumeatation consulting; and the
/
writing of the technical reports.

The report is in three volumes: Volume 1, which is the Technical
Documentary Report on the basic program; Volume 2, which contains the
tabular blast, thermal and fragmentation data obtained during the program;
and Volume 3, which presents prediction methods and recommendatiomns for

use of the PYRO data in predicting the explosive potential of full=-scale
missile failures.
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Section 1
INTRODUCTION AND BACKGROUND

In the early 1950's there was relatively little need for accuracy in pre-
dicting the yield potential from liquid propellants used in missiles and aero-

space vehicles. A conservative approach could be used to define the yield be-

cause the relatively small amounts of propellants involved did not require that
total safety distances be very great, Launch vehicles contained no more than
100,000 to 300,000 1b of propellants, so that yield percentages up to $50% or

greater resulted in clearance distances no greater than 2,000 to 3,000 ft, It
wae a commori practice at that time tc treat the explosive behavior of liguid

propellants in the same fashion as that of standard solid high explosives. A
glven propellant combination was considered to have a fixed yield value and
the same distribution of blast wave characteristics with distance as TNT. Thus
the explosive potential could be represented by a single yield number 1elative

to TNT.

It was recognized that this was only a crude approximation, since unlike
normal high explosives, liquid propellants are not premixed and the explosive
characteristics can vary widely depending on the degree of mixing, which in
turn, depends on factors such as tank configuration, specific failure mode, and
time of ignition. However, there was insufficient information available con-

cerning the effect of these factor on explosive yield to provide the basis

for deriving a better prediction method.

-
Until 1960 :he quantities of propzllants of interest remained relatively
small, so that use of conservative and fixed yield values was not too much of
a problem. Within the last few years, however, tremendous lacreases have oc-
curred in vehicle propellant weights, Saturn-V contains almost 6 million 1b
of liquid propellants. These order-of-magnitude increases in propellant weights
with their associated increases in required clearance distances no longer per-
mit the luxury of ultraconservatism in determining propellant yields., Clear-

ance distances for pre~launch, launch, and post-launch safety have become

1-1
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critical because of their effects on other programs located nearby. Personnel
must be evacusted or given adequate protection. Launch vehicles and complexes
must be located at distances great enough to provide low hit probabilities in
case destruct action is required. All of these requirements add to costs in
time delays, required real estate, precount and countdown interference, and
facilities. These increased costs dictated the need for development of more
precise means of deterr "ning realistic and most probable yields in case of pre-

launch and launch abort :.

In addition to siting and general operating criteria, the ability to pre-
dict propellant explosive characteristics is required to define hezard envel-
opes. These requirements generated the need for more detailed data concerning
the blast and thermal environments resulting from propellant explcsions, e.g.,
peak overpressure, positive-phase impulse and duration, fireball tempersture
and duration, and heat flux-time histories.

The strong requirement for an improved and more realistic method for pre-
dicting the enviromment from liquid propellant explosions and the lack of in-
formation on which to base such an improved method led the Air Force Eastern
Teat Range and the NASA, who jointly had the prime concern for launching mis-
sile systems and space vehicles, to look to a new test progrem to better define
the problem., This resulted in Project PYRO, a combined experimental and ana-
lytical program to define the propellant blast environment for the three common
propellant combinations, liquid oxygen-RP-1, liquid oxygen-liqhid hydrogen,
and nitrogen tetroxide/50% unsymmetrical dimethylhydrazine —50% hydrazine.

The end result of the program is a method for predicting the blast and thermal
environment that would be expected for any given missile or space vehicle

for a wide range of failure modes.

This program was under the overall direction and sponsorship of tlie PYRO
Steering Committee, which consisted of representatives from NASA Marshall Space
Flight Center, NASA Kehnedy Space Center, the Air Force Eastern Test range, and
the Sandia Corporation,.
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This is the final report of this program and consists of three volumes:
t Volume 1, the comprehensive technical report on ithe basic program; Volume 2,
PR Test Data; and Voluma 3, Prediction Methods. Volume 1 (herein) contains an in-
: M troduction, obhjectivec, and general approach as the first three sections,
: These are followed by the presentations of the hypergolic and cryogenic test
! program, including test design, test conditions, results, and discussion of re-
I;' sults in Sections 4 and 5, respectively. These sectious a2lso show the deriva-
3 tion of the methods for predicting blast yields., The results of the thermal
program, laboratory supporting programs, and & summary of the findings and con-
clusions are given in Sections 6, 7, and 8.

A glossery and appendices follow, including descriptions of the blast in-
y strumentation system; the gtatistical procedures used in the analysis of the
? { blast data; and the thermal instrumentation system., The final appendix lists

a number of "

ride along" R&D programs, which although not a part of Project
PYRO, used the blast end thermal environment provided by the liquid propellant
E explosions, particularly on the large-scale tests, for a variety of experiments,
; including structural response, ground shock neasurement, cloud tracking, and

evalustion of instrumentation.
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f Section 2
k OBJECTIVES i
The overall objective of this program was to establish ¢ata and methods
t
X for predicting the credible damage potential which would be experienced from
1
: the accidental explosion of the liquid propellant combinations N204/50% UDMH ~ }
H
50% N2H4, LOz/RP—I, and LOZ/LHZ‘
Based on experimentally derived data, analytical and statistical work, and :
laboratory studies, the end product would be a method for predicting the sur- }
2
3;i ' face blast and thermal environment that would be expected for any given missile
i or syace vehicle system for a wide range of failure modes. !
|
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Section 3

GENERAL APFROACH

This section of the report describes the general approach used in the se-
lection of the test conditions for the PYRO program. It starts with a discus-
sion of the fundamental differences expected in explosive behavior of hyper-
golic and cryogenic propellants and why these led to somewhat different approa-
ches being used for the two classes of propellants. This is followed by a
description of the general approach used for the hypergolic propellants. The
last and major portioa of this section covers in detall the rationale for the

selection of the test conditions and parameter variatiuns for the cryegenic
propellant combinations.

The information available at the time the basic test design philosophy
was being established indicated that hypergolic propellants tend to have
significantly different explosive characteristics from cryogenic propellants.
For cryogenic propellants, scaled model tests had indicated that significant
explcsive yields were possible for a large variety of missile and failure
conditions (Refs. 3-1 to 3-6). Thus, it was clear that a comprehensive
testing program would be necessary to evaluate the effect of the various
important parameters of the process. It was less clear, however, that a
comprehensive test program would be required for the hypergolic propellant
combination since these propellants ignite on contact, and within a few
milliseconds or tens of milliseconds (at ambient temperature), the reaction
has proceeded far enough to produce visible flames. This spontaneous
ignition behavior tends to 1limit the explosive poiential of hypergolic
propellants. 1In order for a propellant mixture to produce a large explosive
vield, it is necessary for one of the propellant§ to be in a state of
fine subdivision or solution and dispersed uniformly throughout the volume
of the other propellant at the time of ignition. This permits the majority
of the available reaction energy to be released fast enough to contribute

to explosive effects. With hypergolic propellants, reaction starts on
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initial contact and continues throughout the mixing process. Since the
time involved in mixing the twv propellant masses together to create the
state of subdivision of one in the other required for explosive effects

is usually long compared with the time interval required for thelr reaction
to proceed to 1ts completion spontaneously, it is difficult to get signi-
ficant explosive effects from hypergolic propellants. Test results by
other investigations (Refs. 3-7 to 3~9) tended to confirm this.

