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PREFACE

This volume represents a continuing effort to cover comprehensively the unclassified information
on explosives and related subjects in the same manner and format as in previous volumes. The reader is
urged to obtain the previous volumes and to read both the PREFACE and INTRODUCTION in Volume I
in order to understand the authors’ way of presenting the subject matter

In preparation for and during the writing of this Encyclopedia, the authors have consulted freely
with and have had the cooperation of many individuals who contributed their expert knowledge and advice.
This fact is acknowledged throughout the text at the end of the subject item. A listing of many others who
have helped in various ways would be impractical

Drs J. Roth, AP, Hardt and Mr D.E. Seeger of the private sector contributed significantly in the
literature searching and writing of many of the articles in this volume. In addition, Ms R. Meredith, P.
Altner, I. Blodgett, J. DePreter, M. Ng, E. Ragolski, Messrs I. Haznedari and A. Famell of STINFO Division
(Library), Messrs A. Anzalone and L. Silver of PLASTEC, all of ARRADCOM, Dover, NJ, gave unstintingly
of their time and effort in such diverse supporting tasks as computerized searches and retrievals, Beilstein
and Gmelin manual searches, and publication procurement, translation and reproduction services

Dr Raymond F. Walker, Energetic Materials Division Chief, provided financial support and en-
couragement to continue this work, as did Mr Edward J. Kolb of Headquarters, US Army Materiel Develop-
ment and Readiness Command (DARCOM). Further financial support was received from the sale of volumes
to non-government agencies and individuals by the National Technical Information Service, US Department
of Commerce, Springfield, Va 22161

Although considerable effort has been made to present this information as accurately as possible,
mistakes and errors in transcription and translation do occur. Therefore, the authors encourage readers to
consult original sources, when possible, and to feel free to point out errors and omissions of important
work so that corrections and additions can be listed in the next volume. The interpretations of data and
opinions expressed are often those of the authors, and are not necessarily those nor the responsibility of
officials of ARRADCOM or the Department of the Army

This volume has been prepared for information purposes only and neither ARRADCOM nor the
Department of the Army shall be responsible for any events or decisions arising from the use of any in-
formation contained herein

In conclusion, I wish to acknowledge with gratitude the continual support and encouragement of
Samuel Helf, now retired, without whose past efforts in behalf of the Encyclopedia of Explosives program,
the publication of this volume would not have been possible

Seymour M. Kaye
Dover, New Jersey
January 1983
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U.D.C. (Unit Deflective Charge). The “unit
deflective charge” for an expl is the wt of the
expl that has been found to deflect the pendu-
lum of the BuMines ballistic pendulum to the
same degree that a standard wt of BuMines
standard PTSS Dynamite (see Vol 1, VII-VIII
under Ballistic Pendulum Test) has deflected it
in a previous test. The U.D.C. for permissible
expls shall not exceed 454¢g (1 Ib)

Ref: C.E. Munroe & J.E. Tiffany, “Physical
Testing of Explosives at the Bureau of Mines
Explosives Experiment Station, Bruceton, Pa”,
USBuMines Bull 346 (1931), 40 & 45

UDMH (Unsymmetrical dimethylhydrazine, 1,1-
Dimethylhydrazine or Dimazine). See in Vol 5,
D1344-L to D1346-R; in Vol 7, H203-R to
H204-L and under “Liquid Propellants” in
Table 3, L40 to L41. Addnl Refs on this compd
and mixts contg it are listed next:
General: Beil 4,547 (560) & [958]
Accidents: 1) Anon, “Missile Silo Blows in
Arkansas”, Daily Record 81 (73), 1, Morristown
(Sept 19, 1980) 2) Anon, “A Missile Silo
Blast Kills 1, Injures 227, The Star-Ledger 67
(204), 1 & 7, Newark (Sept 20, 1980)
3) Anon, “A ‘Titan’ of Defense is Proving Vul-
nerable”, Ibid  4) W. Rawls, Jr, “One Killed
in Blast at Missile Silo”, The New York Times
CXXX (44,712),1 & 8, NYC (Sept 20, 1980)
5) F.X. Clines, “Hamlet’s Fright Turns to
Anger”,Ibid  6) A.O. Sulberger, Jr, “Safety
of Aging Missile System Questioned”, Ibid, p 8
7) Anon, “Names of Missile Blast Casualties”,
Ibid

[According to Refs 1, 2 and 4, Aerozine-50
(UDMH/hydrazine—50/50 wt %) is used as the
first stage fuel in the ICB Titan Missile system.
This fuel provides a minimal “make-ready”
and launch time as compared to a solid proplnt
system. However, since 1975 there have been
125 reported accidents involving complete
missile systems -using this fuel. Indeed, ref 3
reports that, “Two airmen have been killed and
nearly 80 injured, some seriously, as the result
of leaks in the missiles’ fuel and propulsion
systems and other accidents.

In addition, there have been hundreds of small
incidents in the past five years, most of them
unreported to the public, and a number of close
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calls.

In August, 1979, for example, a metal rod
dropped on an electric circuit-breaker in a Titan
silo near Heber Springs, Ark., causing a fire.
While the flames were being extinguished, the
oxidizer and fuel in the missile heated up,
creating great pressure. ..” Also, according to
ref 6, . . . Since 1963, when the first of the
nation’s 54 Titan II's was deployed, 55 persons
have died and scores have been injured in hun-
dreds of accidents involving the missiles . . .”

The latest accident at the time of this writing
occurred at Damascus, Arkansas on Sept 19,
1980. The sequence of events describing this
accident are as follows (Ref 4), ““. . . A mainte-
nance team was working last night at the third
level of the 103-foot-tall Titan missile, pressuriz-
ing the second stage. A technician dropped a
three-pound wrench socket that fell 70 feet,
bounced off a thrust mount and struck the
missile, rupturing the thin skin of a fuel tank.

The crew noticed fuel vapors escaping, and
within 24 minutes, shortly after 8 P.M., the
crew in the command control area had indica-
tions of fire in the silo and loss of fuel tank
pressure.

The maintenance crew evacuated the silo
immediately, and the concentration of fuel
vapors in the air continued to rise.

When it reached a certain point of mixture
with the air, another automatic safety sequence
was initiated: 100,000 gallons of water was
sprayed into the silo, washing down the sides of
the missile.

However, the water rose only as high as the
fire deflector in the bottom of the silo, which
was not high enough to cover the engines or the
fuel tank.

Fuel continued to leak out of the tank and
vaporize, and the pressure continued to build.

The crew then evacuated from the control
area and alerted local officials to evacuate an
area within a two-mile radius of the site. It was
10PM.

Meanwhile, Sheriff Gus Anglin of Van Buren
County, who suffered acid burns in a fuel leak
two years ago, had begun alerting residents
within four miles of the silo that they might
have to leave their homes.

Shortly before 11 o’clock, an emergency
action team of the Air Force Strategic Air
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Command was mobilized and arrived at the site
in the early morning hours. Two members of the
team entered the access chamber to the silo and
started to go into the silo proper to try to con-
torl the fuel leak.

When they opened the door to the silo, about
2:30 AM., they saw and subsequently mea-
sured a highly dangerous level of vapor. They
immediately retreated, and, as they reached the
ground surface of the access chamber, at 3:01
AM., the fuel exploded . ..”

This accident resulted in one death and 21
injuries (Ref 7)

As a result of the series of accidents associated
with the Titan II system the following statements
were made on Sept 20, 1980 by several US
Senators and Congressmen, *“. . . ‘If it’s not safe
and effective, I don’t know why we need it,’
said Senator Bob Dole, the Republican from
Kansas who has been the most outspoken critic
of the Titan.

Senator David Pryor, Democrat from Ar-
kansas who on Tuesday successfully amended a
Senate bill to require the Air Force to install
alarm systems at all Titan II sites near population
centers, said, ‘It’s time not just to move ahead
with installing the warning devices but to take a
critical look at the safety of the entire Titan II
system.” . ..”]

Analysis and Detection: 1) C.A. Plantz,
“Colorimetric Personal Dosimeter for Hydrazine
Fuels”, AMRL-66-162, Mine Safety Appliances
Co, Pittsburgh, Contract AF 33 (615)-2929
(1967) [The use of bindone [(A!2 biindan)-
1',3,3"trione] uniformly dispersed on Eastman
chromagram sheet (type K301R2) was selected
as the sensing element for use in a dosimeter
badge. The badge is designed to be sensitive to
UDMH vapor in the range of 100 to 1800ppm-
min. According to the author, the purple color
evolved in consequence to the reaction with
UDMH changes only slightly during a period of
12 hrs after exposure. The developed color is
linear to the concn-time of exposure and is
indexed by means of synthetic color stds in-
cluded in the dosimeter package] 2) CR.
Townsend et al, “Thin Film Personal Dosimeters
for Detecting Toxic Propellants”, CFSTI (1967)
(AD 652849) & CA 68, 32961 (1968) also,
3) H.P. Silverman & G.A. Giarrusso, USP
3549329 (1970) & CA 74, 90882 (1971)

[Essentially the same instrument is reported by
both sets of workers for the detection in air of
UDMH in the 10 to 100ppm (£20%) range.
The UDMH vapor sensitive sensor is a thin gold
film coated with a layer of reducible metal
salt such as KAuCl, or Aul. The change in
electrical resistivity of the salt-Au couple, as
measured by means of a Wheatstone bridge, or
similar device, is a function of the concn of
UDMH vapor]  4) H.E. Malone, “The Analysis
of Rocket Propellants”, Academic Press, NY
(1976), 66 & 129—-30 [Reported are five ana-
lytical techniques. The first, for the determina-
tion of UDMH in the presence of hydrazine and
diethylenetriamine, consists of dissolving the
sample in acetic acid, adding salicylaldehyde
and then using 0.1N perchloric acid in dioxane
as the titrant and crystal violet as the indicator.
The hydrazine forms a neutral azine, UDMH

. forms a basic hydrazone and diethylenetriamine

forms a Schiffs base in which only the secondary
amine is basic. The second procedure involves
the use of a high frequency electronic technique
(dielectric constant oscillometry) for the assay
of water in UDMH in the range of from 0 to 5%
with an accuracy of 0.02%. Another procedure
in this same area incorporates the use of 4A
molecular sieves. The sieves are added to one-
half of the UDMH sample and then both halves
are compared using an oscillometer after one hr.
A third technique involves gas chromatography
to separate water from UDMH. The fourth
assay procedure is also used to determine water
in UDMH, but by differential spectrophotometry
at 1.9 nanometers. Water concns of from 0.1 to
15 wt % are detd. The fifth analysis technique
is a near IR procedure which can be used to
determine water in UDMH and diethylenetri-
amine, or the individual compds in a mixt.
This technique calls for drying the sample in a
liq drying column using Linde 4A molecular
sieves (water detn), and then using the near IR
spectrum between 2.2 and 1.7 micrometers to
determine the ratio of UDMH to diethylene-
triamine] 5) H.N. Voltrauer, “Hydrazine
Analysis Using Chemiluminescence”, SAM-76-37,
Aero Chem Res Lab, Princeton, Contract
F41609-76-C-0029 (1976) [A procedure is
reported using the chemiluminescent reactions
of ozone with monomethylhydrazine and Aero-
zine-50 (UDMH/hydrazine in 50/50 wt %) to



determine these materials in a mixt in the range
of from 0.1 to 1000ppm in air. The procedure
per se involves a sampling device-reactor as-
sembly with a set of operating conditions such
that the operating pressure is 200Torr, sample
flow rate is 3mi/sec, ozone flow rate is 20
ml/sec, ozone concn at the reactor is 0.1% and
reactor temp is 80 to 100°. The assembly is
coupled with a UV spectrophotometer which
records data at a spectral range of from 400 to
760 nanometers. The following calcn is then
used to find the concn of Aerozine-50:
Concn of Aerozine-50 in arbitrary units =
4.85 (light intensity at 760 nanometers) —
2.01 (light intensity at 400 nanometers)]
Combustion. 1) 1.J. Eberstein & I. Glassman,
“The Gas-Phase Decomposition of Hydrazine and
its Methyl Derivatives”, TenthIntSympCombstn,
Combstn Institute, 365—74 (1965) [Using an
electrically heated quartz reactor with a conical
nozzle and hot N, as the carrier gas, the authors
obtd the decompn rate data shown in Fig 1.
They also report that UDMH has the fastest
reaction rate of the compds examined, including
mono-methylhydrazine (MMH) and hydrazine. To
support their results they quote from Kerr et
al [JCS, 3217 (1963)] that the N-N bond
strength of UDMH is 49.6kcal/mole, while MMH
is 51.9 and hydrazine is 57.1kcal/mole]

1000
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-2) 8.S. Cherry et al, “Identification of Important

Chemical Reactions in Liquid Propellant Rocket
Engines”, Pyrodynamics 6 (3—4), 275—-96
(1969) & CA 70, 98394 (1969) [The authors
state that the kinetics of nonequilibrium expan-
sion of the proplnt system N,04/A-50 (UDMH
49 plus hydrazine 51 wt%) can be described by
the following gas phase reactions with an ac-
curacy such that not more than 0.5 b force-
sec/lb mass variation in specific impulse (at a
nozzle expansion rate of 40) is produced, as com-
pared to the results of a full kinetic analysis:
H,0 + UDMH = OH + H + UDMH

H,0+0 =20H

H, + UDMH =2H + UDMH
0, +H =QH+0
H,0+H =OH+H,
CO, +H =CO+ OH

OH+ UDMH =0+H + UDMH]
3) D.S. Ross et al, “Study of the Basic Kinetics
of Decomposition . . .”, AFRPL-70-29, SRI,
Menlo Park, Contract F04611-69-C-0096 (1970)
[From their work the authors conclude that
there is no way to distinguish between the very '
low pressure pyrolysis reactions UDMH —
NH;+CH,:N—CH, (1) and UDMH —(CH;),N.
+.NH; (2). The reported pyrolysis fall-off rate
constants ky are listed as log k(;y = 13.0 —
49 / 2.303RT x 10 kcal/mole, and log ky) =
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16.1 — 58 / 2.303RT x 103kcal/mole, where k
is in inches/sec] 4) C.B. Allison & G.M.
Faeth, “Decomposition and Hybrid Combustion
of ... UDMH ... as Droplets in a Combustion
Gas Environment”, Combstn&Flame 19 (2),
213-26 (1972) & CA 78, 45840 (1973) [The
combstn characteristics of UDMH in droplet
form were investigated at atm pressure. The
authors conclude from their investigation that
droplets capable of hybrid combstn show in-
creasing burning rates (in general) with increasing
diameter, ambient oxygen concn and ambient
temp. However, the effects of ambient oxygen
concn and ambient temp on the burning rate of
UDMH is only evidenced at the largest droplet
size]  5) G.B. Guarise et al, “Transport Pro-
perties of Combustion Products. RFNA . . .
UDMH . . . Propellant System”, AttilstVeneto-
SciLettArticlSciMatNat 1973 (Ital), 132 & 103—
14 (1974) & CA 83, 208113 (1975) [A com-
puter program devised by R.A. Svehla in 1962
was used to calculate the thermal flux of the
RFNA/UDMH proplnt system in rocket cham-
bers by using the heat-transfer properties of the
proplnt’s combstn gases. The calcd values were
found to be close to those exptly detd in a
rocket motor]  6) I. Sargato & G. Guarise,
“Propellant Flames Under Pressure”, Proclnt-
ConfHighPress, 4th, 1974”, 840—-44 (1975)
& CA 83, 82252 (1975) [The system RFNA/
UDMH was examined in a rocket motor of
100daN thrust. The optimum pressure for this
system was found to be ~7 x 109 Pascals. At
one atm the H,—0, flame was almost invisible,
but under increased pressure a bright, bluish-
white light was emitted because of a flame con-
tinuum. This flame continuum was concluded
as being the emission from transient, excited
species characterized by the nonequil state]
Compatibility. 1) WX. Boyd et al, “Compati-
bility of Materials with Rocket Propellants and
'Oxidizers”, DMIC Mem 201, Battelle Mem Inst,
Columbus, Contract AF 33 (615)-1121 (1965)
& CA 67,23666 (1967) [UDMH compatibility
data reported is summarized in Table 1. The
compatibility data for UDMH/hydrazine (50/50
wt %) is summarized in Table 2. The explana-
tion of the numeric evaluation code used in
these tables for metals is presented in Table 3;
for nonmetals in Table 4
2) MJ. Spanger & T.J. Reinhart, Jr, “Develop-
ment of Filament-Wound Tankage for Rocket