For this reason, the philosophy used for the testing of the N204/50%
UDMH — 50% N2H4 propellant cowbination waa to concentrate the initial test-
ing on certain limiting conditions which tend to maximize the explosive
yield. If under these conditions no significant yields were obtalned,

further testing with other fallure conditions could be minimized.

From the foregoing it is evident that the most serious mixing conditions

(with regard to explosive effects) Jor hypergolic propellantis are those which:
1, lead t~ wxtrems'ly rapid mixing, or

2. Lead to cunfinexwznt of the reucting products. (In this case,
al though the reaction itself need not be explosive, confirement
of the reaction can build up pressures which can create signifi-
cant blast effects if suddenly released.)

From a practical point of view, the specific failure modes which would
lead to these conditions are high-velocity impact or an explosive-donor
situation, which might occur if both cryogenic and hypergolic vropellants

are used in the same vehicle.

Accordingly, in the initial test program, the major effort was placed
on these two failure modes. Two other conditions were selected for minor
testing, command-destruct and confinement-by-the missilo (the rapid removal
of a diaphragm between the compartments containing the fuel and oxidizer).

A 100-ft tower drop series was added to ithe program later.

This relatively simple upper limit approach was not practical for

the cryogenic propellant combinations because of the anticipated large

RSOV B s e S L S—rha NNy .

PR

oo e .y

vt = o gt &

i g




ST FoTTEEEE T PRemmEey T T T TiREyT T g e ST I

T R e e T IR P P S S L E Vo - ux&.mu\m&

URS 652-35 AFRPL~TR-68-92

number of conditions under which significant yields would be obtained and

the corresponding large number of potentially important variables.

) The basic objective in the cryogenic test program was to test with

H a limited number of generalized test configurations selected so that the
results from the tests would be generally applicable to any tankage configura-
tion and failure mode combination. The selection of the test configurations

3 was based on the generalized concept of the missile failure and explosive

1 process shown in Fig. 3-~1 and described below,

Five basic variables of the initial configuration were considered of

prime concern with regard to the ultimate explosive yield. These were

the propellant type, the tank configuration, the failure mode, the launch-

pad geometry, and the ignition=-source configuration. The tank configura-

tion, failure mode, and the launch-pad geometry, in turn, largely determine

~

ihe gross space —time history of the propellants, although the propellant
type may also play an important role. The gross space —time history of
the propellants, controlled by the boundary and initial conditions, determines

how the two propellants come into contact with each other and thereby

",Wm_. *
b B A b e R ALY M MM RSN R A

determines the explosive effects as a function of time. The time of ignition

depends on the ignition source configuration, the space time history of the : !

i

propellants and the propellant type. i

B s T et T

e

The design apprcach used, which was termed the Generalized Propellant

R

Interaction Approach, was based on the assumption that although the detailed : 3
course of propellant mixing may be too complicated to admit to detailed

analysis, propellants undergoing similar mixing conditions will lead to é 1
mixtures having similar explosive properties. In other words, any time

two propellant masses interact or come into contact with each other in the

o =
e o eGPy 3 1+

same fashion (and with the same constraints), it was assumed that the ;
1 explosive yield as a function of time after initial contact will be the
same. Further, it was assumed that all propellant spillage configurations

can be analyzed in terms of a few basic types of interactions, called basic
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The objectives of the explosive testing were, first, to determine
which parameters of potential interest in the interaction of two propellant
masses have a significant influence on the explosive yield time relationship

and, second, to determine the quantitative nature of the influernce.

The main tasks in the overall design of the test program were to identify
the parameters of potential interest, to establish the number of levels
of each parameter for testing, and insofar as possible, to determine how

best to scale the parameters for testing.

Since the basic mixing modes are really just convenient groupings of
interaction types controlled by the same genera' parameters, it was appro-
priate to glve general consideration to all the parameters of potential
interest in the interaction of two propellant masses prior to selecting the
basic mixing modes. For this, it was convenient to divide the parameters

into the following general classes:
1. Specific properties of propellants
2. Initial conditions of propellants
3. Boundary conditions (nature of environment)

4. Ignition conditions

Although many of the specific properties of the propellants, such as

density, viscosity, heat capacity, conductivity, boiling and freezing
points, and heats of fusion and vaporization, were expected to be important
in the mixing process, they were not subject to variation except in large
discrete steps (that occur when propellant type changes), i.e., they were
fixed once the propellant type and initial conditions were specified.
Accordingly, the only parameter in Class 1 that entered directly into

the test program design was the propellant type.

The initial conditions, i.e., the conditions at the time of first

contact of one propellant with the other, consist of:
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1. State of propellants

2. Spatiai distribution of propellants

3. Velocity distribution of propellants

The boundary conditions consist of:

1. Spatial distribution of surfaces that control the flow of
pronellants during mixing

2. Characteristics of the air and surfaces through and along which
the propellants fall or flow during mixing

The ignition conditions consist of:

1. Time of ignition (from first contact of propellants)

2, Neture of ignition source

Each class of conditions is discussed in the following, leading to

the selection of the variables investigated.

INITIAL CONDITIONS

State of Propellants

In theory, the propellants could be in any of three states (gas,

liquid, solid), or a mixture thereof. They also could be mixed with

ambient gas (assumed to be air) in any proportion. In practice, however,

for any giver propellant, only certain states appeared reasonable.

These are listed below:

1.

2.

(A
N

T

RP-1: 1liquid state, negligible mixing with ambient air

LO,: 1liquid state, negligible mixing with ambient air (Although
L02 boils rapidly in ambient air or on contact with surfaces,
primary concern is with large quantities and with massive spills,
so that the fraction of LOg vaporized at the time of first con-
tact 1s assumed negligible.)

LHg: (a) liquid state, negligible mixing with ambient air,
(b) gaseous state, mixed with ambient air, or (c) combination
of (a) and (b)
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Because ~f the low density ci the gaseous H2 (GH2), it 18 not likely

to react significantly with LO2 but only with the gaseous oxygen of the air
or that produced by vaporization of Loz. Thus, the mixing procese for :
GHZ’ is entirely different from.that for LOZ/RP-I or L02/LH2. Sufficient

effort was not available during'this program to conduct an investigation

into GH2/a1r mixture, however, some work has been done in this area by
other investigators.

[‘ Spatial Distribution

With the foregoing assumptions, it would appear possible to describe f
the initial distribution of L02, LHZ' and RP-1 in terms of (1) the total
weight (W), (2) the shape (with one or more variables), and (3) the position
of the mass (with one or more variables). There were innumerable ways
i of characterizing shape; however, considering the generalized nature of the
basic approach, it appeared adequate to use a single variable, L/D, which
! specifies the ratic of the average height (or length), L, of the propellant
' mass to a characteristic dimension, D, of a cross section r.ormal to the i
{ height. In essence, this was equivalent to approximating all shapes by
cylinders. Because gravitational potential varies with height, greater

3 emphasis was given to it than to the other dimensions. !

Since the initial conditions are defined as those which exist when the
propellant massses first contact each other, and since the shape and weight ] 3
are already specified, the only position variable necessary is oriemtation,

i i.e., which propellant is on top. This assumes that primary concern is

A

’ with initial interfaces that are horizontal and, furthermore, that the

cylinders are concentric. Considering initial vertical interfaces to be of

secondary importance does not seem unrzasonable, because it was unlikely

that they could be very large and they would very likely be unstable (not
*

persisting very long). The justification for assuming concentricity is

that this was a credible condition which tended to maximize mixing.