Oxidizers and Fuels”, AdvancedStructCompos-
SocAerospacMaterProcessEngrgNatnlSymp-
Exhib, 12th, A8-7 (1967) & CA 70, 79464
(1969) [The authors report that annealed type
347 stainless steel is compatible with UDMH at
75—200°F under vac with no discernible degra-
dation or corrosion occurring] 3) L. Ray-
mond & R.J. Usell, Jr, “The Effect of N,O4 and
UDMH on Subcritical Crack Growth in Various
High-Toughness, Low Strength Steels”, SAMSO-
71-106, Aerospace Corp, El Segundo, Contract
F 04701-70-C-0059 (1971) & CA 75, 154301
(1971) [Investigation of the compatibility of
four high-toughness steels (T-1, HY-140, HP-9-
4-20 and 18 Ni (200) Maraging) with N,0,4
and UDMH proplints is reported. The compati-
bility was evaluated by general corrosion and
stress corrosion tests at temps up to 120°F.
Weight-loss tests were not conducted in UDMH,
but by observing the surface of the stress-cor-
rosion specimens in UDMH, the authors con-
cluded that some observations regarding general
corrosion could be made. For example, all four
steels in UDMH showed some degree of pitting.
Also, stress corrosion tests were conducted on
fatigue-precracked, contoured, double-cantilever
beam (DCB) specimens. No crack growth was
observed in UDMH to temps of 120°F. In all
four steels the weld metal was found to be
equally resistant to crack propagation and
demonstrated 100% joint efficiency in both
strength and toughness] 4) JK. Stanley,
“Deterioration of Stainless Steel Regeneratively
Cooled Thrust Chambers”, JSpacecrRkts 8
(4), 329-34 (1971) & CA 75, 8984 (1971)
[The author concludes from his study that
failure of type 347 brazed stainless steel tubing is
caused by carburization (embrittlement, from
the decompn products of UDMH]  5) L.R.
Toth & J.C. Lewis, “Effect of Chioride Ion
Content in Unsymmetrical Dimethylhydrazine
Propellant on Future Properties of Structural
Alloys”, (1976) (AD-A022577) & CA 85, 147721
(1976) [Reported are results of a study to deter-
mine the effect of the I~ content of UDMH on
2014T6 Al alloy, Ti-6Al-4V Ti alloy and type
304L steel. Sustained load tests were conducted
at 49° with thin and thick gage tensile speci-
mens with a semielliptical surface flaw. No ef-
fect on the sustained load stress corrosion crack
growth properties was found because of the CI—
environment]
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- Table 1
Compatibility of Materials with Unsymmetrical Dimethyl Hydrazine {UDMH)

Temperature, °F
Gas Liquid
Material Class | Class | Class | Class | Class | Class | Class | Class
1 2 3 4 1 2 3 4

Metals
Aluminum, 1100 160
Aluminum, 1100-H14 145
Aluminum, 1260-H14 145
Aluminum, 2014 140 160 140
Aluminum, 2017 75 | 160 75 | 160
Aluminum, 2024 75 | 160 75 | 160
Aluminum, 2024-T3 145
Aluminum, 2024-T3 (Iridited) : 86
Aluminum, 3003 ' ' 75 | 160 86 | 160
Aluminum, 3003-H14 145
Aluminum, 3004-H34 . 145
Aluminum, 5052 140 160
Aluminum, 5052-H34 145
Aluminum, 5086 86
Aluminum, 5086-H34 145
Aluminum, 5154-H34. 145
Aluminum, 5456 140 | 160 140 | 160
Aluminum, 6061 75 | 160 160 | 160
Aluminum, 6061-T6 145
Aluminum, 6063-T6 145
Aluminum, 7075 160 . 160
Aluminum, 7075-T6 145
Aluminum, 43 145
Aluminum, 356 75 | 140 | 160 160 | 140
Aluminum, 356-T6 85 | 145
Aluminum, 3003 (Anodized) 75 | 160 . 75 | 160
Aluminum, 5052 (Welded to 356) 75 | 160 75 | 160
Aluminum, 5052 (Welded to 6061) 75 | 160 75 | 160
Cadmium Plate . 75
Haynes Alloy 25 145
Copper 145 75
Brass . : 75 160 75
Bronze 160 75
Mild Steel 140
4130 75 | 160 85 | 160
Chromium Steel 75 | 160 75 | 160
302 Stainless Steel 160
303 Stainless Steel 140 160
304 Stainless Steel ' 140 160
316 Stainless Steel 140 140
321 Stainless Steel 140 160
347 Stainless Steel 160 160

(continued)
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Table 1 (continuation)

Temperature, °F
Gas Liquid
Material Class| Class | Class | Class| Class | Class | Class | Class
1 2 3 4 1 2 3 4

410 Stainless Steel . 160 160
416 Stainless Steel ' 250
422 Stainless Steel . 145
17-7PH 160 160
PH15-7Mo 85
A-286 85
Carpenter 20 140 140
AM-355 CRT 100
Magnesium, Dowmetal 032 75
Magnesium, AZ92F 85
Magnesium, AZ31BO 85
Magnesium, AZ31B 130
Magnesium, AZ61A 130
Magnesium, AZ91C , 130
Magnesium, AZ92A 130
Magnesium, ZK60A 130
Magnesium, AM100A _ 140 140
Magnesium, Dowmetal 140
Molybdenum 86
Nickel 140
Monel 140 140
Inconel 140 140
Hastelloy B 145
Hastelloy C 145
Hastelloy F 145
Hastelloy X 145
Rene 41 85
Tantalum 140 140
Tin Plate . : 75
Titanium, ASS 145
Titanium, A110AT 130
Titanium, B120VCA 145
Titanium, C120AV 160 160
Zinc A 75
Nonmetals
Alathon 80
Buna N Rubber 75 32
Acid Seal Rubber 75
Butyl Rubber _ 75 | 130 | 140 75 1 130
Buna S 75
DC-152 75

(continued)
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Temperature, °F

" Gas Liquid
Material Class |- Class | Class | Class| Class| Class | Class| Class
1 2| 3 4 1 2 3 4

Disoyrin <140
Fluororubber 75
Garlock Red Rubber 75
Hydropol V 160
Hydropol T 85
Kel-F-X300 140 <140
Kel-F-5500 80
Kel-F-3700 80
Neoprene 32
Poly FBA 80
Silicone Rubber 32 32
Thiokol C 55935 85
Vinylite 32 32
Firestone 0-432 85
Parker 37-014 85
Precision 925-70 85
Stillman 613-75 85
Chicago Rawhide 20316-70 85
Silicone DC15 85
Butyl 218 75 160
Butyl 325 75
Butyl 035 75
Precision Butyl 160
MD551 75
Polybutadiene 75 160
Hydropol 160
Hycar 2202 75
SBR 75
Nylon 130
Polyvinyl Chloride 85
Polyethylene 80 160
Polyvinyl Acetate 75
Teflon FEP, TFE 160 160
Furan Resin 75
Phenolic Resin 75.
Kel-F 300-25 140 140
Kel-F Unplasticized 140 140
Kel-E-1 140
Kel-E-5 140
Mylar 75
Tenite 75
Tygon 75

{continued)
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Table 1 (continuation)

Temperature, °F
Gas Liquid
Material Class | Class | Class | Class | Class | Class | Class | Class
1 2 3 4 1 2 3 4
Vistonex - 80
Isocyanate Polyester 75
Acrylonitrile Butadiene Copolymer 75
PVC-PVD Copolymer 75
Butadiene—Styrene Copolymer 75
PVC—PVA Copolymer 75
Cellulose Acetate Butyrate 75
Polyfluorochloroethylene 75
Polyvinyl Alcohol Polymer 75
Epon 815 140
Carum 200 75
Carum 325 75
Genetron HL - 140 | .
Genetron GCX-3B 140
Rathene N 140
Andok C | 75
Garlock Gasket No 900 140
Organic Polysulfide 75
Diallylphthalate 75
Delanium 75 :
Johns-Manville Sve No 60 140
Dapon 35 _ 140
Silastic LS-53 75
Glass Pyrex 160 160
Fiberglas Polyester Binder 75
Graphitar No 2 . 140
Graphitar No 50 140
Table2

Compatibility of Materials with 50:60 Hydrazine:Unsymmetrical Dimethyl Hydrazine (N, H,:UDMH)

Temperature, °F

Gas Liquid
Material Class | Class | Class | Class | Class | Class | Class | Class
1 2 3 4 1 2 3 4
Metals
Aluminum,.1100 60*
Aluminum, 1100-0 60
Aluminum, 2014-T4 60
Aluminum, 2014-T6 160 160
Aluminum, 2014-T6 (Welded) 160 60 160 60
Footnoté to Table 2: (continued)

* _ Over 60°F with up to 3% water added
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Table 2 (continuation)

Temperature, °F
Gas ' Liquid ~
Material Class | Class | Class | Class| Class | Class | Class | Class
1 2 3 4 1 2 1 3 4

Aluminum, 2014-T6 (Spot Welded) 60
Aluminum, 2014-T6 (Extrusion) 160 160
Aluminum, 2014-T6 (Extrusion Stressed - 60

to 30,000 psi)
Aluminum, 2014-T6 (Welded and Stressed . 60

to 30,000 psi) '
Aluminum, 2014-T6 (Hardas Anodize) 60
Aluminum, 2014-T6 (H,SO, Anodize) 160 160 -
Aluminum, 2014-T6 (Iridite) 60
Aluminum, 2014-T6 (Alodine) 160 160
Aluminum, 2014-T6 (Fluoride) 80
Aluminum, 2024-T6 160 160
Aluminum, 2219-T81 60
Aluminum, 2219-T81 (Welded) 60
Aluminum, 3003-H14 150 150
Aluminum, 5086-H36 160 160
Aluminum, 5086-H36 (Welded) 160
Aluminum, 5254-F 160 160
Aluminum, 5456-H24 . 60
Aluminum, 5456-H24 (Welded) ' 60
Aluminum, 5456-H321 160 160
Aluminum, 5456-H321 (Stressed 30,000 psi) 60
Aluminum, 5456-H321 (Welded) 60 60
Aluminum, 5456-H321 (Welded and Stressed 60 60

to 30,000 psi)
Aluminum, 6061-T6 160 160
Aluminum, 6061-T6 (Welded) 160
Aluminum, 6061-Tv (H,SO, Anodize) 160 160
Aluminum, 6061-T6 (Alodine) 160 160
Aluminum, 6066 ) 160 160
Aluminum, 7075-T6 160 160
Aluminum, 7075-T6 (Stressed to 80% of Yield) 160
Aluminum, 356 160 160
Aluminum, 356-T6 60
Aluminum, Tens 50 160 160
Berylco 25 160 160
Cadmium Plate ' 60
Chromium Plate ' 60
Stellite 25 160 160
Stellite 6K 160 160
Stellite 21 160 160
Copper Plate 60

{continued)
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Table 2 (continuation)

Temperature, °F
Gas Liquid
Material Class | Class | Class | Class | Class | Class | Class | Class
1 2 3 4 1 2 3 4
718 Filler Braze of 6061-T6 Al 160
AMS 4775 Nicrobraze of 347 Stainless Steel 160
C-62 Braze (Mo-Ni-Co) of 347 Stainless Steel 160
Gold Plate 160 160
1020 Steel 60
4130 Steel 60
303 Stainless Steel 160 160
304 L Stainless Steel 160 160
304 L Stainless Steel (Welded) 160
316 Stainless Steel 160 160
321 Stainless Steel 160 160
321 Stainless Steel (Welded) 160
347 Stainless Steel 160 160
347 Stainless Steel (Welded) 160
410 Stainless Steel 160 160
410 Stainless Steel (Welded) 160
440C Stainless Steel 160 160
A-286 60
PH15-7Mo (Cond. A) 160 160
17-4PH 160 160
17-7PH (Cond. A) 160 160
AM.350 SCT , 160 160
AM-355 (Cond. H) 160 160
Magnesium, AZ31 150
Magnesium, HM21A-T8 60
Microseal 100-1 on AM100A, Mg 160 160
Microseal 100-1CG on AZ31C, Mg 160 160
Nickel 160 160
Ni Span C 60
Nilvar 60
Nickel Electroplate ' 60
Nickel, Electroless Plate 160 160
Silver Solder - 60
Easy Flo 45 100
Easy Flo Silver Braze of 347 Stainless Steel 160
Silver Plate _ 60
| Tin Plate ‘ 60
- Pure Tin Solder of 303 Stainless Steel . ' 160
Titanium, B120VCA 160 160
Titanium, A110-AT 160 160
Titanium, C120AV 160 160
Titanium Carbide (Nickel Binder) 160 160
Tungsten Carbide - 160 160
Zinc Plate ‘ 60

{continued)
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Table 2 (continuation)

Temperature, °F
Gas Liquid
Material Class | Class | Class | Class| Class | Class | Class| Class
1 2 3 4 1 2 3 4
| Plastics

Teflon (TFE) 80 | 160
Teflon filled with Graphite 60
Teflon filled with MoS, 60
Teflon filled with Asbestos 60
Armalon 7700 with Teflon Fibers 60
Armalon 7700B with Teflon Fibers 60
Fluorobestos filled with Asbestos 60
TFE-Felt 7550 60
Fluorogreen 60
Teflon (FEP) 60 160
Kel-F 300 Unplasticized 60 80
Kel-F 300 Annealed . 60
Kel-F 300 (15% Glass Filled) 75
Kel-F 300 (Unfilled) 75
Kel-F 800 75
Low-Density Polyethylene 60
High-Density Polyethylene 60 160
Marlex 50 Polyethylene - 60
Polyethylene 7028 80
Polyolefin, White Insulation 160
Polyolefin, Black Insulation 160
Polypropylene 160 60
Zytel 31 80
Zytel 63 80
Zytel 101 60 | 80
Mylar 60
Mylar A 75
Silicone-Glass Laminate 60
Phenolic-Glass Laminate 60
Epoxy-Glass Laminate 60
Polyester-Glass Laminate 60
Saran 80
Delrin 60
Lexan 60
Tedlar 60
Kynar . 80 160
Plexiglas CR 39 60
Plexiglas II ' 80
Opalon 1219 : 60
Opalon 1220 60
Opalon 1444 60
Opalon 81222 60

(continued)
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Table 2 (continuation)

Temperature, ~F
Gas Liquid
Material , Class | Class | Class | Class | Class| Class | Class | Class
) 1 2 | 3| 4 1 2 | 3| 4

Amerplate 160
Tygon 80
Rigid PVC 60
Epon VI 60
Epon 828 - 60
Epon 103 (with PMDA) 80
EC 1469 Epoxy 60
Hypalon 20 80
Phenolic Asbestos 60
F120-55 60
Silicone R-7001 60
Narmco X3168 60
P4010 60
30000 ’ 60
H-Film ' 160
Dapon 35 (Glass Filled) 75
Dapon 35 (Unfilled) 75
Rubbers
Chicago Rawhide-Sirvene 9623 145
Chicago Rawhide-Sirvene 9694 145
Chicago Rawhide-Sirvene 9617 ‘ 85
Chicago Rawhide-Sirvene 20316 85
Connecticut Hard Rubber Company 3601 85
Enjay 035 80 75 80
Enjay 218 140 160
Enjay 268 60
Enjay 551 ’ 60
Enjay CR617 85
Firestone Rubber D404 85
Firestone Rubber D-430 85
Firestone Rubber D431 85
Firestone Rubber D-432 85
Firestone Rubber D406 145
Firestone Rubber D405 145
Firestone Rubber D-408 145
Firestone Rubber D409 145
Firestone Rubber D410 . 145
Parker Appliance 37-014 85
Parker Appliance 37-024
Plastics and Rubber Products 805-70 85
Plastics and Rubber Products 805-90 85

{continued)
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Table 2 (continuation)

Temperature, °F
_Gas Liquid
Material Class | Class | Class | Class| Class| Class | Class| Class
1 2 3 4 1 2 3 4

Precision Rubber Products 907-90 85
Precision Rubber Products 925-70 . 85
Stillman SR 613-75 80 | 160 85
Stoner Rubber BS-55 85
Synthetic Rubber Products 50X8655 85
Synthetic Rubber Products 50223 85
Thiokol C 42986-1 85 145
Thiokol C 55935 85
DuPont Neoprene (1158) 100
B.F. Goodrich Neoprene G91 ' 100
Neoprene 60
Hycar 2202 60 85
Hycar 520-41-125-1 85
Hycar 1043 Std. No. 1 85
Hycar 1001 . 85
Hycar G41 100
Chemigum N6 12 100
Chemigum SL 75
Kel-F 3700 75
Kel-F 5500 S | 75
Fluorubber 1F4 60
Fluorel 60
Viton A 60
Viton A-247M 85
Viton A44-11 A-35 : 85
Viton B ‘ 60
Stillman Fluororubber 60
EX 821-A70 . 80
Precision Rubber 18007, 18057 160
Hydropol V 140 160
Hydropol T 145
Tyzon R3603 : 75
Saran Rubber : 75
Saran Rubber 300 Uncured 100
Saran Rubber 300 Cured 100
Dow Silicone LS-53 100
Dow Silicone DC-152 75
G.E. Nitrile Silicone NSRX5602 85
G.E. Nitrile Silicone SE750 - 130
Nichols Teflon Modified Silicone LS-53 ) . 85
Parco 823-70 ' 80
Parco 805-70 80

(continued)
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Temperature, °F

Gas Liquid
Material Class | Class | Class| Class | Class | Class | Class | Class
1 2 3 4 1 2 3. 4

Precision Rubber 9357 80
Precision 214-907-9 80
Precision Rubber 9257 80
940 X 559 80 160
Parker B380-7 80
Parker B496-7 60
Parker 318-70 160
Goshen 1357 80
Linear 7806-70 80
Hadbar XB800-71 160
Formula 120 (Resin Cured) 160
Formula 121 (Resin Cured) 160
Acushnet BWK-442 160
Acushnet SWK-849 160
Acushnet SWK-850 160
Acushnet SWK-851 160
Stillman EX 904-90 160
1S53 60
Hadbar 58789-23GT 80
Thiokol 3000 St. 130
Garlock 900 60
Garlock 22 60
Cohrlastic 500 60
Parco B318-7 60
Adiprene B1158 100
Adiprene B1157 100
Lubricants and Sealants
UDMH Lube 80
S No. 58-M 80
LOX Safe 80
Andok C 80
DC-11 80 80
Microseal 100-1 (Dry Lube) 80
Rockwell Nordstrom 147 75
Rockwell Nordstrom 421 75
Rockwell Nordstrom 551 75
Rockwell Nordstrom 921 75
Rockwell Nordstrom 950 80
Nordcoseal DC-234-S 75
Valve Seal A 80
Flake Graphite 80