This point is discussed in more detail later. g
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Velocity Distribution

Although it is possible to conceive of a wide variety oi velocity
distributions at the time of initial contact, whea consideration is given
to the mechanisms by which the propelilant masses achieve their velocity
(primarily, gravitational or pressure forces), it did not seem unreason-
able to assume that the entire mass of one propellant will have the same
net translational velocity and that the rotationel velocity will be small

compared to it.

BOUNDARY CONDITIONS

Space Distribution of Rgg}d Surfaces

The major types of rigid surfaces in the vicinity of launch sites that

cen modify the flow of propellants during the mixing process are:
1. The vehicle itself
2. The basic launch-site geometry

3. Miscellaneous close-in launch facilities and structures, such as
service towers, cribs, and flame deflectors,

In general, the sizes of surfaces in Item 3 tend to be much smaller
than those in 1 or 2, so that their effects were not included in tke basic
program. Obviously, there are some exceptions. Perhaps most important
15 the silc c¢ase, where the crib, platforms, and miscellaneous equipment
may significantly modify the flow. It is believed that these surfaces
were of too special a nature to be included as a generalized boundary
condition and that estimation of the hlast effects from these special
cases would have to be made by considering various portions of the flow
separately (so that it would be possible to use a generalized boundary
condition for each), aad combining results to get the overall effect.

The wchicle itself would affect the flow of fluid during the mixing

process in various ways, perhaps the most important of which oncurs when,
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due to internal failure, mixing starts inside the tank walls. Once the
propellants are outside the vehicle tankage, its role would tend to be

*
secondary, compared with the ground surface, in modifying the f{low.

For a flat-pad geometry, the ground surface 1s expected to be generally
flat or, at most, have small curvature since it is unlikely to have large

slopes over large areas.

Accordingly, we can conceive of two basic types of boundary conditions

w+ich depend on the extent of the rigid walls:
1. Confinement by the missile

2., Confinement by the ground surface

Actually, however, within the framework cdescribed above, there are two
other cases which were not included in the basic program. These are confine-
ment by the ground surface and vertical walls and nc confinement, i.e.,

where mixing occurs in the absgence of any confining surface.

The confinement-by-the~-ground-surface-and-vertical-wall case, which
would most typically be the silo geometry was originally planned to bhe
included in the program but with less emphasis than the other cases. However,
as the program proceeded and the f.l1ll extent of the testing needed for the
other cases became evident this case was essentially eliminated from the
program because it was of much less practical interest than the others.
The LOz/RP-l propellant combination in a silo geometry had been studied for
propellant weights up to 200-1b in previous URS programs (Refs. 3-~3 and 3-5).
Inforamation from these progrums combined with the few tests with the L02/LH2
propellant combination which were left in this program would provide at

least a minimum data base for this geometry.
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How the vehicle fails is very important in determining the space —time
history of the propellants; however, these effects were considered under
initial rather than boundary conditions.
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Thce no—-confinement case was not included because of the very small

explosive yields anticipated for this condition. Unless there is a large
velocity difference between the two propellants (which is unlikely when
both are in free air), there are no significant forces holding the two
manses together. Thus, even a small pressure generated by vaporization
of a small amount of one of the popellants at the houndary between the
two masses would be sufficient {0 separate them and minimize mixing.
Confirmation of this concept has been obtained by experimental testing
of propellant quantities up to 250 ib (Ref. 3-4).

SUMMARY OF PARAMETERS

A summary of important parumeters is presented in Table 3-1. Examina-
tion of this list suggests that the basic mixing modes are identified primarily
by the boundary conditions, although within each of the latter further
[ subdivision was necessary, particularly with regard to flow direction.
Using a breakdown by boundary conditions, it was possible to determine
F which initial-condition parameters, and ranges in value, were appropriate

for each.

BASIC MIXING MODES

!t . Confinement: by the Missile

In this case an internal failure is assumed <o occur, and one propellant
I falls down into the other. This failure condition could occur in either

the static test stand, launch, or in-flight mode. Cause of failure could

be bulkhead rupture from overpressurization of a propellant compariment,
3 engine blowup sending fragments through the bulkheads, etc. The position
and velocity distributions of the lower propellant at the moment of first

contact are fairly well specified, since it is assumed to be in its original

configuration and to have zerc velocity. Those of the upper propellant,

however, may have a large range of values, depending on how full the tanks
are and how large an opening is created between them. If a relatively

small opening is produced, the L/D ratio of the top propellant will be

3~10
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F_i Table 3-1

SUMMARY OF PARAMETERS

Propellant Properties

P, T, (propellant type)

Initial Conditions

v (weight)

V L/D (length-toc-diameter ratio)
b P,0, (propellant orientation)

: Vh (velocity, horizontal)

Vv (velocity, vertical)

Boundary Conditions

Confinement by the missile (CBM)
N Confinement by the ground surface (CBGS)

Egnition Conditions B
T (time)
I.T, (type)
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effectively very much greater than that of the bottom one, and its total
weight (entering into the mixing at an early enough stage to he a matter

of concern) will be much smaller than that for the bottom one. In addition,
the top propellant will have an initial velocity given by the fluid head

in the top tank and the pressure differential betveen the two tanks. As
the opening between the tanks becomes larger, the L/D ratio and effective
weight of the upper propellant more nearly approaches the values they
origirally had in the missile. In addition, at the time the opening between
the tanks is the full cross section of the original tank, the velocity
would reach the value given by the acceleration of gravity through the
distance of the ullage space in the lower tank, provided there was no

pressure difference between the two tanks.

In the case where the opening between the tanks is significantly less

that the full cross section of the vehicle, the different initial L/D

. values for each propellant can be treated by assuming that the L/D ratio
refers to the over-all vehicle geometry and by defining a Do/Dt ratio,
where Do is the opening diameter and Dt the vehicle diameter. A sketch
of the CBM test configuration is presented in Fig. 3-2.

Duration of the confinement by the missilc case is limited to the time
that the propellants remain confined by the walls of the vehicle. This time
is determined by the strength of the tankage, the rate of vaporization of
the cryogenic materials, the initial pressure in the tanks, and the initial

) ullage space.

The parameters considered to be of primary interest for this case and

the initial ranges in values were as follows:

® Propellant type: two cases: LOZ/RP-I and L02/LH2

® Propellant weight: three values: 200-1b, 1,000-lb and 25,000-:0

o

e

e L/D ratio: two values: 5 and 1.8 (selected to span the range of
credible missile geometries)

® DO/Dt ratio: tv> values: 1 and 0.45

e Time of ignition: minimum of three values

® Type of ignition: two cases: detonator and squib
3-12
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Confinement~-by-the-Missile Test Configuration

Fig., 3-2,
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Confinement by the Ground Surface

A relatively large range in initial conditions was appropriate for
this boundary condition because of the large variety of credible failure
modes. For example, this condition couid occur in static test stand
operations from overpressurizing the tanks, where the tank could be split
open, and the propellants pour out on the test stand or ground surface.

It could also occur at the launch pad both by the overpressurization of

tanks described above or by the faliback or topple-over of the entire missile.

Probably the most severe failure mode under this category would be fallback
from a high altutude or powered flight impact at a high velocity. Certain
of the parameters selected for study were quite similar to those for the

previous case, although specific values were not identical. These include:

the propellant type, weight, and orientation and the time of ignitionm.

The major problem for this case was in establishing the appropriate
L/D and veloci;y conditions. This was complicated because, theoretically,
each of the two propellant masses may have a different L/D and magnitude
and direction of flow. Thus, there really were six parameters, and if each
were permitted to take on two values, 64 different combinations would be
obtained. Fortunately, certain of these combinations seemed so unlikely
they could be neglected. Considering first each parameter separately,

the following conclusions were reached:

e The reasonable L/D conditions were that both propellant masses
may have high or low ratios or that the bottom propellant mass
may have a low and the top one a high ratio. The converse of the
latter condition was not assumed reasonable.

e The reasonable flow direction con’lons were for both propellants
to be moving either vertically or horizontally or for the top
propellant to be moving vertically and the bottom propellant
horizontally. The converse of the latter conditions was not assumed
reasonable.

® The reasonable flow magnitude conditions were for both propellants
to have either high or low velocity or for the top propellant to
have a high and the bottom propszilant to have low velocity. The
converse of the latter condition was not assumed reasonable,

3-14
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Considering next the interaction between paramevers, divided into the

three flow direction cases, the following conclusions were reached:
When both propellants were vertical:

Although &ll three flow-magnitude cases were credible, it is unlikely
that the velocity of the top propellant would exceed that of the bot-
tom by more than a factor of about two, so that it seemed reasconable

to drop the case where the propellants had differing velocities.

Although all three L/D cases were possible, the credible ratios were
all likely to be equal to or greater than typical missile values and
the differences in ratios between the two propellants did not seem
likely to be large. It appeared reasonable, therefore, to drop the
case where the propellants had differing L/D ratios.

] When both propellants were horizontal:

Only the relative velocity between propellants seemed important, so
that two cases should suffice: the top propellant with a velocity
high or low relative to the bottom propellant.

All three L/D cases are credible, except that it seemed posaible to
cover the cases of interest with only two values of L/L, since it is

likely that all L/D ratics will be much less than typical missile
values.

For both propellants flowing horizontally, the earlier assumptions that the

v Ny

initial interface between the two propellants was horizontal and that the pro-
pellant masses have concentric axes actually did not appear to correspond very 1
closely to real situations. The most likely way to have both propellant masses
flowing horizontally at the time of the first contact was for them to impact the
ground separately and to fiow into one another. This results in nonconcentric ]
; propellant masses, and at the moment of first contact, the interface was likely
’ to be primarily vertical. However, this initial interface area would be quite
small and because of density differences, it wes anticipated that as the pools 3

overlap, the interface would be primarily horizontal.

In spite of these differences, however, it was believed that the major

features of this case were adequately simulated by the original assumptions of

only horizontal interfaces and of concentric masses.

3-13%
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By using concentric masses, radial symmetry could be preserved, which
simpiified determination of the gross overlap area as a function of time and
which, perhaps even more important, simplified interpretation of the resulting
)
explosive phenomona,
In summary, the parameters considered of primary interest for the "confine-
ment-by-the-ground-surface” case, and the initial ranges in values were as
follows:
Basic Program: Vertical Flow Direction Case
Propellant type: two cases: L02/RP—1 and LOZ/LH2
Propellant weight: 200, 1,000 and 25,000 1b
i L/D ratio: two values 5 and 1.8 (selected to span the range of credible
1 missile geometries)
é Propellant orientation: two cases
3 Velocity: four values (~15, ~44, ~100, ~600 ft/sec)
Time of ignition: three values
§ Basic Program: Horizontal Direction Case
: ! Propellant type: two cases: LDZ/RP-l and LOZ/LH2
? i Propellant weight: 2CO 1b
;‘i L/D ratio: two values (top propellant fixed at a typical in-tank value,

bottom propellant variable)

Propellant orientation: one case: LOz/RP-l, LH2/L02

Velocitz: two values (bottom propellant as near zZero as practical, top
propellant variable)

Time of ;Enition: three values

TEST PROGRAM MODIFICATIONS 3

Continually throughout the test program minor modifications were made to i

the outlined test series and a numker of additional tests were added to .nvestigate
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in more detail those parameters showing a large effect on explosive yield. Type

of ignition, for example, was dropped as a significant parameter early in the
testing because it did not have a significant effect on yield, while much great-
er emphasis had to be given to time of ignition to properly evaluate its effect

on yleld. The full scope of the test program as actually conducted is described
in Sections 4 and 5.
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Section 4
HYPERGOLIC PROPELLANT PROGRAM

This section of the report summarizes the existing information concerning
the explosive potential of the hypergolic propellant combination nitrogen tet-
roxide/50% unsymmetrical dimethylhydrazine - 50% hydrazine (N204/50% UDMH - 50%
N2H4). The summary is divided into three parts. Part 1 describes the tests con-
ducted under the PYRO Program, Part 2 presents the information available from

other sources, and Part 3 contains a summary of all the data and the conclusions,

Part 1 - PYRO TEST PROGRAM

The rationale behind the test design of the PYRO Hypergolic Test
Program was presented in Section 3, the discussion of the general approach.
One of the important points made in this discussion was that since it
should be relatively difficult to obtain significant yields with hyper-
golic propellants because they ignite on contact, the major effort during

the test program would be concentrated on the more severe mixing conditions.

From a practical point of view, the specific failure modes which could
lead to these conditions are high-velocity impact, resulting from either
powered impact or fallback from a high altitude, or an explosive-donor
situation which might occur if both cryogenic and hypergolic propellants

are used in the same vehicle.

Accordingly, in the initial test program, the major effort was placed
on these two failure modes. Three other conditions were selected for
minor testing: command-destruct in which the two propellant compartments
were opened by explosive shaped charges; confinement-by-the-~missile (the
rapid removal of a diaphragm between the compartments containing the fuel

and oxidizer); and tower drop, which simulated low-altitude fallback or

seam rip.
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HIGH-VELOCITY IMPACT TESTS

The high-velocity impact test series consisted of 15 tests in which
200- and 1000-1b quantities of the hypergolic propellant combination were
propelled down a sled track at speeds ranging from 340 to 580 fps and

allowed to impact on various target configurations,

The test parameters which were considered important for the high- 1' |

velocity impact test condition were: 3

® Orientation of propellant tanks with respect to the _
impacted surface 1

-

|
|
.

Although there are innumerable tankage configurations that can be
visualized for future hypergolic military and space vehicles, it was felt
that the main features of the impact process could be studied using the
conventional tankage configuration for existing vehicles, i.e., two cylin-
drical tanks, one above the other, with the resultant length greater than
the diameter, With this tankage configuration, two impacting geometries
were of concern: impact on a surface normal to the cylindrical axis
(nose-on impact) and impact on a surface parallel with the cylindrical

axis (side-on impact).

Information furnished by AFRPL staff members indicated that a reason-
able upper limit for nose-on impact of a missile (either from a high-
altitude fallback or from turn-around and power impact) is about 500
to 600 fps, A value of 330 fps was selected as an upper limit for side-

on impact,

PSR UV T T

PP

E ® Velocity of impact
1 ® Strength of propellant tanks E
® Strength of impacted surface : {
® Geometry of impacted surface H é
i
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The strength of the tank walls could influence the impact process
under some circumstances. However, at the upper end of the impact velocity
ranges of interest, pressures generated in the fluids by the impact signif-
icantly exceed the design pressure of the tenks. For this reason, tankage

strengths were not considered as a significant parameter in the program.