({continued)
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Table 2 (continuation)

Temperature, °F

. Gas Liquid
Material Class| Class| Class| Class | Class | Class | Class| Class
1 2 3 4 1 2 3 4

DC-55 80 80
DC-Hi Vacuum 80 60
Molykote Z 60
Kel-F 40 75
Kel-F 90 ' 75 60
Kel-F 200 75
Drilube 703 60
Rayco-32 . 60
Electrofilm 66-C 60
Polyglycol Oils 80
FX45 80
Apiezon L 80
XC 150 80
Fluorolube MG-600 80
Fluorolube Hg-1200 75
Fluorethane G 80
Anderol L237 75
Carum 200 75
Fluoropack 75
Lubriseal - 75
Nonagq Stopcock Grease 75
Rectorseal 15 75
Silicone DC 11 75
Reddy Lube 100 80
Reddy Lube 200 80
Water Glass Graphite 80
Drylube Sealant 80
Vydax A 80
Teflon Tape 80
Potting Compounds
PR 1422 60
RTV 20 60
Paraplex P43 _ 60
Proseal 793 60
Fairprene 5159 60
Crystal M&CF 60
Adhesives .
Armstrong A-6 60
EC 847 v 60
HT 424 60
Epon 422 ’ 80 -
Epon 4-3 80

{continued)




Table 2 (continuation)
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Temperature, °F

Gas Liquid
Material Class | Class | Class | Class | Class | Class | Class | Class
1 2 3 4 1 2 3 4

Ceramics
Temporell 1500 60
Sauerelsen P-1 60
Sauerelsen 31 60
Sauerelsen 47 75
Rockflux 75
Coatings
Epoxy No. 1 60
Modified Epoxy No. 5 60
Epoxy No. 7 60
Epoxy No. 9 60
Epoxy No. 6809 60
Alkyd No. 4 60
Polyurethane 60
Acrylic Nitrocellulose 60
Vinyl 60
Primer MIL-P-6889 60
Catalac 160
Tygon K 160
Copolymer P-200G 160
CA 9747 Primer 160
Corrosite Clear 581 160
Proseal 333 80
Markal DA-8 80
Aluminous 80
Graphites
Graphitar 14 160
Graphitar 39 80 160
Graphitar 84 80

- | Graphitar 86 160
National Carbon CCP-72 160
Purebon P3N 160
Purebon PSN 160
Gasket and Packing Material
Vistex NS-NES (with Teflon) 75
Delanium 75
Neoprene 75
Garlock 900 130
DuVerre 22 75
Haveg 30 75
Haveg 41 75
Haveg 50 75
Haveg 60 130
Melbestos G31 100




Table 3

Compatibility Classifications for Metals (a)

Corrosion Resistance

Penetration Shock

Rate, Decompn  Sensi-

Class Rating mils/year of Propellant tivity
1 _.Excellent <1 No No
2 Good <5 No No
3 Fair 5to S50 Some No
4 Poor >50 Extensive  Yes

(a) The classification of a material is based on the

lowest rating of any one of the three properties.

Ignition. 1) A. Corbett et al, “Hypergolic
Ignition at Reduced Pressure”, AFRPL-64-175,
Thiokol, Denville, Contract AF 04 (611)-9946
(1964) (AD-610144) [The investigators, using a
proplnt ignition system immersed in a vac tank,
examined the ign parameters of N,04-UDMH
and N,0,—N,H4/UDMH (50/50 wt %) proplnts
to evolve an ign model. As a major conclusion
they state . . . ambient pressure alone has the
only significant effect on ignition characteristics
of all the injector and environmental parameters
investigated in (these) unconfined impingement
tests . ..”. The effect of ambient press on ign is
shown in Fig 2
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Fig 2 Pressure Limit for Hypergolic Ignition of
Hydrazine Based Fuels with N,Q,

Table 4
Compatibility Classifications for Nonmetals
Class
1 2 3 4
Volume Change, 0to+25 —10to +25 —10 to +25 <-10 0r>+25
percent
Durometer Reading 3 +10 10 <-100r>+10
Change
Effect on Propellant None Slight change Moderate Change Severe
Visual Examination No change Slight change Moderate change  Severely blistered,
or cracked, dissolved
General Usage Satisfactory, Satisfactory for Satisfactory for Unsatisfactory
general use repeated short time use

short term use




2) S.W. Mayer et al, “Preignition Products from
Storable Propellants at Simulated High Altitude
Conditions”, SAMS0-68-67, Aerospace Corp,
El Segundo, Contract F 04695-67-C-015 (1967)
& CA 69, 53310 (1968) [Investigation of the
cause of pre-ign destructive detonations in alti-
. tude controlled rocket motors using N,0O,/
UDMH proplint systems was conducted in lab
appar simulating operational high altitude con-
ditions. The study revealed the presence of
UDMH-NO,, nitromethane, nitramide, mono-
methylnitramide, nitrosodimethylamine, and
nitrosomonomethylamine in the propint residue
at —11° and sub-atm pressures. The UDMH-NO,,
a major constituent of the residue, is considered
an expl monoproplnt by the authors, and as such
conititutes the probable cause of the pre-ign
deton problem]  3) T. Hubbuch et al, “Thermal
Bed for Gas Generation™, USP 3664969 (1972)
& CA 77,90788 (1972) [The patent claims that
continuous ign of UDMH for gas generation is
obtd as follows: A thermal ign bed is prepd by
vac pumping of (coconut) charcoal in an inert atm,
heating the bed to 300°, cooling, and exposing it
to NO, to obtain 30% loading. The inventors
state that UDMH will then ignite on contact con-
tinuously even after the NO, is consumed]
4) K.A. Bhaskaran et al, “Shock Tube Study of
the Effect of Unsymmetrical Dimethyl Hydra:
zine on the Ignition Characteristics of Hydrogen—
Air Mixtures”, Combstn&Flame 21, 4548
(1973) & CA 79, 94163 (1973) [The authors
report that the ign delays of lean, stoichiometric,
and rich mixts of hydrogen—air over a temp range
of 800—1400°K and a pressure of 2.5 atm were
exptly detd using a shock tube. Small quantities
of UDMH were added to the mixts and their
delay periods for the same temps and pressure
were detd. Ign was identified by the pressure rise
as well as visible light emission using piezoelec-
tric pressure pickups and photomultipliers,
respectively. The delay periods of lean, stoichio-
metric, and rich mixts of hydrogen—air were
found to decrease with the addition of small
quantities (less than 1%) of UDMH. When the
concn of UDMH in the mixt exceeds 3%, it was
found that the delay periods tend to be longer
than those obtained when no UDMH was present.
From their data the authors conclude that the
exptl results are attributable to the rapid de-
compn of UDMH and its subsequent reaction

?
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with oxygen;

(CH3),NNH, — NH, + N(CH,),,

NH, +H, = NH; +H.

Further, “. . . The hydrogen atoms formed in the
above thermoneutral step adds up to the hydro-
gen atoms released in the initial stages of H,—O,
reaction thereby accelerating the chain explo-
sion. On the other hand, when the concentration
of UDMH exceeds a certain limit, it is probable
that its decay products inhibit the radical reac-
tions by taking away the available oxygen and
hydrogen atoms. This perhaps is the reason for
the decreasing influence of UDMH as its con-
centration in hydrogen—air mixture increases. . .”]
5) T.N. Hubbuch et al, “Hydrazine Monopro-
pellant Process Using a Gas-Generating Bed”,
USP 3710573 (1973) & CA 78, 99986 (1973)
[The inventors claim an appar for continuous
ign of UDMH operating as follows: When
brought into contact with an adsorbate (such as
N, 04, Cl or POCl3) adsorbed on a 6—16 mesh
carrier (such as activated C, silica gel or acti-
vated Al,03) the UDMH reacts and heats the
carrier sufficiently to maintain combustion of
UDMH admitted after the adsorbate has been
consumed]  6) M.A. Saad & S.R. Goldwasser,
“Time—Temperature Simulation in Low Pres-
sure Ignition of Hypergolic Liquids”, AIAAJ 12
(1), 11-12 (1974) & CA 80, 135473 (1974)
[The authors report on a simulated ign study
made on N,0,/UDMH propint. The means
used to perform the study was a computer
program developed to simulate the behavior of a
droplet of hypergolic lig. The program assumes
that a small amount of the droplet reacts forming
gaseous products, while simultaneously another
small portion of the droplet vaporizes. They
found that ignitibility of a proplnt, such as the
example N,O4/UDMH system, can be affected
drastically by changes in pressure as well as
temp; and the geometry of the enclosure sur-
rounding the impinging streams of reactants]
7) M. Ladacki, “Ignition of Hydrazine-Type
Monopropellants”, USP 4161104 (1979) & CA
91, 177524 (1979) [UDMH can be ignited by
the addition of Ag nitrate to Cu chromite in
intimate contact with the UDMH]

Pollution: 1) W.T. Gormley & R.E. Ford,
“Deoxygenation of Environmental Waters. 1.
Hydrazine-Type Fuels”, ProcAnnualConfEn-
vironToxicol, 4th, 1973 (1973) (AD-781031)



& CA 82,150109 (1975) [The effects of UDMH
pollution of environmental waters are reported
as a change of pH and deoxygenation of the
water because of the degradation of the fuel.
These effects were studied by means of mathe-
matical models using UDMH degradation rate
equations involving water temp, ionization con-
stant and buffer characteristics) 2) MG.
MacNaughton & T.B. Stauffer, “Treatment of
N-nitrosodimethylamine (NDMA) Contaminated
Waste with Activated Carbon”, AFCEC-76-32
(1976) (AD-A039229/0ST) [The investigators
report that although all of the commercially
available activated carbon brands tested are
capable of reducing NDMA concn in the waste
solns generated during UDMH manuf by more
than 99%, the position of the US Environmental
Protective Agency (EPA) in restricting disposal
of any liq waste in the USA which contains
NDMA (a known carcinogen) at any concn,
precludes using this technique. However, they
suggest that the liq contg residual NDMA after
activated carbon absorption could be disposed
of by deep well injection (with approval of the
site and procedure by the EPA). The EPA also
suggested that the soln-wet contaminated carbon
could be incinerated if a sufficiently corrosion-
resistant incinerator were available, since the liq .
waste also contains large amounts of Na hydrox-
ide]  3)P.A. Lurker, “Catalytic Deoxygena-
tion of Aqueous Solution by Hydrazine”,
USNTIS-AD-A025794 (1976) & CA 85, 179822
(1976) [Kinetic studies of UDMH degradation
in water at 25° and 37° were conducted to de-
termine the thermal effect on the rate of degra-
dation with only Cu present in the water-fuel
mixt. An equation was derived from this and
prior data to predict effects at various temps]
4) S. Banerjee et al, “Environmental Degrada-
tion of 1,1-Dimethyl-Hydrazine”, CEEDO-78-14
(Paper No 11), 11328 (1978) & CA 90, 115966
(1978) [The objective of the author’s program
was to find the rate of degradation of UDMH in
natural lake water so as to predict its persistence
in aquatic environments. The information de-
rived from the study includes the rate of oxida-
tion of UDMH with cutt concn, and the fact
that the combination of the pH of the lake
water plus dissolved oxygen causes the degrada-
tion of UDMH—HCI in the absence of microbes
to form an unidentified product with absorption
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at 326 nanometers. Further, the authors report
that this product is degraded by microorganisms
to the extent of its disappearance in nonsterile
water]  5) G.L. Loper, “Gas Phase Kinetic
Study — Air Oxidation of UDMH”, CEEDO-78-
14 (Paper No 13), 12957 (1978) & CA 90,
128176 (1979) [The author suggests that upon
exposure to air, UDMH may be converted to
trace amounts of the potentially carcinogenic
compd, N-nitrosodimethylamine (NDMA).
Hence, the _kinetics of UDMH air degradation
was studied to find an index to the potentially
hazardous pollution resulting from a fuel leak
into air]

Properties: 1) D.L. Armstrong, “Liquid

" Propellants for Rockets”, in S.S. Penner & J.

Ducarme, Eds, “The Chemistry of Propellants”,
Pergamon Press, NY (1960), 121—68 [Presented
are some previously unlisted properties of
UDMH: Critical temp, 249°; Density, g/ml at
15.6°, 0.790; Heat capacity at const press,
cal/g/°C at 25°, 0.654; Heat of vapn, cal/g at
63°, 133.9; and vapor pressure, mm Hg at
26.7°,160]  2) Anon, “Study of Forces on
Propellants due to Heat Transfer Influencing
Propellant Temperature in a Recovery Type
Vehicle”, Dynamic Sci Corp, South Pasadena
(1962) [The following calcd properties are
reported for gaseous UDMH: Thermal con-
ductivity at 323°K, cal/cm-sec-deg K, 162 x
1077; Specific heat, cal/g-deg K, 0.165; and
viscosity at 323°K, g/cm-sec, 7.86 x 1075]

3) H.R. Bader, Jr et al, “Rocket Engines —
Liquid Propellant. Volume I—Small Engines”,
DO0-114118-2-Vol 1, Boeing, Seattle (1968)
(AD 843667) [The density, specific heat, vapor
pressure and viscosity of UDMH and Aerozine-
50 (UDMH/hydrazine, 50/50 wt %) over a temp
range of —60° to +140°F are presented in
Figs 3 & 4
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Sensitivity: 1) J.A. Simmons et al, “Reac-
tions and Expansion of Hypergolic Propellants
in a Vacuum”, AIAAJ 6 (5), 887—93 (1968)
& CA 69,4076 (1968) [Equal vols of Aerozine-
50 (UDMH/hydrazine — 50/50 wt %) and N, Oy,
upon simultaneous release into varying vacuum
environments exhibited the following reactions:

Pressure Reaction

20.1 atm normal hypergolic combustion

< 0.01 atm no reaction; red-orange material
formed

<1 torr red-orange mist forms

3 to 4 torr red-orange mist detonates —

apparently initiated by contact
with the warm surface of the
steam-ejector pumping system

Originally in spherical glass bulbs which were
broken within the vac system, the liquids were
dispersed, according to the investigators, by
boiling at their exposed surfaces. The resulting
clouds of vapor drops are described as expanded
symmetrically in a manner similar to that of a
gasalone]  2) T.F. Seamans & P.C. Waser,
“Effects of Additives on Ignition Delay and
Chamber Pressurization of Space-Ambient En-
gines”, AFRPL-68-194 (1968) (AD-843877)
{Investigation of the sensy of various mixts of
nitrogen tetroxide (NTO), nitrogen monoxide
(NO) and UDMH/hydrazine~-50/50 wt% (50—
50) resulted in the data listed in Table 5
3) HK. James et al, “Physical and Explosion
Characteristics of Hydrazine Nitrate”, USBu-
MinesInfoCirc 8452 (1970) & CA 73, 100621
(1970) [The authors report that no expl reaction
occurs when a soln of Aerozine-50 (UDMH/
hydrazine—50/50 wt %) and o-hydrazine nitrate
is mixed with N,Oy4, . . . although much re-
action wasevident...”] 4)V.Y.Oka&PK.
Dutta, “Some Observations on Hypergolic Re-
actions of UDMH and Furfuryl Alcohol with
Fuming Nitric Acids”, JArmamentStudies 14
(1), 62—65 (1978) & CA 90, 8520 (1978)
[Reported is the relative ign delay on mixing
UDMH with either red fuming, white fuming or
90% nitric acid. The ign delay decreased in the
order 90% nitric acid &~ WFNA to RFNA shortest]

Toxicity: 1) M. Sittig, “Hazardous and Toxic
Effects of Industrial Chemicals”, Noyes Data Corp,
Park Ridge (1979), 246—51 [Current recom-
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Table 5
Trauzl Block and Drop Weight Test Values
for the Liquid Reaction Intermediates

Trauzl Drop
Block Weight
Expansion* 50%
cefee Height**
Sample of Sample  Inches
T (NTO/50-50, >40,>40
Oxidized/Fuel = 2.5)
M (NTO + NO/50-50, >40,>40 1-2

Oxidized/Fuel = 2.5)

P (NTO + NO/50-50 + H,O, >40,>40
Oxidized/Fuel = 2.5)

J (NTO + CH4;CN/50-50,
Oxidized/Fuel = 2.5)

>40,> 40

Footnotes to Table 5:
*Corrected for volume increase due to blasting cap
alone
**2 ker weight (PicArs type appar)]

mended ceiling concns in any 2-hr period for
UDMH exposure is 0.15mg/cm (0.06ppm). An
older standard is reported as 0.5ppm. Harmful
effects reported are: Local—Vapor is highly
irritating to the eyes, upper respiratory tract and
skin and causes delayed eye irritation.” Liq is
corrosive, producing penetrating burns and
severe dermatitis. Systemic—Carcinogenic in
mice after oral administration. May produce
liver necrosis, methemoglobinemia, hemolysis,
fatty liver, mutagenesis, inhibits monoamine
oxidase and may form potent biological metabo-
lites]  2) R.C. Shank, “Comparative Metabo-
lism of Propellant Hydrazines”, AMRL 79-57,
Univ Calif, Irvine, Contract F 33615-76-C-
5005 (1979) [The study revealed that the
LD;, for mice is 190mg/kg body wt, ingestion
of UDMH does not result in DNA methylation in
lab animals, and UDMH is metabolically oxi-
dized to CO, at different rates by various tissues
from rats, mice and hamsters]

Uses: 1) Urbanski 3 (1967), 309 [Asa
hypergolic rocket proplnt fuel upon mixing
with nitric acid or liq oxygen for USA rocket
vehicles such as Nike Ajax, Rascal and Vanguard
1]  2) D.B. Boies & L.G. Forgala, “Storable
Propellant Fuel Cells”, ElectrochemTechny 5
(7-8), 331-35 (1967) & CA 67, 7835 (1967)
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[A fuel cell utilizing UDMH as fuel and NO, as
oxidant is reported. Operated intermittently
over a 3-month period with degradation, it con-
sistently produced a power density of 40mw/
cm? (40w/ft?). The cell consists of a sandwich
of Zr acid phosphate in a polyvinylidene fluor-
ide (PVF) binder and diffuse-catalyst layers of
Pt black, Zr acid phosphate and PVF. Pt screens
are used as current collectors]  3) G.R. Eske-.
lund et al, “Chemical-Mechanical Mine”, PATR
3724 (1968) [A mine feasibility study is re-
ported in which the hypergolic system UDMH-
nitric acid is used as the fragmenting “expl”,
with activating contact obtd by means of an
intruder operated cutter which then allows e
reactants to mix. Mine sterilization is obtd by
the leaking of the UDMH from the mine thru a
poly-[N,N'{(p,p'-oxydiphenylamine pyromelli-
tinuide)] film (“A-film™). The authors conclude
from their study that the system is feasible, but
that it requires more refinement in the areas of
its wt and time-lapse sterilization effect. A
version of the mine is shown as Fig 5]

4) C. Boyars & K. Klager, “Propellants Manu-
facture, Hazards and Testing”, Advances in
Chem 88, ACS, Washington (1969), 369 (S.S.
Penner, “Combustion of Liquid Propellants and
the Use of Similarity Principles in Theoretical
Combustion Research™) [The author suggests
the use of UDMH/hydrazine—50/50 wt %, to
control heat transfer across the injector face of
a liq proplnt rocket engine by acting as a film of
coolant on the periphery of the injector plates.
Thus, the combustion rate, and therefore the
thrust, of the engine are controlled])

5) B.R. Simoneit et al, “Apollo Lunar Engine
Exhaust Products”, Science 166 (3906), 733—38
(1969) & CA 71, 126682 (1969) [The authors
state that the Apollo lunar descent engine uses
as its propint a 1:1 mixt of UDMH and N,04]
6) W.W. Wharton & J.W. Connaughton, “Using
Storable Propellant Fuels in Supersonic Combus-
tion Ramjets”, USP 3811280 (1974) & CA 81,
79922 (1974) [A method is suggested for the
decompn of UDMH into a H-contg gas which is
then oxidized into a supersonic combstn mode
by injection into a supersonic airstream. The
crucial portion of the procedure consists of
mixing enough oxidizer with the fuel to vaporize
and crack the fuel into the H-rich gas, eg, RFNA
and UDMH in a wt ratio of 0.09] 7)N.J.
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Sippel, “Hydrazine Gel Composition”, USP
3821043 (1974) & CA 82, 46007 (1975) [The
inventor claims a high energy gelled rocket
propint, stable at —65° to +165°F, which con-
sists of UDMH < 20, a gelling polymer (Kelgan)
<5, and Al <80%. The gel is made by acidi-
fying a small portion of the fuel, adding the
polymer to the fuel to form the gel, and then
adding the remainder of the fuel] 8) R.
Meyer, “Explosives”, Verlag Chemie, NY (1977),
79 [Use is reported as a monergol by catalytic
decompn. Also reported is a precision pulse
effect obtd using UDMH as a USA space rocket-
ry technique] 9) T.J. Galvin, “Hydroxy-
ethyl Cellulose-Thickened Hydrazine and Sub-
stituted Hydrazines”, USP 4002515 (1977) &
CA 86, 123920 (1977) [The inventor suggests
incorporation of 0.2 to 10 wt % of hydroxy-
ethylcellulose as a thickening agent for UDMH
when used as a proplnt fuel together with 0.2 to
10 wt % of an oxidizer]  10) G.C. Pant et al,
“Theoretical Performance of Some New Rocket
Fuels Containing Natural Products with RFNA
as Oxidizer”, JArmamentStudies 14 (1), 4751
(1978) & CA 90, 8519 (1978) [Reported as a
computer calcd optimum proplnt fuel mixt
using RFNA as the oxidizer is turpentine-kero-
sene-UDMH in the proportions of 40:40:20,
yielding a specific impulse of 226.9sec]

11) H.H. Sisler & M.A. Mathur, “Synthesis of
Hydrazine and Its Derivatives”, CEEDO-78-14
(1978), 1 [See below] 12) W.F. Watje,
“Potential of a Hydrazine-Type Fuel Spill or
Emission During Movement from Supplier to
User”, Ibid, 19—21 [According to Ref 11,
UDMH is a component of several currently used
(circa 1978) liq rocket fuel mixts. These include
Aerozine-50 (UDMH/hydrazine—50/50 wt %),
MAF-1 (39 wt % UDMH), MAF-3 (20 wt %
UDMH) and MAF-4 (60 wt % UDMH). This
useage as reported by Ref 12, has resulted in an
avg annual (again, circa 1978) UDMH shipment
of 1.4 x 10° Ibs and a UDMH/hydrazine ship-
ment of 2 x 10° 1bs] 13) J.J. Bost et al,
“Gelled Mechanically Stable High Energy Fuel
Composition Containing Metal Platelets”, USP
4187129 (1980) & CA 92, 165899 (1980)
[Claimed are mechanically stable high energy
UDMH contg propint fuels which do not flow
under their own wt and show thixotropic pro-
perties under shear rates produced by rapidly



shaking the fuel in a container. Reported prepn
is by mixing Al platelets (of avg one micron
diameter with a maximum diameter of less than
44 microns) 30p and UDMH 70p together to
form the gel]

Ugol'nyiye Ammonity. Russian permissible
expls for blasting coal in dusty and/or fiery
mines. See under ‘“Coal Mining Explosives,
Permissible” in Vol 3, C454-L & R

-Ulmate of Ammonium (Ulmate d’Ammoniaque
in Fr). See under “Ammonium Ulmate or Am-
monium Humate” in Vol 1, A381-R to A382-L

“Ultimate” Fuels for Jets and Rockets. See
under “Exotic Fuels” and “Exotic Propellants”
in Vol 6, E350-L

Ultrafine Ammonium Nitrate (UFAN). See in
Vol 1, A311-L to A340-R under “Ammonium
Nitrate”, and the following Addnl Refs: 1) E.E.
Hackman III, “Combustion Characteristics of
Crystalline Oxidizers”, AFOSR—67-2027, PhD
thesis, Univ of Delaware (1967), 94—95 (AD-
819626/3ST) [Differences between amm
nitrate (AN) and amm perchlorate (AP) oxi-
dizers can be readily detected since UFAN
burned half as fast as an equivalent size AP at
the same pressure. These powder burning rates
ranked in the same order as single crystal or high
density powder burning rates. Since the char-
acteristic burning surfaces for AP and AN are
nearly the same when the oxidizers are burned
as physically similar powders, the minimum
flame zone thickness is the same for both]

2) R.A. Dick, “The Impact of Blasting Agents
and Slurries on Explosive Technology”, IC 8560,
USBuMines (1972) [The shock sensitivity of
ANFO (AN—fuel oil) compns increases rapidly
as the AN particle size decreases. However, by
compression to a density of approx 0.9g/cc,
sensitivity is found to decrease and deton vel to
increase]

u25

Ultrafine Ammonium Perchlorate (UFAP). See
in Vol 8, P147-L & R under “Ammonium
Perchlorate”, and on P430-R, P433-R (Table 29),
P435-R, and P437-R (Table 36) under “Propel-
lants, Solid”, plus the following Addnl Refs:

Propint Burning Rate Stability: R.D. Gould,
“Combustion Instability of Solid Propellants,
Effect of Oxidizer Particle Size . . . Plastic Pro-
pellants”, RPE-TR-681, Westcott (Engl) (1968)
(AD 684244) [Investigation of the effect of
amm perchlorate (AP) particle size on the
burning rate stability of proplnt comprised of
AP (88) and 90% polyisobutylene (12 wt %) led
the author to the conclusion that the finer the
AP particle size, the more stable the combustion]

Propint Combustion: E.E. Hackman III,
“Combustion Characteristics of Crystalline Pro-
pellant Oxidizers”, AFOSR-67-2027, PhD Thesis,
Univ of Delaware (1967)(AD 819626/3ST)
[One of the conclusions drawn from this study is
that, “. . . low bulk density ammonium perchlor-
ate (UFAP) powders burn stably over a wide
pressure range (1 to 100 atms) when insulated
and partially fuel assisted . . .”]

Ignition: R. Ramaprobhu & K.A. Bhaskaru,
“Effect of Particle Size of the Oxidizer on the
Ignition Delay of Composite Solid-Propellants”,
ProcNatlConfICEngCombstn, Sth, Paper C2-4
(1978) & CA 90, 189311 (1979) [The major
conclusion reached is that the smaller the AP
particle size, the shorter the ignition delay time.
The authors state that this effect is due to the
degree of obstruction across the proplnt cross-
section which is directly subjected to the energy
stimulus used prior to ignition. Further, this
effect of AP particle size is more predominant at
higher than at lower pressures, yielding a higher
regression rate for UFAP]

Preparation: 1) E.R. Rogers et al, “Coated
Ultrafine Ammonium Perchlorate Particles”, USP
3954526 (1976) & CA 85, 96630 (1976)
[Claimed is the prepn of AP particles of sub-
micron size for proplnts by soln in a mixt of two
volatile liquids, the second being less volatile
than the first, and a non-AP solvent. The first
liq is evapd to form an AP suspension in the
second. The AP is subsequently coated with
surfactants or polymers which are partially
soluble in the second solvent, and this solvent is
evapd to yield a powder or slurry. The average
coated AP particle is 0.52 to 0.99 microns in




diameter]  2) O.E. Ayers et al, “Small Particle
Size Coated Ammonium Perchlorate”, USP
3953257 (1976) & CA 86, 45344 (1977) [The
inventors suggest a technique for yielding a non-
agglomerating UFAP which can be mixed with
proplnt binders to give increased pot-life. Thus,
dry 200-micron diameter AP (8 Ibs), Freon 113
(30 Ibs), and N-phenethylazuridine (3.63g)
are milled for 2 hrs, the slurry subsequently
discharged and dried for three days at 140°F.

+ The resultant coated AP particles are 2.5 to 3
microns in diameter with surface areas of from
1.3 to 1.5m?/g] ’

Ultramicroanalysis. See under “Microanalysis
of Explosives” in Vol 8, M123-L & R; “Mass
Spectrometry: Analytical Applications” in Vol 8,
M37-L; “Color Reactions and Color Reagents” in
Vol 3, C405-L to C420-L; “Radioactive Tracers:
Use in Energetic Materials”, “Spectroscopy of
Energetic Materials™, and “Taggants for Explo-
sives” in Vol 9, pps R104-L ff, S178-L ff, and
T3-L ff, respectively

Ultrasonics in Ordnance

Introduction

Ultrasonic technology deals with problems of
measurement, testing, control and processing by
the use of sonic energy. The frequency range
spans the entire spectrum from the audible to
the hypersonic (10? to 10'2Hz). Ultrasonics
in ordnance and proplnt technology has found
application in nondestructive testing of large or
complex shapes, in the examination of cracking
and similar failure modes, in control and initia-
tion devices as well as in certain process tech-
nologies

These applications of ultrasonics constitute
only a small portion of the total scope of sonic
technology which is presented in specialized
references (Refs 9 & 11). Strictly speaking, the
ultrasonic range should begin above 16kHz, the
limit of human auditory capacity, but as the
limits of only a few applications have been ex-
tensively explored, the range of ultrasonics of
interest here must be chosen somewhat wider.
Moreover, the choice of the human auditory
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capacity for range demarkation is misleading in
that it is difficult to transmit high frequency
sonic energy from air into a medium of higher
density, and that therefore the principle applica-
tions require the coupling of a high frequency
source to a mechanical detector by some coup-
ling medium of appropriate acoustic impedance
match :
Fundamental Principles

Sonic signals are generated in a medium by a
transducer which converts electrical energy to
mechanical (acoustic) energy and vice versa. The
energy may be either pulsed or continuous.
When a transducer generates energy for a short
time (on the order of microseconds) and then
pauses before repeating, pulsed acoustic signals
are generated. When energy is generated without
pause, continuous acoustic signals are produced.
Both types find application in ultrasonic ma-
terials testing

Ultrasonic waves are a mechanical disturbance
which passes thru the medium by the progressive
displacement of particles. The particles do not
travel in the direction of the source but vibrate
about their mean fixed position. The amplitude
of the wave is the distance from peak to peak
and therefore is the maximum displacement of
a particle in the medium. The period (T) is the
time required to complete one cycle and the
frequency (f) refers to the number of cycles per
unit time. The unit of frequency is the Hertz
(Hz, one cycle per second) and it is the reciprocal
of the period. The rate at which sound travels
thru the medium is the velocity (c, meters per
second). The wavélength (A, meters), is the dis-
tance between adjacent cycles. Therefore, the
relation between wavelength, velocity and fre-
quency is given by

c

f
The resonance characteristic of the transducer .
is given by the measure Q:
Q==
f,—f;, BW
where: f, = the resonance frequency
f,, f, = frequencies above and below
that at which the velocity ampli-
tude is reduced to one-half of its
maximum value
BW = the bandwidth of the transducer,
fo—fy - v



The bandwidth is the range of frequencies over
which a sonic transducer will vibrate

A transducer with a high Q has a high sensi-
tivity at f;, but a low band width, a quality useful
in resonance measurements. A high Q transducer
acts as a filter for frequencies other than those
near the resonant frequency. For this reason, the
electrical output signal of a high Q transducer is
not an accurate representation of a broadband
ultrasonic source. The limit of the transducer
resolving power is the time required for it to
stop vibrating or “ringing” after excitation.
Ringing may mask echoes from the points of
interest within the material to be tested. For this
reason, the transducer Q should be as low as
possible for pulsed measurements

Sensitivity is the ability of an ultrasonic test
system to detect the presence of small defects.
One of the factors affecting sensitivity is the
wavelength of the signal in that the shorter the
wavelength the higher the sensitivity

The attenuation of sonic energy by absorption
is an exponential function of the pathlength, x,
and the absorbance, a:

Other mechanisms which contribute to attenua-

- tion are beam spreading, couplant mismatch,
scattering and material geometry. Absorption
depends on the elasticity of the material. Matter
with a low modulus of elasticity tends to absorb
more energy, resulting in the conversion of
mechanical energy into heat. Scattering is caused
by the partial refraction at each of many points
of discontinuity within the material. With fine
grain structures such losses need not be large.
Where the particles are segregated as one would
find for instance in a dewetted proplnt, much
energy may be scattered. This phenomenon
has recently been made the subject of a study of
incipient damage thresholds of uniaxially stressed
solid rocket proplnts (Ref 17)

The spreading or divergence of a beam of
ultrasonic energy is given by:

sina = 121
D
where: « = the half angle of the spread
A = the wavelength

D = the diameter of the transducer
The factor which determines the energy trans-
fer from one medium to the other is the acoustic
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impedance: )
= kg
Z=pe m* sec

For the convenience of the reader, the values
of the sonic characteristics of representative and
frequently encountered materials are listed in
Table 1. Energy which is not transferred is re-
flected. Maximum transfer takes place when the
acoustic impedance of all materials are equal

When the angle of incidence is normal to the .
interface, the fraction of the reflected incident
energy is found as follows:

A %
Wo (Z,+Z)%
where: Z, = acoustic impedance of medium 1
Z, = acoustic impedance of medium 2
W, = incident energy
W, = reflected energy

If a sound wave obliquely encounters an inter-
face between two materials of unequal sonic
properties it is refracted or bent. The angle of
refraction can be calcd by Snell’s Law:

sinae _ Cy
sin 6 C2
where: o = angle of incidence

B = angle of refraction
C, = sonic velocity in the first medium
C, = sonic velocity in the second medium*

Unlike light, a sound wave of one type, eg, longi-
tudinal, will not only be refracted longitudinally
in the second medium but it will be transformed
partially or completely into waves of another type,
such as shear, surface or plate waves. Since these
waves have different velocities in the same
medium, they will refract at different angles.
Thus it is possible to create waves of several
modes in the same material at the same time

Application of Ultrasonics to Propellant Technology

Because ultrasonic waves, as distinct from sonic
waves, possess great penetrating power and do