The strength of the impacted surface could influence the impact
process in two ways. For an ideal rigid surface, maximum pressures would
be developed in the fluids at the moment o. impact, which would lead to
waximum initial velocities of the fluids after tank failure., For softer
surfaces, the tank will be decelerated more slowly, and lower ﬁressures
will be generated in the impact process, However, some cratering of the
: surface would be expected, which could leasd to confinement of the propel-
lants after tank rupture., Since confinement and alsc high mixing velocity
should tend to increase explosive effects, both of the above situations

were of interest, For the soft-surface-cratering condition, it was neces-

E sary to decide on the type or types of surfaces to use or simulate, (In
order to avoid simulation of the strength characteriscics of real vehicles,
it seemed easier to impact on a rigid surface with a preformed crater
rather than attempting to actually create the crater during the impuct

process,) In a true fluid-fluid impact case with a roughly spherical

B Tl LT

impactor, a hemispherical crater is formed, Although few data are avail-
able regarding fluid-fluid impact for the case of impactors significantly
longer than their diameters, it was anticipated that this would lead to

deeper craters. Accordingly, for nose-on impact, two craters were used,

o w—r

a shallow crater, roughly hemispherical (depth equal to radius), and a

deep crater with a depth three times the radius.

The initial geometry of the impacted surface is perhaps the most
difficult of all the parameters to generalize. Simple depressions would
act in a manner similar to craters, whose effects have already been dis-
cussed., Of perhaps more importance are sharp protuberances from the
surface, which might increase the breakup of large fluid masses on impact,
particularly those protuberances which might tend to force the propellants

together, Accordingly, the geometry selected for the shallow crater, nose-

I
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on impact test consisted of a hemispherical depression with a cylindrical
rod protruding from the center, the rod diameter being equal to one-~third
the tank diameter and the crater diameter equal to twice the tank diameter.
For side-on impact, a flat surface with two parallel walls protruding from
the surface was selected. The parallel walls were normal to the tank axes
and approximately at the midpoints of the two tanks., This ensured that

at least half of each propellant mass was directed into the spe ' between

the walls,

Hardware and Test Design

The tanks required for this test condition were designed to be used
on the K-2 sled track located at the Naval Weapons Center, (formerly the
Naval Ordnance Test Station) China Lake, California. They were propelled
down this track by solid-motor propulsion units at speeds ranging from

340 to 580 fps and allowed to impact the various target configurations.

The criteria for the design of these tanks were determined by: (1)
the requirements to approximately simulate conventional vehicles with
regard to shape; (2) the desi ability of using minimum weight, strength,
and length~to-diameter ratios consistent with present and expected usage;

(3) compliance with the following operations restrictions imposed by the

Naval Weapons Center:

e Tanks should be capable of withstanding a 30-g iload in
any direction

e Tanks must be tested to 20 psi in either compartment
with the other vented to the atmosphere,

Sketches of the aluminum tanks, designed to meet these require-
ments are presented in Figs, 4-1, 4-2, and 4-3. The tanks were designed,
in general, in accordance with the ASME code procedures outlined in Ref.
4-1, except that a working stress of 8,000 to 9,000 psi, instead of 6,000
psi, was utilized because of the nature of the vessel use, The tanks were

cylindrical with 2:1 ellipsoidal domed ends, The domed ends and the side

walls were 1/8 in. thick,
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ip—————26-3/4 1in.

Fig. 4~1, Nose-on 200-1b, High-Velocity Impact Tank
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Fig. 4-2, Side-on, 200-1b, High-Velocity Impact Tank
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The diaphragm design was of special interest. For the nose-on impact
tests, the critical design load condition for the diaphragm of the 16-in.
tank was 20 psi, imposed by both the static proof-test load and the 30-~g
acceleration, and for the 26-in. tank, 37 psi, imposed by the 20-g accel-
eration. The required thickness of an elastic flet plate for these conditions
was approximately 3/16 in. and 9/16 in. for the 16- and 26-in.-diameter
tanks, respectively. This was considered unrealistic for the nose-on
impact configuration, since diaphr:sgms of these thicknesses might be expected
to inhibit hypergolic impact mixing. Therefore, it was decided 1o utilize
an ellipsoidal diaphragm which permitted the use of tune more realistic
material thicknesses of 1/16 in. for the 16- and 3/32 in. for the 26-in.
tanks. For the side-on impact t=st tank, it was decided to use the flat-
plate diaphragm. In this configuration, it would serve as a tank stiffener

and yet have negligible effect on fuel mixing at impact.

Four different target gecmetries were used: flat-wall, shallow-hcle,
deep-hole, and parallel-wall. For the flat-wall target, a massive concrete
block was faced with a 1l-in.-thick steel plate, 8 ft high, and 16 ft wide,
with a 12-in. splash shield around the edge. For the shallow-hole and
deep-hole test targets, the base was faced with concrete blocks 6 ft in cross
section and having cylindrical cavities. For the parallel-wall target, the
massive concrete base was faced with a steel plate from which two vertically
oriented walls protrud?d perpendicular to the plate, A diagonal brace
was placed between the vertical walls at the planned impact point of the
tank and a splash shield placed across the top of the vertical walls,
Sketches and photos ¢f these target geometries are shown in Figs. 4-~4 through
4-8.

In addition to the propellant tests, a series of high-explosive
calibration tests were conducted. The purpose cf these tests was to obtain
suitable reference curves using the same basic geometry and height of burst

as in the propellant impact tests.
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It can be seen that, in general, ihe calibration results were as expected.
The transition is evident for peak pressure, being apparently well underway at
the 38-ft gauge station (d/wl/3 of about 15). The impulse curve falls between
the two reference curves and, furthermore, has approximately ths same shape,
suggesting either that the transition is complete at a distance closer than
the nearest station or that it commcnces at distances greater than the remote
stations, Since rarefactions from the target edges should commence decreasing
the impulse at smaller distances than peak pressure, and since the peak
pressure is apparently affected at close distances, presumably completing
its transition near the 38~ft gauge station, the impulse calibration curve
is probably that which would be obtained without the presence of the target.
The fact that its magnitude is approximately 25 percent greater than that
for the 18-1b TNT reference curve is not surprising, because of the differences

between TNT and pentolite and between a surface burst and a 3-ft HOB,

No significant differences in the gauge line magnitudes were apparent

for either vressure or impulse. The possihility of peak-pressure differences

occurring over the transition region might be anticipated but were not detectable.

Impact Test Results

The individual peak overpressure and positive-phase-impulse data are
presented in the data bank in Volume 2. The yield values which have been
computed from these data using the basic reference curves in Figs, 4-11 and
4-12 and multiplying by a factor of 1,18 to correct for the difference

“ween pentolite and TNT are presented in Table 4-2, From the data in
Table 4-2 it is evident that some of the computed yields tend to be distance-
dependent Yields computed from the uverpressure for all gauge lines typi-~
cally increase with increasing distance. Impulse yields for the 30-der and
60-deg lines tend tc decrease with increasing distance, while impulse yields
for the 90- and 18C-deg lines tend to remain relatively constant with distance

or in some cases show a slight increase.

In addition, the data indicate that large shock wave asymmetries were
present, even at the outer gauge stations. This is particularly evident for

the deep-hole-target tests,
4-20
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The persistence of these plast asymmetries over the entire measuring
range tends to complicate the selection of appropriate terminal yleld values
for these tests since the test geometry is not completely similar to the full-
f scale case of concern, It will be recalled that these tests were intended to
simulate nose-on impact of a vehicle at high velocity onto the ground surface.
The flat-wall target was selected to simulate a rigid ground surface, in which
no impact cratering would occur, while the deep-hole target simulated a soft

ground surface, in which significant impact cratering would occur,

In the full-scale case of concern, it would be anticipated that blast
pressure would be radially symmetrical about the point of impact along the

ground surface and that blast asymmetry, if it existed,; would occur in a

vertical plane, with the pressure directly
highest., Such asymmetries are not of much

ground surface would be of most importance

In the test geometry, the tankage was

face on a sled track and allowed to impact

above the impact point being the

concern since pressure along the

in the full=-scale cace,

e . S A R O R R N R Vi

accelerated along the ground sur- : |

cn a massive vertical target since

SRR LA

this was th2 only practical way to obtain the desired high velocities and the

o

required control on the impact point.

&

ool e ke g

PACTY

The important differences between the real and test geometries can be

understood by visualizing that the test geometry is created by rotating the

s b

line of flight of the test tankage and a section of the ground surface the 8

; size of the target through 90 deg, as shown in Fig. 4-13.

! From Fig, 4-13, it appears that the pressures along the 90-deg gauge
’ ; line in the test geometry case would most nearly correspond to the pressures *
along the ground surface in the real geometry., The pressures along the 30-

and 60-deg lines in the test geometry temd to correspond to those at 30 deg

PERTES

and 60 deg from the vertical in the real geometry and thus would be higher
than the ground-surface velue. The prossures along the 180-deg gauge lines

in the test geometry would tend to be lower than the gruund-surface

BESFTIE JEELT T SR

pressure in the real geometry,
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The test conditions for each of the propellant tests and the calibration
tests are presented in Table 4-1. i
!
These tests were conducted in two series. Test numbers 001 through 015
ware conducted in May, June and July of 1964 and test numbers 065 through 081
were cenducted in September and October of 1965. The tankage, teat conditjons
and type of instrumentation were the same for both test series. The layout of
the instrumentation system, however., was quite dif erent. ‘

The instrumentation layocut used for the first series is shown in Fig. 4-9,
*
The Kistler gauges were installed in two gauge lines 30 and 60 deg from the

track. For the second series of tegis, the system was modified to cobtain more

information on the blast asymmetries. The 60-deg leg was moved to 90 deg «nd
a third gauge line was added behind the target, This system 1s shown in Fig.
4-19, During this second series a gauge was installed on the target to obtain

sl " P

close-in blast information, The data from this gauge loczation are presented

at the end of the high-velocity impact discussions.

During both test seriss, BRL** self~-recording pressure-~time gauges were :
also installed at all of the basic measuring stations end at several additicnsl i ]
stations at ionger distances, Since the pulse durations obtained from the tests
were rather short for correct recording by the BRL gauges, particularly at the
close-in stations, and since the Kistler system worked weil, the major uszs of

the BRL data was in checking blast asymmetry at long distances.

Calibration Tests 3

The calibration tests included eight with 18~1b pentolite spheres, one with
a 105-1b sphere, and three with 216-1b spheres. The pentclite spheres in most
cases were hung in fish nets at the horizontal center of a 5-fft-high, 13-ft-
wide, 4-in.-thick backup plate; 3 ft above the ground surface and with the cen-
ter of the charge approximately ) ft in front of the plate.

Quartz Plezoeigcctiric Air Pressure gauges ~ Kistler Instrument Co. Models 601A.
Balilistic Research Lzboratory.

*ok
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These considerations suggested two possible methods for estimeting appro-
priate terminal yields:
1. Use value for 90-deg gauge line
2. Use average of maximum snd minimum values where the minimum value cor-
responds to tnat for the 18C~deg line and the maximum value to that

along the line of flight (tiils value would have to be cobtained by ex-
travolation)

A combination of the two methods was finally selected for computing the

yvields for the tests in the second test series. This method involved averag-

ing the computed yields from the 0-, 90-, and 180~deg direction, with the 0-

e i =

deg value obtained by extrapolation. (Plsis demonstrating the method for ob-

i Hodu e

taining the extrapeisted value are given in Fig. 4-14.)

when data were available, the same method was used to obtain terminal

- e ez ey

yield estimates for the tests conducted during the first test series; however, B

for tests 002 and 007 sufficient data were not available to make this computa-

tion and thus the yields quoted are estimated values. 7The computed yield val- N

ues for both test series are presented in Table 4-3.

Close-In Data §

During the second high-velocity test series, effort was devoted to measur-
ing the close~in blast envircnment overpressure. Gauges with a 0- to 30,000~
psl pressure range were flush-mounted 2 ft from the point of impact in the flat-
wall targets and on the lip of the deep-hole targets. Data were obftained from

PP

' two tests: 069, a 200-1b deep~hole-target test; and 074, a 1000-1b deep-hole-
target test,

The analog traces for these two tests have been redrawn and are presented
in Fig. 4-15., Included are the approximaie impact times of the tanks and the
ignition times, which were obtained from the film records and the maximum peak ;

overpressure values.
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Fig. 4-14. Plots of Yield as a Function of Azimuth Angle for Selected
Hypergolic Impact Tests
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SUMMARY OF TEST CUMDITIONS

AFETL -7 4t 3

ruilfﬁCT

o | Tam | v | oweern | cimarios
01C 18 Pentolite - Flat Wall
02c 18 Pentolite - Flat ¥all
03c 18 Pentolite - Flat Wall
001 200 N;0,/50-50 570 Flat Wall
002 200 N,0,4/50-50 575 Shallow Hole
003 200 N,0,/50-50 §75 Deep Hole
004 200 Nz 0,/50-50 340 Parsllel wall
¢o6 18 Pentolite - Flat Wall
007 200 N20,/50-50 340 Flat Wall
oet 200 N,0,/50-50 340 Deep Hole
009 200 N,0,/50~50 580 Deep Hole
o110 200 N,0,/50-50 340 Parallel Wwall
011 13 Pentolite - Flat Wall
012 1¢00 No04/50-50 570 Flat Wall
013 1000 N,0,/50~50 570 Deep Hole
014 218 Pentolite - Flat Wall
os 216 Pentolite - Flat wall
065 18 Pentolite - Flat Wall
067 18 Pentelite - Fiat Wall
068 200 N,G,/50-50 566 Flat Wall
069 200 N,04/50-50 535 Deep Hole
€70 18 Pentolite - Flat Wall
071 105 Pentolite Flat Wall
972 1000 N,0,/50-50 585 Flat Wall
073 1000 N,0,/50-50 410 Flat Wall
074 1000 N,0,/50-50 557 Deep Hole
081 2i6 Pentolite - Flat Wall
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Table 4-3
TERMINAL YIELDS FEOM HYPERGOLIC IMPACT TESTS
. PROPELLANT ) TERMINAL
1232:? WEIGHT VELOCITY T:ST YIELD
(1b) : %
340 007 5
200 570 001 13
Flat 566 058 15
‘ Yall 410 073 21
’ 1000 570 012 15
585 072 23
Shallow
!
| Hole 200 575 002 53
! 340 008 38
[ 200 575 003 24
| 560 008 56
§ Deep ©
| Hote 535 069 37
570 013 28
1000 557 o074 34
E . 1T1~% o o -
raldii€a 40 LY 3J
1 Wall 200
340 010 21
a2
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The peak owrp'.-vuume apd positive-phase-impulse nats [roa thase calidra-
& tion tests sre plotted as & functicn of scaled distance in Pigs. 4-11 and 4-13,
rslpectlvely.‘. It can bs rzeen that the data points for each plot are intern-
ally consistent in that they tend to lie alung & smcoth curve. As u mesasure of
the reproducibili+y of the results, s standard deviation was calculated from
the percent deviation of each point from & smooth~curve fit through all of the
data points. The standard devistion (of an individual observation) computud

in this manner for pressure was 11.9 percent and for impulse, 7.6 parcent.