"not tend to be easily scattered, they can be

focused on and reflected from any defects in a
material. Therefore, ultrasonics has found appli-
cation in locating cracks, cavities and flaws,

particularly in proplnts, but also in cannon

The Brush Development Company (Ref 16)

has manufd a device suitable for testing large
grains of proplnts intended for rockets. It has
been claimed that this method is just as reliable
as flash radiography and also somewhat less
expensive
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Table 1
Acoustic Properties of Selected Materials (from Ref 9)
Bulk Sonic : Density " Acoustic Impedance
Velocities kg/m? x 103 x 10 kg/m?-sec
Material x 10°m/sec ) x10° (**) x 103 kg/m?-sec
Aluminum 17ST 6.35 2.80 17.5
Beryllium 12.80 1.82 23.3
Bismuth 2.18 9.80 214
Brass 70-30 437 8.50 370
Bronze 3.53 8.86 312
Cadmium 2.78 8.60 24.0
Constantan 5724 8.80 46.0
Copper 4.06 8.90 418
Gold 324 19.30 62.6
Hastelloy X 5.79 8.23 47.7
Iron ‘596 7.90 46.8
Lead 2.16 11.40 24.6
Magnesium 5.74 1.70 99
Manganin 4.66 8.40 390
Molybdenum 6.29 10.09 63.5
Nickel 5.63 8.80 49.5
Inconel, wrought 7.82 8.25 64.5
Platinum 3.96 21.40 84.6
Silver 3.70 10.50 39.0
Steel 6.10 7.70 47.0
Steel, SS410 7.39 7.67 56.7
.Tin 3.32 7.30 24.2
Titanium 599 4.50 27.0
Tungsten 5.18 19.25 99.8
Uranjum 3.37 18.70 63.0
Zinc 4.17 7.10 29.6
Zirconium 4.65 6.40 29.8
Glass 5.77 2.51 14.5
Quartz 5.57 2.60 14.5
Ice 3.98 0.90 3.6
Ethanol 1.17 0.79 9.2
Mercury 1.45 13.54 19.7
Transf Oil 1.38 0.92 12.7
Water 1.483 0.998 14.8
Air 0.331 1.29 (*) 0.428 (**)
Helium 0.997 0.174 (*) 0.173 (*%)
Hydrogen ' 1.265 0.09(* - 0.115 (**)
Oxygen 0.327 1.38 (¥) 0451 (**)
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An acoustic emission system was designed
for use in a strand burning bomb (Refs 10 & 15).
The signal, presumably created by the thermal
fracture or deflagration of the solid oxidizer,
reveals anomalies such as side burning, voids
and sudden changes in burn rate

A new ultrasonic technique for studying de-
wetting and cumulative internal damage in solid
proplnts has been reported (Refs 17 & 20).
This technique yields volume-dilatation data on
proplnt in tension, and on damage in uniaxial
compression and shear strain fields. Estimates of
vacuole size and number density arising from de-
wetting can be made, as well as can the time de-
pendent void growth at constant strain be ob-
served

The effect of-aging and of process variables
on the rheological properties of solid propints
has been the subject of mechanical shear relaxa-
tion spectroscopy (Ref 4). The technique is of
interest to such filled polymer systems generally
in that anisotropy in the viscoelastic properties
can be readily observed
Application of Ultrasonics to Crack Diagnostics

Ultrasonic techniques lend themselves to
automated mapping of fatigue cracking as has
been done for 105mm cannon (Refs 12, 18 &
19). The device was developed at Watervliet
Arsenal and can detect the length, depth and
location of cracks, and records the data. An
operator moves an ultrasonic probe over the
outside surface of the barrel. Digital circuits
determine when the probe is directly over a
crack, measure the local thickness of the wall
and compare it with the design value. The com-
parison indicates the depth of the crack on the
inner wall accurate to within £0.076cm (Ref 19)
Resonance Tubes

In 1916, Hartmann discovered (Ref 7) that
intense noise is generated from shallow cylin-
drical cavities when these are impinged by sonic
gas jets, owing to resonant oscillations. Later it
was shown that a very slender Hartmann whistle,
with a length to diameter ratio of 30, exhibits
intense heating at the closed end. Since that
time, further improvements have taken place,
principally in the incorporation of tapered or
stepped cavities (Ref 7) culminating in the flueric
match (see Fig 1)

The gasdynamics of resonance tubes have
been analyzed by Sinha (Ref 8). Typical exptly

detd endwall temp-time curves have been repro-
duced in Fig 2 from Ref 14. Recently, military
systems requirements have seen implementation
of the resonance tube into practical devices
capable of converting flow energy into sufficient
thermal energy to cause pyrotechnic and ord-
nance initiation. As shown in Fig 2, the com-
paratively long ignition delay, and hence, impre-
cise initiation times, appear the chief disadvan-
tage. The potential immunity of such fluidic
systems from external effects of hostile environ-
ments has been a great impetus to their develop-
ment. These and other applications depend
critically on the size and spacing of the sonic
throat and the resonance cavity. Its use was
investigated for mortar repositioning (Ref 13),
and test firings of a prototype system on a 60mm
mortar demonstrated repositioning accuracy of
38um in azimuth and £ 110um in elevation

Ultrasonic fluidic systems have been used to
generate an electrical signal. This is a new fuzing
principle which embodies new safing and arming
signatures. These innovations promise improved
safety and reliability for systems with no spin
and small set-back forces, such as mortar shells
and rockets. The generator obtains its driving
energy from ram air thru an opening in the nose
of the projectile. The air, after passing thru a
Hartmann whistle, generates acoustic energy in
a resonating cavity which in turn drives a metal
diaphragm at resonance frequencies. The output
of the diaphragm generates an emf in a coil.
There is a linear relationship between output
voltage and velocity which can be integrated to
yield the distance traveled, eliminating thereby
complex timing systems. Flueric firing circuits
remain inactive unless the projectile or the air-
craft are in motion

The Picatinny Arsenal Fluidic program began
in the early 1960, resulting in the development
of the Flueric Explosive Initiator (FEI), also
known as the flueric match. This is in effect a
Hartmann whistle whose tapered or stepped
cavity adjoins a pyrotechnic initiator which in
turn is connected to an expl cutter valve. In this
application fluidic power sources are in effect
one-shot devices for safe and arming systems
(see also under “Fluidics for Ordnance” in Vol
6, F112-R to F118-L)

The problem of attaining sufficiently brief
initiation times with fluidic initiators was ex-
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amined by Morris and Marchese (Ref 14). This
study was directed toward cartridges such as
are found in aircrew escape systems. The re-
sulting data on the dependence of resonant
cavity temps, and the functioning times on gas
pressure and gas composition are illustrated in
Fig 2. It appears as if high heat capacity of the
gas is the principle factor in reducing initiation
delay. This means that hydrogen and helium
are the best candidates. Moreover, it appears
that proper functioning is also dependent on a
clean and filtered gas supply

Hartmann whistles have also found applica-
tion in process technology by utilization of the
sonic energy for the dispersal of liquids. So-
called “Liquid whistles” serve to produce emul-
sions and dispersions. A high pressure flat jet of
liquid impinges on the edge of a thin blade. Such
devices have been used to produce insecticide
emulsions, and also, probably, dispersions of
other agents

Therefore, atomization of liquids and control
of droplet formation by means of ultrasonics
has potentially important applications for pro-
pulsion systems and the dispersal of chemical
agents, as well as for the creation of mists and
fogs

Various equations for predicting droplet size
in an ultrasonically produced aerosol have been
proposed. For instance, Popov and Goncharenko
(Ref 3) have derived the following expression
for prediction of droplet sizes when using atom-
izing whistles operating at frequencies within
the range of 6.8 and 32kHz:

d= (%) (3QnT / wDp*f%g cos )1 /3

where: d = the average droplet size (microns)
C=0.15 for d=0.1 t0 0.3 and
0.3 for d=4.3
¢ = the amplitude of the vibrations (m)
'Q = flow rate of liquid (m3/sec)
7 = viscosity of liquid (kg-sec/m)
D = nozzle diameter (m)
g = gravitational acceleration (m/sec?)
« = angle between the spray cone and
the vertical
Apparently the dispersive ability of ultra-
sonic devices is not limited to liquids, but has
found application in the dispersion of dust.
Modified Hartmann whistles operating between
10 and 15 kHz have been used to enhance the
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pollination of agricultural crops (Ref 9). Riggs
and Biggar (Ref 5) have produced ultrasonically
aqueous suspensions of pesticides at concns
which greatly exceed the theoretical solubilities
of these materials in water. No emulsifiers
were required and the suspensions remained
stable for several days after insonification.
These findings suggest the application of ultra-
sonics in stabilizing solid proplnt slurries, and in
the dispersion of chemical warfare agents
Another process technological innovation
which relies on insonification reduced the hazard
of blending flash compns (Ref 6). Here the sepa-
rate components are layered into the bomb
where they are blended in situ by tumbling and
vibration
Written by A. P. HARDT
Lockheed Missiles and Space Co, Inc

Refs: 1) R. Courant & K.O. Friedricks, “Super-
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KhimiKhimTechnol 8 (2) (1965), 331—37

4) D.O. Miles et al, “Mechanical Shear Relaxa-
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ticity”, JApplPolymerSci 9 (1965), 2209-25

5) R.L. Riggs & J.W. Biggar, Proc of SoilSciAm
29 (5)(1965),629  6) D. Corey, “Method
and Apparatus for Mixing and Blending Explo-
sives”, USP 3331275 (1967)  7) R.F. McAlevy
III & A. Pavlak, “Tapered Resonance Tubes:
Some Experiements”, AIAAJour 8 (3) (1970),
571-72  8) R. Sinha, “A Theoretical Analysis
of Resonance Tubes”, KD 72-82, Final Rept,
Contract DAAA21-72-C-0500 (Oct 1972)

9) D. Ensminger, “Ultrasonics”, Marcel Dekker,
NY (1973), 473 10) J.L. Koury, “Solid
Strand Burn Rate Technique for Predicting Full
Scale Motor Performance”, AFRPL-TR-73-49,
Final Rept (Oct 1973)  11) Anon, US Mili-
tary Standardization Hndbk, “Ultrasonic Test-
ing”, MIL-HDBK-726 (10 June 1974)

12) D.C. Winters, “Automatic Crack Measure-
ment System”, WVT-TR-75018 (1975)

13) R.N. Gottran, “The Army and Fluidics”,
National Defense (May—June 1975), 464—66
14) J.W. Morris & V.P. Marchese, “Flueric
Cartridge Initiation Development”, ADPA Pyro-
technics and Explosives Omnibus, Los Alamos
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(Oct 7-9, 1975) 15) L.H. Caveny, AJ.
Saber & M. Summerfield, “Propsllant Burning
Rate and Combustion Uniformity Identified by
Ultrasonic Acoustic Emission”, AMS Rept 1302,
Final Rept, Contract DAAA21-74-C-0332 (Jan
1976) 16) W.A. Bell, J.1. Craig & W.C. Strahle,
“Audible And Ultrasonic Acoustic Emissions

" from Composite Solid Propellants”, AFOSR-TR-
78-0009, Final Rept (Sept 1977) 17) G.C.
Knollman, R.H. Martinson & J.L. Bellin, “Ultra-
sonic Assessment of Cumulative Internal Damage
in Filled Polymers”, JAppIPhys 50 (1) (1979),
111-20  18) Anon, “Mapping Cracks on Inner
Walls of Cylinders”, NTN-79/0045 (Mar 1979)
(ADA 031014)  19) D.C. Winters, “Automatic
Ultrasonic Detection and Measurement of
Cracks in Cannon”, ARLCB-TR-79003 (1979)
(ADE 440036) 20) G.C. Knollman & R.H.
Martinson, “Non Linear Elastic Effects in the
Ultrasonic Assessment of Cumulative Internal
Damage in Filled Polymers”, JApplPhys 50 (12)
(1979), 8034—-37

Ultraviolet Radiation. See in Vol 9, R5-L ff
under “Radiation Effects on Explosives, Propel-
lants and Pyrotechnics”

Ultraviolet Spectroscopy. See in Vol 9, S178-L ff
under “Spectroscopy of Energetic Materials”

Umbrite. See under “Italian Explosives and
Related Items” in Vol 7,1181-L

Unconfined Blasts. See in Vol 2, B180-R to
B182-R under “Blast Effects in Air”

Undecane, 1,1,1,4,6,6,8,11,11,11-Decanitro-
4,8-Diaza.

(0;N),C(CH; N(NO,).CH, .CH, .C(NO,)3),,
CoH,,N;,0,4; mw 608.22; N 27.64%; OB to

CO, —10.52%; crysts; mp 157—58° (decompn);

d 1.81g/cc. Prepn is by nitration of the bis
secondary amine obtained from the condensation of
3,3,3-trinitropropylamine-and 2,2-dinitro-1,3-
propanediol. The nitrated diaza compd exhibits

a hot bar ignition temp of 202°, and an impact

sensitivity about that of PETN

Refs: 1) Beil, not found  2) L.T. Carleton &
M.B. Frankel, “Research in Nitropolymers and
their Application to Smokeless Propellants”,
TR-660, Aerojet-General Corp, Azusa, Cal,
Contract N7-onr-462-08 (1952)  3) Ibid,
TR-682 (1953) 4)D.V. Sickman & W.F.
Sager, “Research and Development in New
Chemical High Explosives”, NAVORD 4486
(1954)

Undecanedioic Acid and Nitrated Derivatives

Undecanedioic Acid (Nonane-1,9-dicarboxylic
acid). HOOC.[CH,] 3 .COOH, C; 1H; ,0,4; mw
216.31; cryst (from benz); mp 111°. Sol in
ethanol; insol in petr eth. Prepn is by oxidation
of cycloundecanon with Cr trioxide in acetic
acid at 100°

Ref: Beil 2,727, (295) & [612]

4,4,6,8,8-Pentanitro-Undecanedioic Acid.

'0,N.CH[.CH, .C(NO,), (CH,), COOH], ,

Cy1H;5N50;4; mw 441.31;N 15.87%; OB to
CO, —56.20%; fine white tabular or plate crysts;
mp 154° (decompn); d 1.631g/cc. V sol in ace-
tone; sl sol in heptane and toluene; hydrolyzed
by water. Prepn is in six steps. The first step is
the reaction of 1,3-diacetoxy-2-nitropropane
with Na methyl-4,4-dinitrobutyrate to yield
4,4,6,8,8-pentanitro-1,11-undecanedioate. The
next step is the hydrolysis of this ester with
70% nitric acid, yielding a mixt of the desired
pentanitro- and also 4,4,6,6,8,8-hexanitro-1,11-
undecanedioic acid. Sepn of this mixt is ac-
complished by conversion of both products
into their acid chlorides which are of different
solubilities in benz, the pentanitro compd being
insol and the hexanitro sol. After dissolving out
the hexanitro compd, the residual pentanitro
dichloride is converted to the dimethyl ester by
adding it to methanol. In the final step this
ester is hydrolyzed, giving the desired product
in approx 10% yield

The pentanitro compd is compatible with
both NC and rubber in all proportions. It has
a heat of combustion of 2890cal/g; heat of
formation of —277kcal at 25°; an impact sensi-
tivity of 100+cm (RDX 50% pt is 30cm); in the
134.5° thermal stability test using methyl violet



indicating paper, it colored the paper in 8
minutes and expld in 60 minutes (NC gave no
color in 30 minutes); in the 65.5° thermal sta-
bility test using starch—K iodide indicating paper,
it colored the paper in 5 minutes, with no change
in appearance in 5 hrs (NC gave no color in 10
minutes)

Refs: 1) Beil, not found  2) W. Brooks et al,
“Research in Nitro Polymers and Their Applica-
tion to Solid Smokeless Propellants”, TR-563,
Aerojet-General Corp, Azusa, Cal, Contract
N7-onr-462-1 (1951)

4,4,6,6,8,8-Hexanitro-Undecanedioic Acid.
(0,N), C[.CH, C(NO,), (CH,)LO0H] ,,
Cl 1H1 4N601 6> MW 486.31 ,N 1727%,0B to C02
—42.77%; massive, prismatic, white crysts; mp
154° (decompn); d 1.672g/cc. V sl sol in acet; sl
sol in heptane; v sl sol in toluene. Prepn is in
seven steps. The first step is by reaction of 1,3-
diacetoxy-2-nitropropane with Na methyl-4 4-
dinitrobutyrate to yield 4,4,6,8,8-pentanitro-
1,11-undecane dioate. The next step is the
hydrolysis of this ester with 70% nitric acid,
yielding a mixt of the desired hexanitro and the
pentanitro acids. Sepn of this mixt is accom-
plished by conversion of both products into
their acid chlorides, dissolving the hexanitro
compd in benz, and leaving the benz insol
hexanitro compd. The benz soln of the hexa-
nitro compd is evapd under vac, leaving the
hexanitro compd as residue. This is added to
methanol, yeilding the dimethyl hexanitro un-
decanedioate. The final step is the acid hydroly-
sis of the hexanitro ester, giving the desired
product in approx 10% yield

The hexanitro compd is compatible with both
NC and rubber in all proportions. It has a heat
of combustion of 2890cal/g; heat of formation
of —277kcal at 25°; an impact sensitivity of
100+cm (RDX 50% pt is 30cm); in the 134.5°
thermal stability test using methyl violet indi-
cating paper, it colored the paper in 7 minutes
and expld in 24 minutes (NC gave no color in
30 minutes); in the 65.5° thermal stability test
using starch—K iodide indicating paper, it
colored the paper in 3 minutes, with no change
in appearance in 5 hrs (NC gave no color in 10
minutes)
Refs: 1) Beil, not found  2) W. Brooks et al,
“Research in Nitro Polymers and Their Applica-
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tion to Solid Smokeless Propellants”, TR-563,
Acrojet-General Corp, Azusa, Cal, Contract
N7-onr-462-1 (1951)

Underground Blasts & Blasting. See in Vol 2,
B182-R to B183-R under “Blast Effects in Earth
(Underground Blast)”

Addnl Refs: 1) C.E. Gregory, “Explosives for
North American Engineers”, Trans Tech Publica-
tions, Cleveland (1973), Chapts 13 thru 20

2) Anon, EngrgDesHndbk, “Explosives Series,
Explosive Trains”, AMCP 706-179 (1974),
3—17  3) Anon, “Blasters’ Handbook”, E.I.
duPont de Nemours & Co, Inc (1977), 217—409
4) C.E. Gregory, “Explosives for Australasian
Engineers”, 3rd Ed, Univ of Queensland Press
(1977), pp 83—145

Underwater Commercial Blasting. Underwater
civil blasting includes blasting trenches across
rivers to carry pipelines and cables; demolition
of wrecks; cutting of piles; blasting channels thru
reefs, bars and sandbanks, harbor development
and improvement; and blasting sheet piling and
coffer dams. It requires greater care and ex-
perience than similar operations above water
because of the water cover over the rock. Some
of the factors which must be considered for
successful underwater blasting operations are:
special drilling equipment and loading procedures;
higher powder factors to displace both the rock
and the water; selection of products with good
water resistance and high performance under
hydrostatic pressure; a safe, reliable initiation
system; and vibration control using the right
products and delay patterns to minimize chances
of propagation (Refs 3,5 & 7)

Where a small quantity of submerged rock is
to be removed under water, it is sometimes
economical to employ a diver to drill holes with
a jackhammer and to charge and connect the
holes for subsequent firing from the surface.
With larger jobs such as deepening or construc-
tion of a harbor, special drilling equipment
mounted on a drill barge designed for the pur-
pose is generally necessary. The drill barge is
equipped with spuds that can.be lowered to the

_seabed. The spuds, which usually consist of

heavy timber, reinforced with steel plate, may be



raised or lowered with steam- or compressed-
air-driven hoists by means of steel-wire ropes
. thru top and bottom sheaves. Before dropping
the spuds, the barge is positioned and secured in
the desired drilling position by anchors or spring
lines. The barge is then raised a few inches on
the spuds to ensure a stable and level drilling
plattorm
The drilling equipment usually consists of one
or more drilling masts mounted on one side of
the barge. These are generally arranged on rail
tracks for ease in manipulation when “spotting”™
drill holes. The masts are usually high enough
to accommodate the longest length of drill steel
required for the deepest hole without stopping
to make extensions or adjustments. The masts
also support the sand pipe which is raised or low-
ered on guides by a hoist and cable. The sand
pipe, which is “belled” at the top, is slightly
larger in diameter than the gauge of bit used,; it
is usually of sufficient length to reach from sur-
face to bedrock. For shallow water where wave
and tidal conditions are moderate, the sand pipe
can be in one piece; but when employed in
deeper water in more difficult conditions, a
telescopic type is used. Where drills are used
under water, the sand pipe used is shorter but
should extend from the bedrock thru the soft.
unconsolidated material on the seafloor. The
purpose of sand pipe is to prevent loose material
from falling into the drill hole, to guide the drill
steel, and also to convey the drill cuttings away
from the hole. In some cases the sand pipe is
slotted near the bottom to discharge the heavier
cuttings
Holes drilled for underwater blasting vary
from 2%—6" in diameter, using jackhammers
and down-the-hole drills. The drilling pattern
must be so designed that there is no risk of un-
broken rock being left above the grade level,
otherwise further work becomes difficult and
costly. Each drill hole charge will create a cone-
shaped crater; therefore the holes must be spaced
and drilled to such a depth below grade that the
craters will overlap. The spacing is usually of the
order of 5—10', depending on hole diameter,
type and thickness of rock to be removed, and
depth of water. Holes are usually drilled below
grade to a distance corresponding to the spacing
distance (Refs 3 & 5)
Vibration hazards are more severe in under-

water blasting because the blasting is generally
done without a free face, and the conversion of
the expls energy to seismic energy is normally
greater in water-saturated formations than under

* dry conditions. Water-bearing deposits are more

effective transmitters of shock waves. They
increase the potential of charge-to-charge propa-
gation, thus removing the seismic benefit of
delay shooting. In areas where excessive vibra-
tions might cause damage to nearby equipment
or structures, care should be taken to reduce
this hazard to a minimum. This may be done by
limiting the size of individual blasts and by em-
ploying a short-interval initiating system (Ref 7,
p 365)

The quantity of expls required will vary ac-
cording to the depth of water and tenacity of the
rock. Usually 0.5 to 2.5kg are required per m®
of rock. As a guide, 1 kg/m> should be suitable
for reasonably hard rock under 9 to 12m of
water. Preliminary examination and survey by
diver and sounding is usvally required before
determining drilling patterns, charge quantities
and methods (Ref 5)

In work involving extensive underwater
blasting, special expls should be used because
with increasing depth of water, the sensitivity
and vel of deton of the expl decreases. This
effect is probably due to the minute air bubbles
within the cartridges being squeezed out, thus
increasing the density. To counter this effect,
special expls formulated to give a high vel of
deton and greater sensitivity are recommended.
No special priming is necessary, except that a
No 8 Al electric detonator is required. Expls
recommended for underwater blasting include
the high vel Gelatines. Seismic cartridges are
supplied in tubes which may be screwed together
by means of an outer coupler to form a rigid
column of exp! of any practical length. This
is convenient for charging readily thru a sand
pipe or charging tube. Where the sand pipe
reaches to the surface, the charge of expl may be
charged thru the pipe and pushed to the bottom
of the hole by means of a long tamping stick.
A conventional brass loading tube may also be
employed. This should fit inside the sand pipe
and penetrate 0.6m or so within the drill hole.
The expl is then pushed to the bottom of the
drill hole. Expls may also be loaded into metal’
shells such as stove pipe and the unit of the
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required length lowered into the drill hole
(Refs 3 & 5)

In addition to the “drill and blast methods”
described above, a second basic blasting method
for removing underwater rock is termed “doby-
ing”. In some cases where shallow excavation is
required, dobying may be used in which charges
are detonated on the rock surface without drill-
ing holes. Conditions for which dobying might
be considered are excessive water depths which
cannot be easily drilled, strong tides and currents,
remote areas where drilling equipment is not
readily available, blasting of coral heads, and

" removal of high spots discovered after the’
drilling equipment has left. In general, a dobying
shot cannot be expected to shatter rock forma-
tions to a depth of more than 3'. Dobying re-
quires a much higher powder factor, at least
three times greater than “drill” methods. The
additional powder costs often can be more than
justified when drilling costs are considered. The
efficiency of a dobying expl depends on “coup-
ling” or intimate contact with the rock. If sand
or mud is between the charge and the rock
formation, poor,resdlts can be expected. Some
of the more typical methods of exposing the
rock formation are blowing with a water jet,
pumping with a suction dredge, or digging with
a “clam” or drag bucket. In doby blasting under-
water, the depth of the water is important. If
the water is too shallow, excessive air blasts can
be expected. Also, greater water depths increase
the confinement of the expl and improve the
blasting efficiency (Ref 7)

More recent advances in underwater blasting
techniques have been developed with the use of
shaped charges. Shaped charge expl devices
offer several advantages in underwater work that
have been previously impossible using bulk expls.
In contrast with bulk expls, which require large
amounts of demolitions, and can result in poor
blast control, shaped charges produce clean,
controlled, precise cutting with a minimum
amount of expl. The operations can be safely
controlled and, depending on the configuration
and load of the shaped charge, this technology
can be used to perform a variety of underwater
cutting and demolition tasks. These expl devices
have been utilized and have proven successful
in reducing costs in time, labor and equipment
required in such projects as the repair and salvage

of damaged or abandoned offshore oil plat-
forms, the effective crushing and removal of
dense coral and rock formations in underwater
pipeline trenching, and for support activity in
control of offshore oilwell fires (Ref 2)

This technique has been developed by the
Ocean Applications Group, Jet Research Center,
Inc, of Arlington, Texas. Five major types of
shaped charge expl units are currently being used
in offshore underwater operations (Refs 1,
2&4):

Straight Linear Cutters. These units consist of
straight hermetically sealed expl charges avail-
able in lengths up to 10’ (Fig 1)

Inside Circular Cutters. These units consist of a
360° shaped charge expl, contained in a hermeti-
cally sealed, either rigid or inflatable housing,
and are used for severing underwater piling,

_ pipe, caisson, etc (Fig 2)

Outside Circular Cutters. These units consist of
two 180° hermetically sealed expl charges,
hinged on one end and having a connect-dis-
connect latch on the other end (Fig 3). They
can cleanly sever pipe, piling, caisson, etc, with
a single intantaneous charge

H-Beam Cutters. These units consist of three
straight linear cutters that are assembled to
match the H-Beam configuration. The cutter is
designed to permit simultaneous detonation of
all three charges to cut each leg of the H-Beam
(Fig 4)

Pipeline Trenching Charges. These charges
consist of a large conical shaped container and
two non-expl chemicals mixed in the proper pro-
portions to form a liq expl (Fig 5). Trenching
charges are filled at the trenching site and posi-
tioned on the trench center line from a barge or
by a diver. Thru proper placement of charges,
a trench of desired width, depth and length can
be produced. Charges are connected in series
and detonated from shore or a surface vessel
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'Refs: 1) P. DeFrank, “Underwater Explosive
Devices”, Offshore Technology (July 1967)
2) P. DeFrank & C.H. Brown, “Underwater Ex-
plosive Technology”, Vol 1, Marine Technical
Society, Washington, DC (1970) 3) CE.
Gregory, “Explosives for North American

- Engineers”, Trans Tech Publications, Cleveland
(1973), 205-10 4) G. Cohn, Ed, Expls&-
Pyrots 7 (5),(1974)  5) C.E. Gregory, “Ex-
plosives for Australasian Engineers”, 3rd Ed,
Univ of Queensland Press, Australia (1977),
121-23 6) J.S. Brower, “Guide to Under-
water Explosive Excavation”, J.S. Brower &
Associates, Inc, Pomona (1977) 7) Anon,
Blasters’ Hndbk (1977), 365—72

Underwater Explosions

I. General Description and Definition of Terms
The detonation of a high expl charge rapidly
converts the solid expl material into primarily
gaseous products at very high pressure and temp.
If such a detonation occurs under water, the
surrounding water is subjected to a variety of
forces and displacements. The dynamical pro-
perties of water (eg, its compressibility) as well
as the magnitude of the force-generating phe-
nomenon determine the nature of effects pro-
duced. The rate of propagation of the disturb-
ance from its source thru the surrounding water
is almost independent of the pressure of the
source if that source is small; ie, the disturbance

propagates as a sound wave
At higher source pressures, however, the dis-

turbance generated in the surrounding water is a
shock wave which propagates radially outward
from the source. The subsequent history of the
shock wave is influenced by the depth of water

under which the original disturbance is generated.

As in all shock waves, pressure rise at the shock
front is extremely rapid. Pressure decay behind
this shock front is nearly exponential. Peculiar
to underwater explns are subsequent pressure
pulses that are observed considerably later than
the original shock. These pulses arise from a
much slower phenomenon, namely the pulsating
of the gas bubble which contains the gaseous
products of the expln. The high pressure of the
gas causes an initially rapid expansion of the

uU3s

bubble in the surrounding water, and the inertia
of the outwardly moving water carries it far
beyond the point of pressure equilibrium. The
outward motion stops only after the gas pressure
has fallen substantially below the ambient hydro-
static pressure. Now the higher surrounding
pressure reverses the motion and the bubble
contracts. Again, the flow overshoots the
equilibrium and when the bubble reaches its
minimum size, the gas is recompressed to a pres-
sure of several hundred atms. At this point there
is in effect a'second “explosion” (ie, the genera-
tion of an acoustic pulse without a shock wave),
and the whole process is repeated. The bubble
oscillates in this manner several times, with each
successive bubble pulse becoming progressively
weaker because of energy losses

Fig 1 (from Ref 17) illustrates these phe-
nomena, for charges suspended far from both the
bottom and surface of the water

The pressure-time plot shows pressure pulses
which are emitted from the bubble near its mini-
mum. Note the relatively slow rise and small
amplitudes of these pressure pulses. They do not
occur when the gas bubble is at its maximum.
The dotted curve in Fig 1 represents the position
of the bubble center as a function of time. The
period of the pubble pulsations is very long when
compared with the high pressure (shock wave)
portion of the pressure-time history of an expln.
In particular, this duration is long enough for
gravity effects to become noticeable. Such a
bubble has great buoyancy and, therefore, mi-
grates upward. However, it does not float up

. like a balloon, but shoots up in jumps

Fig 2 (also from Ref 17) is an expanded por-
tion of the pressure-time plot shown in Fig 1.
It shows and defines some of the parameters of
particular interest in underwater explns, namely:
(1) shock wave peak pressure, (2) shock wave
time constant, (3) shock wave impulse, and
(4) shock wave energy flux density, which is
often referred to simply as “energy”

Note: 1t is generally assumed, and empirically
established, that, over ranges of interest, the
shock wave pressure decays exponentially to
about one time constant; after that the pressure
decays more slowly. The solid curve is a truly
exponential pressure decay

For the gas bubble, the important parameters
are period of oscillation and maximum bubble
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Fig 1 Pressure Waves and Bubble Phenomena of Underwater Explosions,
The Upper Part Shows a Pressure-Time Plot, the Lower, the Position and Size of the Bubble for
Specific Moments which Correspond to the Curve Above as Indicated by the Vertical Lines

radius. Incidentally, note that the gas bubble
is nearly spherical at its maximum and kidney-
shaped at its minimum (Fig 1)

Fig 2 represents the pressure-time history of
a shock in water at a given distance from the
detonation of a high expl charge. Such a shock
decays with distance from the charge, as shown
in Flg 3 (from Ref 1). The volocity of propaga-
tion near the charge is several times greater than
sonic velocity in water, but approaches sound
velocity rapidly as the wave advances outward
and the pressure falls to “acoustic” values. The
pressure level in the spherical wave falls off more
rapidly with distance than the inverse first power
law predicted for small amplitudes, but eventu-
ally approaches this behavior in the limit of large

distances. The profile of the wave broadens as it
spreads out (see sketches b & ¢)

Also shown by broken lines in sketches b & ¢
are hypothetical “acoustic” waves produced by
the expln. Note that, as expected, these imagi-
nary waves travel more slowly and decay less
rapidly than the shock wave

A more quantitative gas bubble history than
that of Fig 1 is shown in Fig 4 (from Ref 1).
The dashed horizontal line is the bubble radius
at which the bubble pressure equals the hydro-
static pressure of the water. Note that, over
most of the first bubble cycle in this example,
the gas pressure in the bubble is below the sur-
rounding hydrostatic pressure. The maximum
velocity of the bubble surface is about 200ft/sec
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Fig 2 Definitions of Shock Wave Parameters
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when the bubble approaches minimum radius.
The length and time scales will, of course, change
with the size of charge and the depth at which
it is fired, being larger for larger charges and
shallower depths. In general, however, it is true
that the radial velocities will be of the same order
of magnitude, and that over most of the cycle
the pressures will be much smaller than hydro-
static

A quantitative illustration of the relative mag-
nitudes of shock and bubble effects is provided

in the following tabulation, taken from Ref 1,
which compares shock and bubble peak pres-
sures, impulses and energy densities measured at
60 ft from 300 Ibs of TNT fired in about 100 ft
of water. “Direct” bubble pulse refers to the
first oscillation, while “Composite” bubble refers
to the cumulative effects of the first and sub-
sequent oscillations. Note the large difference in
peak pressure attributable to shock or bubble
pulses and the much smaller differences in im-
pulse and energy density
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Depth Peak Pressure Positive Impulse® Energy Density’
(ft) (Ib/in?) (lb-sec/in?) (in. b/in?)
Shock Wave . 40 1770 1.15 170
: Bottom 1940 1.41 250
Composite 20 428 1.1 47
Bubble Pulse 26 - 71 0.84 59
45 56 1.5 9.5
65 84 4.0 18
96 81 1.2 11
Direct 20 555 29 130
Bubble Pulse 26 106 2.1 16
45 79 2.6 19
65 93 34 28
96 68 1.2 7

Impulse and energy values for the shock wave obtained by integration to 2.0msec after shock front; for the
bubble pulse by integration over times of pressure in excess of hydrostatic.