Also included in Figs. 4-11 and 4-12 are two curves (dashed lines) 1llus-

* XK
[ trating expected values for 18 1b of a atandard high vaplosive detonated un-
% der two conditions: oue, in the absence of the target, the other with an infin-

ite target. (The latter condition corresponds to 36 1lb in the absence ol the

?
H
E
X
&

target.) It would be axpected that the blast wave characteristics from the 18-

g T

1b pentolite spheres with the massive target would correspond to those from a

¥l

36-1b charge without the target at distances less than the ninimum target di-

mensions, and that they would correspond tc those from an 18-1bL charge without

the target at distances very much greater than the minimum target dimensions,

Although there should be a gradual transition from one case to the other, the

exact manner in which this occurs in not known, E

The terms ''peak overpressure' and "overpressure' and ''positive-phase-im-
puise" and "impulse' are used interchsngeably throughout this report.

; These data as well as the propellant test data have not been corrected for
. the difference in amblent pressure betwean sea level (14.7 psi) and that
existing at the test site (approximately 13,7 psi), The correction is
amall and unnacessary for later yleld computations, because it is common
to both the calibration and impact test data.

ok

. A A ey

For overpressure, these curves are based on data given in Ref. 4-2 for
composition A charges (95% RDX - 5% wax) detonated over a flat surface with
a scaled HOB of 0.94 £t/1b1/3, (This is equivalent to a 3-ft HOB for a
36-1b charge.) These data were used since suitable pentolite data for the
proper HOB were not readily available, and composition A has explosive
characteristics very close to those of pentolite. For impulse, these

_ curvas are based on data given in Ref. 4-3 for a surtface bursi of TNT.

3 These data were used since neither suitable pentolite nor composition A :
data were readily available. (It is estimated that the 18- and 36-1b INT :
curves would be obtained with about 15 to 30 1lb of pentolite, respectively.)

Y
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ANALYSIS OF DATA

The results obtained from the high-velcclty test ssriss wore analyzed 1o
determine whether the observed variations in yield with the different test con~

ditions could be considered significant in e statistical sense.

An anslysis of variance was first performed on all the high-velocity datz
to test for significance of the scale ani target guonetry effects. This anwly-
sis was performed on the basic date without transformation, with a square root
traneformation, and with a loglo transformation. 3In the first case, the vari-
ance 1s assumed independent of the mean value; in ih¢ seccnd case, the variance
is assumed to be proportional to the mean {or the standard deviation is propor-
tional to the sguare root of the mean): and in the third case, the variance is
agsumed to be propoxrtionui to the mean squared (or the standard deviation is
proportional to the mean). These two transformations were used since it is be-
lieved that the uncertainty in yield value as expressed by the standard cdevia-
tion tends more tlo be proportional to the mean than independent of it. Except
for cases where the mean value is quite small, the log10 trangformation seems

nost appropriate.

The resulis of the analysis on boih the original and transformed data
showed that:

*
1. The scule effect was not significant at the 10-percent level.

2, Tne target geometry sffect was significant at the 2.5-percent level,
i.e., the deep-hole geometry gave significantly higher yields than
the flat-wall target.

3. The interaction of the target geometry and scale effect was signifi~-
cant at the 10-percent level, 1In other words the effect of target
geometry at the 200~1b scale tended tu be somewhat greater than at
tne 1000-1b scale,

because of the moderate interaction effect, the yield data were next

Refers to level of significance used in the statistical test. A 10-percent
level means there is a 10 percent probability of erroneously rejecting a
vaild null-hypothesis.
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Fig. 4~11. Peak Overpressure vs Distance for Peatolite
(flat-wall target, 3-ft HOB)
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analyzed for scale effect separately for each target geometry. Again the

original data and the two transformations were used. For both the flat-

wall and deep-hole targets the data exhibited no significant scale effcct

(at

the LQO-percent level).

Next, an analysis was performed to determine whether there was a

significant effect of velocity between the mean of the six high-velocity

observations which had low-velocity counterparts and that of the three

lower velocity observations: Equality of population variance was not

assumed. The analysis was perforined on both the original and transformed

data. No significant effects were detected ai the 1l0-percent level.

using the sets of duplicate data that were available and assuming that the stan-

dard deviaticn is proportional to the mean yield, For this computation both the

In summary, those statistical analyses indicate that:

1. The deep-hole target gives significantly larger explosive yields
than the flat-wall target.

2. A variatien in impact velocity from approximately 340 to approxi-
mately 570 ft/sec does not significantly affect the yield.

3. For the deep-—-hole target there is a small tendency for the yield
t0 decrease with increasing progellant weight.

In addition an overall estimate of the experimentel variability was computed

™
hypergolic and cryogenic high-velocity-impact data were used. These computa-—

tions indicated that the standard deviation in yield is approximately 25% of the

mesn yileld.

EXPLUOSIVE-DONOR TESTS

Test Conditions

The explosive-donor case 1is similar in some respects to the high-velocity-

The cryogenic high-velocity-impact data are described in detail in Section §.
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The uncertainty was estimated to be equal to two standard deviations.
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impact case, The major difference 1is that in the explosive~donor case, the pro-
pellants are subjected to a shori-duration, very-high-pressure loading rather
than & lenger duration, moderats-prossiure losding, as in the high-velocity-im-

pact case.

The parameters which appeared important for the explosive~donor situation were:

Geometry of propellant tanks
Weight of explosive doncr
Location of explosive donor

Shape of explosive donor

Geometry of neighboring surfaces

As in the impact tests, the most important gecmetry of tae propellant tanks
appeared to be that of a conventicnal vehicle, i,e,, two cylindrical tanks, one
on top of the other with the length-to-diameter ratio and tank strengths being

the minimum values consistent with expected usage.

The weight of potential explosive donors could vary over wide limits. How-
ever, there are several factorg which tend to narrow down the range of primary
interest. First it can be shown that there is not too much concern with donors
whose weight approaches that of the propellants., If a donor equal to the pro-
vellant weight is necessary to make the majority of the propellants react
explosively, then the resulting explosion is not much worse than that given by
thie donor itself., {Au increase in explosive weight by a factor of two onliy
increases the distance at which a given peak pressure 1s obtained by a factor
of (2) /3 or 1.26,)

On the other hand, too Swax:e & donoy may nov be able to cause the propel-
lants to mix and explode (if in fact, they are capable of exploding under the
action of an explosive donor), With this line of reasoning, it was concluded

that the rauge of interest was from about 1 vo 50 1lb for 200 1lh of pronellant.