Considerable portions of the following sections
of this article will be devoted to the comparison
of underwater performance of various high expls.
Most of these comparisons will be in terms of
the following dimensionless ratios defined by
Swisdak (Ref 17):

(1) Equal Weight Ratio (D,,;): The ratio of the
outputs with respect to a particular param-
eter (peak pressure, time constant, impulse,
or energy flux density) for equal weights of
two expls at the same distance. (This is of
interest in the design of weight-limited
weapons)

(2) Equal Volume Ratio (D, ): The ratio of
outputs with respect to a particular param-
eter for equal volumes of two expls as mea-
sured at the same distance. (This is of in-
terest in the design of volume-limited wea-

" pons)

(3) Equivalent Weight Ratio (Wpg): The ratio
of weights of two expls required to produce
the same magnitude of a particular parame-
ter at the same distance

(4) Relative Bubble Energy (RBE)*: The cube
of the ratio of the first bubble period con-
stants (K’s): ,

= Kexp_en'mental

RBE ( reference )

(5) Relative Potential Bubble Energy (RPBE)*:
The cube of the ratio of the maximum
bubble radius constants (J’s):

) S~ 3
RPBE = ( expenmental)

. J reference
*Bubble period constant and bubble radius con-
stant are defined later

II. Uses of Underwater Explosions

The effects of underwater explns are of ob-
vious interest in naval warfare since they deter-
mine the performance of sea mines, depth
charges, torpedoes, etc. Some discussion of the
military effectiveness of underwater explns will
be found in later sections of this article. Under-
water expln phenomena are also important in
non-military underwater blasting. Here it often
becomes important to minimize damage to near-
by underwater structures rather than to destroy
them

In recent years it has become popular to
characterize the “effectiveness” of industrial
expls in terms of their measured underwater
shock and gas bubble effects (Refs 6, 18 & 21).
For example, it is claimed (Refs 6 & 21) that
measured gas bubble energies correlate well
with performance of the expl in breaking rock

Study of underwater expln has also contri-
buted appreciably to a better understanding of
detonations and detonation effects. For example,
underwater expl studies have elucidated the
transformation of the chemical energy of the
expl into other forms of energy such as shock




energy, motion energy of the medium, and
residual energy of the detonation products.
The theoretical aspects of underwater expln will
be considered in Section VII

Liddiard (Ref 5) used spherical shocks in
water to study the initiation of deflagration and
detonation of Pentolite, Cyclotol, TNT, PBX
9404 and LX-04-1. He concluded that the de-
flagration threshold in water is lower than in the
more conventional gap test geometry (See under
“Shock Sensitivity of Explosions” in Vol 9) be-
cause in water the input shock is of longer dura-
tion and lesser curvature than in the gap test

The writer (Ref 3) investigated the control-
ling expl and metal parameters in the forming of
metals by expls. The medium for transmitting
the expln effects to the metal was water. To
form flat metal sheets into hemispherical or
conical shapes the controlling expl parameter
was found to be the shock energy flux (E in Fig
2) at the water/metal boundary, and the control-
ling metal parameters are metal yield strength
and thickness -
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III. Underwater Explosion Measurement
Techniques
The measurable underwater shock wave

parameters, namely peak overpressure, pressure
decay and shock velocity were defined in Fig 2.
Actual pressure time records are similar to the
idealized sketch of Fig 2, but unfortunately
they are rarely as “neat”. Peak overpressures
and time constants can be read directly from
such records. Impulse (fpdt) and Energy Flux
Density (const x fP?dt) require either analytical
or graphical integration. Shock velocity is ob-
tained from arrival times, ie, the time between
firing of the expl charge and the start of the
steeply rising pressure pulse

A more detailed representation of the shock
and bubble pulses than that of Fig 1 is shown in
Fig 5 (taken from Ref 17). Definitions and units
of the various phenomena illustrated are given
in Table 1. These definitions will be needed in
the immediate and subsequent discussions of
underwater explns

— L=

I

I

|

4 —-—I
I
]

Fig 5 Pressure-Pulse Characteristics of Deep Explosions
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Table 1
Definition of Symbols

P Peak Pressure of the First Positive Phase (MPa)

Bp Maximum Pressure of the First Bubble Pulse
(MPa) _
P_. Minimum Pressure of the First Bubble Negative
min
Phase (MPa)
Top Positive Phase Duration (s)
Tnp  Negative Phase Duration (s)
Thpp First Bubble Phase Duration (s)

T, First Bubble Period (5)

I Impulse of the First Positive Phase (kPa-s)

Iy First Bubble Pulse Impulse (kPa-s)

E Energy Flux Density of the First Positive

Phase (M-kPa)

Charge Depth in Meters +10

w Charge Weight (Kilograms)

R Slant Range to Charge (Meters)

k,a,8 Least Squares Fit Constants (Coefficients
and Exponents)

As far as directly measurable bubble parameters
are concerned, the ones shown in Fig 5 are the
period of oscillation of the first bubble (T, ), the
max pressure of the first bubble pulse (Py) and
first bubble phase duration (). Of these
parameters, T is by far the most important.
Another measurable quantity (not shown in Fig
5) is the max bubble radius, A, :

Note that m-k-s units are used in Table 1 as
well as in most of the subsequent discussions.
Table 1A (from Ref 17) shows conversion factors
to the English units (eg, psi) in which much of
the early data are reported

With the qualitative illustration of observable
shock and bubble parameters shown in Fig 5, we
can now proceed to a description of the test
methods used to obtain such data. Figs2 & 5
immediately suggest the use of pressure trans-
ducers to follow the pressure-time histories of
underwater explns. Similarly Fig 1 (bottom
portion) suggests the use of visual (photographic)
techniques to obtain dimensions and positions of
the gas bubbles. Indeed, these are the major
techniques now used in studying underwater
shock and bubble effects

The most commonly used pressure transducers
are piezoelectric gages, commonly quartz or tour-
maline. The output of these gages (usually as
voltage-time plots) is recorded oscillographically.
To convert the vertical deflections on the oscillo-

Table 1A

Conversion Factors
To Convert Into Multiply By
Meters Feet 3.281
Kilograms Pounds - 2.2046
Megapascals (MPa) psi 145.038
m/kg¥? ft/1b1/3 2.5208
kg!’3/m b3 /ft 0.3967
kg!”3 b3 1.3015
m/kg!® ft/lb1/4 2.6929
kPa-s psi-sec 0.14504
kPa-s/kg!/3 psi-sec/Ib!/3 0.11144
m-kPa in-psi 5.7073
m-kPa/kg!’3 in-psi/lb!/3 4.3852
m*3 jkg!/3 ft43/1p1/3 ' 3.7453
m5/6/kgl/3 ft5/6/kg1/3 2.0678
kg/m3 1b/ft3 0.06243
Feet Meters 0.3048
Pounds Kilograms 0.4536
psi MPa 0.0068946
b3 kg!/3 0.7683
ft/lb1/3 m/kg/3 0.3967
b¥3/ft kg'3/m 2.5208
ft/ib1/4 m/kg'/* 0.3714
psi-sec kPa-s 6.8947
psi-sec/Ib1/3 kPa-s/kg!’3 8.9738
in-psi m-kPa 0.17521
in-psi/lb!/3 m-kPa/kg!/3 ' 0.22804
ft4/3 /lb 1/3 m4/3/kgl/3 0.2670
ft5/6/lb1/3 m5/6/kgl/3 0.4836
1b/ft3 kg/m? 16.017

scope trace to pressures requires calibration
curves. These are obtained by recording the
output of a gage sealed in a hydraulic chamber and
pressurized to a known pressure by a dead weight
press, at the instant of pressure relief via a quick-
acting release valve (Ref 11). Alternatively, ade-
quate calibration can often be obtained by firing
charges of “standard” expls whose underwater
expln effects have been previously determined
(Refs 11 & 19). The choice of a “standard”
expl and “standard” method is a subject of con-
siderable current interest. This subject will be
addressed in Section V

The time scales of modern oscilloscopes are
highly accurate. Furthermore, they carry internal
standards for time calibrations to check their
timing accuracy. Cole (Ref 1, Chapt 5) devotes
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considerable space to a description of spurious
signals arising from improperly matched ampli-
fiers and signal cable noise. With present-day
equipment these problems have largely dis-
appeared, eg, thru the use of anti-microphonic
cable (Ref 21)

According to Ref 16: “Underwater tests were
proposed a few years ago as a means of com-
paring the relative effectiveness of various explo-
sives. This proposal was based on the hypothesis
that “shock energy” from an explosion under
water measures the explosive’s shattering action
in other materials, such as rock, and that “bubble
energy” from the underwater explosion was the
“heaving action” of the explosive. The shock
energy in the tests is the compressional energy
radiated from an underwater detonation and is
derived by measuring the area under the pressure
squared-time curve at a known distance from the
explosion. The bubble énergy is the potential
energy of the displaced water at the maximum
size of the bubble. It is derived by measuring
the elapsed time between the shock wave and the
pulse emitted by the first collapse of the gas
bubble, knowing the ambient hydrostatic and
atmospheric pressure acting on the gas bubble.

In this test the total explosive energy was postu-
lated to be the sum of the shock wave and’
bubble energies

In addition to measuring shock wave and
bubble energies, underwater tests also can mea-
sure the shock wave impulse, another indicator
of explosive strength. The shock wave impulse
is derived by measuring the area under the
pressure-time curve for a selected integration
time interval at a known distance from the
explosion

A schematic diagram, Figure 6, shows a typi-
cal underwater test configuration and oscillo-
scope record used to determine shock wave
impulse. The pressure vs. time is displayed both
at fast and slow scope speeds and the impulse
vs. time at the faster scope speed. The impulse
vs. time is electronically integrated from the
pressure vs. time signal from the pressure gauge.
The slower scope speed record is used to measure
the time interval between the shock wave and the
first bubble pulse. The integration time of the
shock wave impulse is taken as a fixed percent-
age of the bubble period”

Other pressure transducers, such as crusher
gages, ball crusher gages, Hilliar gages and diaphragm

1)

Recording
Truch

3%

Period

Pressure

[

e X

Gage

Trigger
Goage

\
Water
Surface

Explosive

Fig6 This diagram shows an Underwater Test Configuration and the oscilloscope record
used to determine shock wave impulse (positive of the record at right)
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gages are described by Cole (Ref 1, Chapt 5), and
in Vol 3, C336-L to C340-R. They are infrequently
used at present

Photographic techniques for recording bubble
size and motion are described by Cole (Ref 1,
Chapt 5). Basically they involve taking ultra
high speed movies of underwater explns. Fre-
quently this requires the use of very intense
light sources, such as Argon flash bombs, to
obtain sufficient illumination. It is apparent that
such photographic techniques are not easily
instrumented in mid-ocean or even in a large
pond. Consequently most of these studies were
made with small-scale aquarium-type models

Cole (Ref 1, p 380) states that pressure gages
should be placed at least 2 max bubble radii
away from the expl charge in order to avoid
spurious signals. For similar reasons, as well as
for survivability and reliability of the gage,
Bjarnholt (Ref 21) suggests that gages for routine
measurements be placed at 3.5 <R/W3 <
Tm/kg’®, where R is the distance from the
center of the gage to the center of gravity of the
expl charge, and W is the charge weight

Geometry of the expl charge is important in
measurements at small reduced distances (ie,
small values of R/W'/3). Ideally, charge geom-
etry should be spherical with center initiation.
Unfortunately, most practical charges in under-
water blasts are not spherical. Thus both exptl
and theoretical studies are necessary to evaluate
the effects of the non-sphericity of the initial
disturbance. Exptl studies of Bjarnholt (to be
described later) suggest that for routine work the

Towards
Surface

ks=1.00 kf=1.08-1.10
Charge in Cylinder shaped charge
paint can with L/D=6

Erlenmeyer glass flask

effects of charge geometry are relatively small,
as shown in Fig 7 (from Ref 21) by the small
variation of the “shape factor”, k¢

The conclusion that charge geometry has
relatively little effect on underwater expln pa-
rameters, measured not too close to the charge,
is also reached by Christman & Lingens (Ref 19)

IV. Scaling Laws
We have already implied that underwater

expln parameters depend on the distance from
the charge at which the parameters are observed
and on charge weight. We will now consider the
quantitative dependence of these parameters on
both distance from and weight of the expl.
These relationships are known as scaling laws
or similitude equations

The basis for these relationships is that the
profile of the detonation wave of the charge is
spread out as a shock in water in proportion to
the amount that the wave has advanced but in
the same form as the original wave, except for a
change in scale. We quote Cole (Ref 1, Chapt 4):
“If the time required to establish the steady con-
dition is negligible, the profile of the wave is the
same for all geometrically similar charges, pro-
vided the scales of length and time used to specify
it are proportional to the linear dimensions of
the charge and the origins of time and distance
are at the point of initiation. This is just the
necessary condition for similarity to be estab-
lished in the water shock wave and the remaining
question is as to whether the boundary condi-
tions at the interface of the explosion products

k¢ = 1.02-1.03
Charge in

k¢ = 1.00

Sphere initiated
at the center

Fig7 Charge Shapes and Charge Shape Factors ke



and the water are compatible with similarity. In
the absence of viscosity effects (shear), these
conditions require continuity of pressure and
normal components of particle velocity.. We can
easily convince ourselves that these conditions
are satisfied if pressures and particle velocities
are scaled geometrically, and the approximate
relations so far developed to account for the
shock wave are thus all consistent with the
principle

Deferring for the moment an examination of
circumstances in which the principle of similarity
fails, we consider what can be inferred with its
aid about the form of the shock wave. The fact
that the pressure and other properties are un-
changed if the linear dimensions of the source
and scales of length and time are all changed in
the same ratio does not of course specify what
the values are without other information. It is
possible, however, to learn something about their
functional dependence on charge size and dis-
tance. If the linear dimensions of the charge are
specifieid in terms of a length, ay, the principle
can be satisfied only if the pressure depends on
distance and time only as a function of the
ratios rfag, t/ag. The truth of this statement is
evident from the fact that fixed values of these -
ratios correspond to the scaling which gives
identical values of the pressure. The pressure
P at the head of the shock wave (peak pres-
sure) may therefore be expressed

A
P, = f[=2
m r

the form of the function f being undetermined.
If the quantity 0 is used to represent any measure
of time duration of the wave, e.g., the time con-
stant of an exponential decay, it is evident that
8/a, can be a function only of the ratio ag/r.
Another important property of such a wave is
the impulse associated with it, which measures
the momentum imparted to the water by its
passage. For unit area of the wave front the
impulse I is given by

1(, t') = fo " P, 1) dt

where the origin of time is taken to be arrival of
the shock front at r. The time t’ to which the
integration is carried should, for consistency,

be taken proportional to the scale factor and we
write t' = Kag, where K is a function only of
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ap/r, and the pressure P depends on r and t only
by the ratios ag/r, t/ag
We may therefore write

e [ O3

and, the integral being a function only of ay/r, we

8

where g is an undetermined function”

A similar though less detailed presentation of
scaling laws is given in Chap 13 of Ref 10

In practice, shock wave scaling laws for various
expls are expressed as shown in Table 2 from
Ref 17

I(r,t) = apg [a—ro-,K

For comparison, the older measurements for
TNT (Cole, Ref 1) agree exactly with those in
Table 2, but Cole’s values of K and o for 50/50
Pentolite are slightly different, namely, 54.6
and 1.13 respectively for Pm and 74.1 and 1.05
for I/W'/3, The larger difference for the coef-
ficients of I/W*/3 arises largely from a longer inte-
gration time, namely 6.70 for Cole vs 56 in
Table 2. Khristoforov (Ref 2) expresses P,

60 and I for PETN and Pb Azide spheres in similar
forms to those shown in Table 2. His results,
converted to the units of Table 2, are given in
Table 3

Scaling of bubble parameters in free water
differs from scaling of shock effects, because for
the former one must consider the effects of hydro-
static pressure on the bubble (depth of water)
and of the internal pressure of the gas bubble.
However, over most of the oscillation cycle one
can neglect the effects of internal gas pressure
since it is relatively small except at the time when
the bubble is near its minimum size. With this
approximation it is expected that the appropriate
scaling factors are charge weight and depth of
water above the charge. For a detailed discussion
of the basis for bubble scaling laws see Cole (Ref
1, Chapt 8)

The actual forms of the scaling laws for bubble
period and bubble radius are shown below. Note
that these relations hold only if the charge is
fired in free water, ie, at least 10 max bubble
radii from either the surface or bottom (Ref 17)
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Table 2
Similitude Constants and Coefficients for Various High Explosives

Range
1/3 173 173
P o/w I/w ' : E/W of
Explosive K « K o K o K o Validity *
TINT 524 113 | 0084 | —023 | 575 0.89 844 | 204 [ 3.4-138
Pentolite 56.5 1.14 | 0.084 | —0.23 | 5.73 091 920 | 204 | 34-138
H-6 59.2 1.19 { 0.088 —0.28 | 6.58 091 115.3 2.08 10.3—138
HBX-1 56.7 1.15 | 0.083 029 | 642 0.85 1062 | 2.00 3.4-60
HBX-1** 56.1 1.37 | 0.088 —0.36 | 6.15 0.95 1072 2.26 60—500
HBX-3 50.3 1.14 | 0.091 —0.218| 6.33 090 909 | 2.02 3.4—-60
HBX-3** 543 1.18 | 0.091 | -0.218| 6.70 080 {1144 1.97 60—350
4k &k ok
173\
NOTE: All equations are of the form Parameter = K (‘!l_l—)
P = Peak Pressure (MPa)

6/W'3 =Reduced Time Constant (ms/kg'’?)

/W13 =Reduced Impulse (kPa-s/kg!’?)

E/W!'/3 = Reduced Energy Flux Density (m-kPa/kg!/%)
A = Charge Weight in Kilograms (kg)

R = Slant Range in Meters (m)

I and E are integrated to a time of 56

*Validity Range is range of the pressure (in MPa) over which the equations apply
**Equations are based on limited data beyond about 130MPa, and should be used with caution
***Shock wave is not exponential, but has a hump; the similitude equation fits the portion of the wave
beyond the hump.

Table 3
Similitude Constants and Coefficients
for PETN and Pb Azide
Pm 6/wi’3 I/wl/sz?‘ R/W”3range
Explosive ~ Density K a XK o K «a
PETN 12-16 653120 0085 03 7.57 092 0.3-15

Lead Azide 1.6 233 1.08 0.125 0.1 431 092 0.18-10

*Integrated over 5.50
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Z5/6
K=T Wi’
Zl/3
J = Apux wirs

where:

K = Bubble period coefficient
(s_'ms /6/kgl /3)

T = First bubble period (s)

Z = Hydrostatic pressure (charge depth (H) in
meters + atmospheric head (H,), also in
meters — approximately equals H + 10)

W = Charge weight (kg)

J = Bubble radius coefficient (m*/3/kg!/3)

A,.x = Maximum bubble radius (m)

V. “Standard’’ Underwater Explosive and ““Standard”’

Test Environment

As already stated, there is a need for a standard
reference expl for underwater expln parameters.
Hicks et al (Ref 11) recommend the use of
crystalline TNT isostatically pressed to a density
of 1600kg/m3. The geometry of this standard
charge is a 1:1 right cylinder with initiation at
its center. The preferred charge weight is 0.45kg.
Boostering, if used, should be limited to <1%of
the charge weight

In arriving at the above recommendations,
Hicks et al measured Pm, 8,1 and E as functions
of charge weight, charge to gage separation,
charge geometry, and point of initiation (center
or end). Tourmaline piezoelectric gages were
employed. Measurements were made over the
reduced distance range of about 1.3 to 6.3m/kg

We quote the conclusions of their study:
“(a) The reduced impulse/stand off relationship
appears to be the same, no matter the size,
shape or mode of initiation. This is probably our
most important observation.

b) The other parameters measured (peak pressure,
time constant, E) for the cylindrical charges are de-
pendent on the charge size and initiation geometry
at the smaller stand off distances. These effects are
small for centre-initiated charges, significantly
worse for end-initiated, but in the former case
diminish at the larger distances.