A variety of shapes and locations of donors were considered with regard

to their ability to create extremely fast mixing., These included:
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e A spherical charge on top of the tank

® A disk charge on top of the tank

Longitudinal charges spaced at intervals around the tank sicdewall

® A shaped charge on top of the tank with the jet directed along the
axis of the tank,

With the assumpcion that rapid mixing can occur only with a repid increase
in interface area it appeared that the spherical and disk charges would be
more effective than the longitudinal charge. Furthermore, it did not appear
that there would be much difference in effects between the spherical and disk
charges, and since the former is simpler, the disk and longitudinal charges
were dropped from further consideration,* For the spherical charge, it seemed
appropriate to use a charge weight of 30 1b, which is near the upper end of
the range of interest. The charge was placed on the top of the tank, and the
tank was placed on the ground surface to take advantsge of the confinement of

the propellant between the explecsion and the ground surface.

The shaped charge differs from the other types because it is a directed
source of energy release, By vaporizing the propellants along the axis of
the tank, a radial velocity should be given to the remaining propellants,
which may lead to relatively fast mixing. Since the possibility of an actual
shaped charge, particularly of large size, 1s relatively unlikely in an actual
missile fallure, it seeued appropriate in this case to use a charge weight

of the order of a pound, which is at the lower end of the range of interest.

£ 1-1b shaped RDX charge having a copper-lined reentrant cone, with =a
6U-deg apex angle, was selected for this purpose. Such a charge was reported
to be capable of penetrating 14 in., 4f steel, This charge and its initiator

were orilented so that a fan-shaped jet was directed down the axis of the

propellrnt tanks,

A command dzstruct test series using longitudinal charges was conducted later
in the program,
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For both types of tests, the tanks were approximately 29 in. long and 15
in. in diameter with 1/16-in,-thick aluminum walls, The oxidizer was in the up-
per part of the cylindrical tank and the fuel in the lower part, separated by a
tempered glass diaphragm. The total propellant weight was 200 ib, The propel-
lant length-to~dismeter ratio was 1.8 and the oxidizer-to-fuel weight ratio 1.9,
A sketch of this type of tank is shown in Fig., 4-i6,

This test series was conducted at AFRPL, and thes blast environment was mea-
sured using the basic PYRO instrumentation system, which consisted of 15 piezo~

electric transducers distributed aloug 3 radicl lines, 120 deg from each othar,

over 8 ground distance of approximately 7 to 67 ft. A compiete discussion of this

system is presented in Appendix A.

There were two propellant tests for each type of donor and one spherical
doncer test with both propellants replaced by water. This latter test was conduc-
ted because it was suspected that the contribution of pesk pressure and inpulse
by this 30-1b donor charge might be large compared to the propellant, If this
occurred, separation of the yield (effective charge weight) of the propallant
from that of the donor would be exiremely uncertain unless the results from the
donor charge itself were known quite well.

gggilResults

The peak overpressure and impulse data and the propellant vields computed
from these data are presented in Volume 2. The computed terminal yield values
for these tests are presented in Table 4-4, For the sphericul~-charge tests, the
propellant yields were obtained by subtracting the yield values of the tests
with water from those of the tests with propellants, For the shaped-charge tests,
the pronellant yields were obteined by subtracting the estimated yield of the
donor (0.5 percent) from the total yield. This estimate is believed to be com-
mensurate with the accuracy of the measurement for the outer measuring stetions
but is relatively uncertain close to the explosion because of the shape of the
charge. For the spnerical-donor tests, there is a large scatter in the yield
res .1ts from station to station because the propellant yield w&s small compared

to the donor yieid. Accordingly, it was not practical to ascertein distance
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effect on yleld, and terminal yield values were computed by averaging the over-
pressure and impulse yield values at all stations. Although the results from

the two tests showed remarkably good agreement, considering the variability in
individual station results, it is estimated that the average terminal yield value

of the two tests, 3,6 percent, is uncertain by a factor of about 2 to 3.

For the shaped-charge tests, both the overpressure and impulse yields are
roughly constan® beyond 22.5 ft, so that terminal yields were computed by averag-

ing the pressure and impulse 7ields for the last three stations.

! Considering the small estimated uncertainty in the instrumentation system
and the relatively good agreement. botween the two tests, it is estimated that

the average terminal yield, 1 rercent, is uncertain to apout a factor of 2,

The average terminal yield for the two tests with the 30-1b spherical donor
was 3.6 percent, and since this is equivaleat to only 7.2 1b of TNT (0.036 x 200)

[ T ey

or about 25 percent or the donor weight, it is evident that this type of explo-
sive donor is not very effective in creating mixing of the propellants., Since

! the uncertainty in the yield estimate for this test condition is about a factor
of 2 to 3, it cannot be concluded that the propellant yield is completely negli-
gible compared to the donor, but it represents a relatively small additionai

contribution,

AN

The average terminal yileld for the two tests with the shaped charge was 1

percent, indicating that this a.rangement of the explosive was also not very ei-

B T

fective in creating propeilant mixing, althougk per pound of donor charge, it

was more efficient than the spherical charge.
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E Table 4-4

f TERMINAL YIELDS FROM EXPLOSIVE DONOR TESTS :
5( | f;
3 :
3 i

?
‘ |
» Test Donor Terminal .%
E No. Type Yield i

———n

019 30-1b spherical donor 3.4

e

030 30-1b spherical donor - 3.7

=t puraer

P

ey

028 1-1b conical donor 1.2

e

029 1-1lb conical donor 0.8
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HYPERGOLIC CONFINEMENT-BY- HE-MISSILE TESTS

Tear Conditions

In this test condition, an iaternal failure, such as bulkhead rupture, is
assumed to occur, and oue propellant falls down onto the other, Ag stated in
the discussion of this failure mnde (Section 3), the time of interest for the
in-tank confinement case is limited to the time the propellants remain confined
o by the walls of the missile. This time 1is determined by the strength of the
tankage, the rate of reaction of the propellants, the initial tank pressure,

and the iaitial ullage space,

Thus the primary requirement on the tankage is to contain the propellants
B in the proper length-to-diameter ratic until the internal pressure created by

the hypergolic reaction exceeds the normal missile tankage design burst pres-

™~

sure, From communications with AFRPL and various missilo manufacturers, it was

determined that most missile fuel tankage woulcd fail at internal pressures

i below 109 psi. Accordingly, this value (100 psi) was chosen as the design

burst pressure for the tenk.

Although it was not anticipated that the exact manner in which the tank

FO TP SO

fails would have an important effect on the explosion and/or the burning geome-

try of the propellants, it appeared worthwhile to make some effort to control

TR e o Mo T e AT GRS ¢ Lo S TN L RGN . S Yl ,mmm e
i N
. et et et Al it B

! the fajilure mode as well as the burst pressure. The simplest way to accomplish
this was by making the bolts holding the tws flanges together the weak point
in the systen,

The tank designed with these criteria 1s sketched in Fig. 4~17. It is a

B B T

cylindrical tank with 2:1 ellipsoidal domed ends and is divided into twc sepa-

rute propellant compartments by a temper