It was not possible to distinguish between the
parameters for 0.45kg centre-initiated cylinders
and 0.45kg spheres.
¢) The reproducibility of the results for the 0.45

1/3

kg and larger charges is good (by underwater
shock data standards), indicating the reliability
of the manufacture and output of pressed
TNT charges and the adequacy of the small
booster systems (less than 1 per cent by weight).
The 0.1 and 0.05kg charges showed a larger
scatter in their data, being greatest for the
end-initiated charges, although the means
values agreed well with those of the larger
charges.
d) The consistency of the data from centre-
initiated charges is better than from end-initiated
cylinders and the experimental scatter is less.
) The effect of charge density on shock parame-
ters is small but just detectable. Concurrent work
(Part 2 of this report) shows that the density
should be specified to within 1 per cent.
f) The sensitiveness of isostatically pressed TNT
charges is adequate and roughly constant for the
density range covered (1500—1620kg/m?); it is
comparable with that of cast Composition B.”

Bjarnholt (Ref 21) examined the “routine”
determination of underwater expln parameters.
A convenient body of water for such tests is a
pond. To enable comparison of a set of tests
made at one laboratory with those obtained at
other laboratories, Bjarnholt suggests standardi-
zation of:

Charge geometry and inijtiation

Charge depth and distance between charge
and gage '

Pressure gages

He points out that appropriate charge dimen-
sions must be selected to avoid non-ideal detona-
tion, particularly so if one is testing commercial
expls such as ANFO or slurries. Attainment of
ideal detonation also requires good initiation by
properly positioned powerful initiators

Some additional considerations that are parti-
cularly applicable to testing commercial expls are
as follows (from Ref 21):
“When an explosive is immersed in water it will
be exposed to the hydrostatic pressure at the
charge depth. For some explosives the compres-
sion caused by this hydrostatic pressure will
influence initiation sensitivity and detonation
performance considerably. One may therefore
have to consider the choice of charge depth or
the use of a charge with a casing that will take
the hydrostatic pressure and leave the explosive
unaffected.



If the casing of the charge is made of easily
combustible material it may take part in the
explosive reactions and cause a change in the
reaction products composition such that per-
formance is affected. For a relatively strong
casing like a steel tube the energy expended in
demolishing the casing may also have to be taken
into account.

For some homogeneous explosives detonation
performance is strongly influenced by the den-
sity and sound velocity of the charge casing.

The placement of the initiator should be well
controlled because bad “corner turning ability”
of the detonation wave in some explosives may
otherwise cause partial decomposition of dif-
ferent parts of the charge.

Especially for npnideal explosives charge

‘shape and size should if possible resemble that of

the intended application. Deviations from spheri-

cal charge shape should, however, not be too large.

Length to diameter ratios over 10 should be
avoided because shock energy evaluation with
only one gage assumes spherical symmetry in
shock wave parameters.”

Christman and Lingens (Ref 19) consider
essentially the same test variables as Bjarnholt
and arrive at very similar conclusions

VI. Measured Underwater Explosion Parameters

In Section I we defined the principal underwater

expln parameters, and in Section V we showed
how these parameters vary with expl charge
weight and with distance from the charge.
Below we will present quantitative data on these
expln effects. Because TNT in the form of
spheres is almost universally accepted as the
standard underwater charge, much of what
follows will concern spherical TNT charges, and
most of the data are taken from an excellent sum-
mary of underwater expln effects edited by
Swisdak (Ref 17)

The nomogram in Fig 8 (from Ref 17) sum-
marizes the underwater shock effects of spherical
TNT charges fired in deep water. To illustrate
the use of this nomogram consider the following
problem: what are the underwater shock effects
at 10 meters from a 1000kg spherical TNT
charge? The solution to this problem is obtained
simply by drawing a line (as shown in Fig 8) be-
tween 1000 on the W scale and 10 on the R scale

uso0

and reading: I =57, E =810 and P = 52 respec-
tively on the I, E and P scales. To obtain 8, con-
nect 1000 on the W scale with 10 on the R(m)
scale, to read 0.82 on the 0 scale

Table 4 (from Ref 17) presents additional
shock effects, as well as bubble effects, for deep
underwater explns of TNT. The symbols in this
Table were defined in Table 1 and shown sche-
matically in Fig 5. Table 4 also shows the
reduced distance range covered by these mea
surements

Fig 9 (from Ref 17) is a nomogram for the
period and max radius of the first bubble gene-
rated by a TNT expln in deep water. Use of this
nomogram is analogous to that described for Fig 8

The equations upon which the nomogram of
Fig 9 is based are: )

) w1/3

T=K H+ Ho)s/e

-5 w1/3
Amax =T @y H )"

Where the symbols have the following definitions:
Amax = Maximum bubble radius (meters)

T = Period of oscillation (seconds)

W =Charge weight (kilograms)

H = Depth of charge (meters)

H, = Atmospheric head = 10 meters

K,J =Bubble coefficients dependent upon

expi

For TNT, K = 2.11sm%%/kg'/3 and J = 3.50m*? /kg!/3

K and J values for other expls will be presented
later (in Table 7)

The various factors (equal weight ratios) used
to compare shock and bubble effects of different
expls were described in Section I. In practice,
any parameter of interest is obtained by multiply-
ing the corresponding parameter of a standard
expl (usually TNT) by the appropriate equal
weight ratio. The following caveat should be
noted:

For a given series of underwater expln tests,
the shock wave parameters relative to a standard
expl are determined from lines fitted to the data
by the method of least squares. Hence, the slopes
of the similitude lines reported in the various re-
ferences cited vary somewhat. The Equal Weight -
Ratios about to be presented in Table S assume a
constant slope for all expls for each of the four
parameters shown. This seems to be a reasonable
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Pressure Pulse Characteristics of Deep TNT Explosions

The Pressure Pulse Characteristics are presented in equations of the form:

Y = kz§ (R/W2)P

Y k « B Limits of Variable
P, (MP) 504 0 ~1.13 5500=>R/W'/3>79
Py (MPa) 9.03 0 -1.00 12192742152
Py (MPa) 2917 1/6 -1.00 4572>2,>1219
P in (kPa) -312.94 1/3 —-1.00 4267>7,>1372
P in (kPa) —28.987 2/3 —-1.00 13722742152
Ipp/w”3(1<Pa-s/kg1/3) 36.2 -1/3 —0.97 5500=>R/W'/3>198
- Ig/W? (kPa-s/kg'”?) 85.2 -2/5 -1.00 3174>R/W!3>198
Epp/w1/3(m-kPa/kg1’3) 2149 -1/5 -2.07 5500=>R/W'/3>198
rpp/wus(s/kgus) 0.268 -5/6 0 1372=2Z2>152
rpp/w“3 (s/kg!’®) 00117 | -=2/5 0 6706=>Z,> 1372
rnp/w“3 Gs/kg!”®) 1.499 -5/6 0 4267>Z,>198
prp/W”a(s/kg”s) 0.532 -5/6 '0 1372=Z,2>198
Topp/ W' (s/kg!?) 0.099 -3/5 0 6706>Z,>1372
T, /WY3(s/kg /3 2.098 —5/6 0 4267=>Z,>198

assumption for most expls and should give shock
wave parameters which fall within the normal
scatter

Occasionally it is desired to compare expls on
the basis of shock pressure and/or relative bubble
energy. Table 6 (from Ref 17) shows the weight
ratios for several expls relative to Pentolite. If
the weight ratio is greater than unity, the expl is
more “powerful” than Pentolite, and conversely

The charges used to obtain the values shown in
Table 6 were all squat cylinders weighing about
0.5kg. Shock wave energy was calculated from
diaphragm gages at a distance of about 1m and
facing the side of the charge. The precision of
the measurements are +0.03 for W4 and £0.05
for RBE

If measurements of bubble period and bubble
radius are available for an expl of known weight
fired at a known depth, one can obtain its coef-
ficients K and J (see section V). The ratios cubed

of these K’s and J’s to those of a reference expl
can then be used to get RBE and RPBE (see
Section I)

Coefficients K and J for several commonly
used underwater expls are given in Table 7 (from
Ref 17)

On occasion it can be important to know at
what phase of its oscillations a bubble reaches the
water surface and vents. Table 8 (from Ref 17)
shows this in terms of reduced charge depth for
large (140—900kg) TNT charges positioned far
from the bottom

Data on the effect of expl packing density,
Po, on shock and bubble parameters are scarce.
According to Khristoforov (Ref 2), for PETN, P
at po = 1.6g/cm? is appreciably greater than P
at po = 0.4g/cm® at small values of R/W/3, and
less so when R/W'3>10m/kg!’3. For Pb Azide,
P at 1.6g/cm? is appreciably larger than P at
0.85g/cc over the entire range 0.2<R/WY3<
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Table b
Shock Wave and Bubble Conversion Factors
Equal Weight Ratio Equal Weight Ratio
Explosive Dy,4 (Relative to HBX-1) Dy, 4 (Relative to TNT) (RBE) 1 p|(RPBE) - p
) 0 I E P, 0 I E
HBX-1 100 | 100 | 100|100 | 1.08] 099 |1.12 |1.26 1.48 1.44
TNT 092 11.01 {090 | 0.79 1.00 | 1.00 | 1.00 | 1.00 1.00 1.00
HBX-3 089 [1.10 | 099 | 0.86 096 |1.08 | 1.10 | 1.08 1.93 1.82
H-6 1.04 11.06 | 1.02 | 1.09 1.13 | 1.05 §1.14 |1.37 1.69 1.59
Pentolite 1.00 | 1.01 | 0.89 | 0.87 1.08 | 1.00 | 1.00 | 1.09 1.00 1.02
Table 7
Bubble Parameters for Various High Explosives
Table 6 - ; X
Underwater Shock Wave and Explosive
Bubble Energy Equivalent Weight Ratios for TNT 3.50 2.11
losi
Underwater Explosives Pentolite 357 211
Shock Wave Bubble HBX-1 3.95 241
Material (wa)pent (RBE)pem HBX-3 427 2.63
HMX 1.11 1.06 H-6 4.09 2.52
RDX 1.10 1.02
TNT 0.84 094 Table 8
PETN 1.15 1.13 Number of Bubble Oscillations Before
e - e Bubble Reaches Surface (for a TNT Bubble)
H6 1.18 1.54 Reduced Charge Number of Bubble
gg§ ; i . (l) (3) i 491; Depthg,, 1/3 Oscillations Before
- . . 1/3 Reaching Surface
Pentolite 1.00 100 (m/kg™) cing Sur
Note: Based on small charges of weight about 0 Y
0.5kg 05 037
Caveat: These parameters may be influenced by 1.0 0.72
charge density 15 1.08
20 1.45
25 1.83
30 222
35 2.65
4.0 3.07
45 3.55
50 4,07
55 4.68 -
6.0 5.37
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Fig 10 The Effect of Aluminum on the Underwater Power of Explosive Mixtures

Table 9
The Effect of Charge Density on the Underwater Performance of Two Explosives
‘ HBX-1 55/40/5 TNT/Al/Wax
% TMD (wa)pent (RBE)pent (wa)pent (RBE)pent

85 1.15 1.49 0.71 1.72
86 1.15 149 0.71 1.70
87 1.15 148 0.71 1.68
88 1.15 148 0.71 1.64
89 1.15 148 0.71 1.60
90 1.15 1.47 0.70 1.55
91 1.15 1.47 0.68 1.47
92 1.15 1.47 0.66 1.39
93 1.15 1.46 0.63 1.27
94 1.15 146 0.60 1.11
95 1.13 145 0.55 0.90
96 1.11 144 0.50 0.67

97 1.07 143 — -

98 101 1.40 - —




10m/kg!’3. However, the converse is claimed
for impulse, with I being larger at small py over
the observed R/W'/3 range for both PETN and
Pb Azide. This is to be expected because §
increases strongly asp, decreases. Khristoforov’s
results also indicate that both Tand A____ in-
crease as pg decreases for PETN as well as for Pb
Azide

Addition of aluminum enhances most under-
water expln effects. In conventional CHNO
expls, Al reacts to form Al, 05 with the libera-
tion of a large amount of heat. This reaction is
relatively slow and is rarely complete during the
detonation regime in aluminized expls fired in
air or under moderate confinement. In free
water, however, sufficient confinement is avail-
able to enable the reaction to occur before ap-
preciable expansion of the other detonation pro-
ducts. The enhancement of expln effects by Al
can be estimated from the curves shown in Fig
10 (from Ref 17). The abscissa of Fig 10 is the
gram atom Al/O ratio of the expl compn

Aluminized expls exhibit a decrease in per-
formance as their packing density approaches
theoretical maximum density (TMD). This effect
is more pronounced in compns of high Al con-
tent. Table 9 (from Ref 17) shows equivalent
weight ratios (WD 4) and relative bubble energies
(RBE) of two aluminized expls as a function of
% TMD

In the preceding paragraphs we presented
available shock and bubble data at distances
relatively far from the detonating underwater
charge. Hantel and Davis (Ref 9) obtained
velocity and shock pressure data right up to the
expl/water interface. We quote their summary:
“Calibration data are presented for the shock

(om/psec)

Reduced Distance
1 2 3 4

Fig 11 Shock Velocity vs Reduced Distance.
Calculated from Fit to All Six Spheres

N
Shock Velocity
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wave in water driven by a centrally-initiated
sphere of explosive. The measured quantity is
the shock position as a function of time; a simple
function is fit by a least-square technique to the
data. The derivative of the fit function gives
shock velocity, which is used with the known
shock Hugoniot function for water to get shock
pressure. The useful range of pressure in the
water is from 150 to 5 kbar, with an uncertainty
less than £5%. For spheres of 3",4%", and 6"
diameter, no departure from simple scaling is
found. The calibrated system is intended as a
generator of a reproducible pressure pulse for
use in explosive sensitivity tests, gauge calibra-
tion, etc.”

Their shock velocity and shock pressure
curves are shown in Figs 11 & 12, in which the
“reduced distance” is (R + r)/r, where 1 is the
radius of the spherical charge

As already stated (Section IV), modern
values of impulse and energy are obtained by
integration over a time of 56(Ref 17), and not
the 6.70 interval used by Cole (Ref 1). Occa-
sionally it is desired to estimate the impulse and
energy delivered in a shorter or longer time
interval than 56 . This can be done with the aid
of the data shown in Table 10 (from Ref 17).
The data are claimed to be applicable to any
“conventional high explosive” (Ref 17)

180 |
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0 1.5 2.0 2.5 3.0 3.5
Fig 12 Pressure vs Reduced Distance.
Calculated from Fit to All Six Spheres



Table 10
Shock Wave Impuise and Energy Ratios
vs Reduced Time

t/0 I/ 150 E/Eso
0 0 0

0.2 0.120 0.250
04 0.230 0415
0.6 0.320 - 0540
038 0.400 0.650
1.0 0.465 0.725
12 0.525 0.783
14 0.575 0825
1.6 0.620 0.855
1.8 0.660 0.880
2.0 0.690 0.900
22 0.720 0915
24 0.750 0925
2.6 0.775 0935
28 0.800 0.945
3.0 0.825 0950
32 0.845 0.960
34 0.865 0.965
36 0.885 0970
38 0.900 0975
40 0.920 0.980
4.2 0.935 0.983
44 0.955 0987
46 0970 0.990
48 0.980 0.995
5.0 1.000 1.000
5.2 1.010 1.002
54 1.020 1.004
5.6 1.035 1.006
58 1.045 1.008
6.0 1.060 1.010
6.2 1.070 1012
64 1.080 1.014
6.6 1.095 1016
6.8 1.105 1.018

Heretofore we have confined our discussion
to spherical charges and briefly to squat cylindri-
cal charges. For the former, gage orientation is
unimportant if the spheres are centrally initiated
since the disturbance will propagate outward
thru the water with spherical symmetry. For
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long cylindrical charges, however, at least close
to the charge, the shock front will have the
shape shown in Fig 13 (from Ref 1). It is to be
expected that gages located at A, B and C, all at
equal distance r, from the charge, can register
different shock effects '

A quantitative verification of this expecta-
tion is provided in Fig 14 (from Ref 1) which
shows that off-the-side peak pressure is con-
siderably larger than off-the-end pressure

VII. Theoretical Considerations

Theoretical aspects of underwater explns
were studied intensively during WWII. The
prominent names associated with these studies
are: Kirkwood, Bethe, Brinkley, Penney and
Dasgupta. Most of their efforts were summarized
in presently hard-to-find NDRC reports. For-
tunately Cole (Ref 1, Chaps 2,4 & 8) provides
an excellent detailed overview of their work. In
this section we will follow Cole’s presentation
very closely. A less detailed summary of the
theoretical studies is given in Chapt 13 of Ref 10

The fundamental approach used was that of
hydrodynamics to obtain solutions of equations -
for the conservation of mass, momentum and
energy. It is convenient to express these equa-
tions in vector notation and to consider small
amplitude waves separately from waves of
finite amplitude. In what follows, we will first
discuss the shock effects of underwater explns
and then proceed to a quantitative description of
gas bubble motion

For small amplitude waves it is assumed that
the density p after passage of the wave equals
the initial density pg, and that any terms con-
taining the particle velocity u can be neglected.
With these assumptions, the conservation equa-
tions for momentum and mass become:

av _ 1
0 .
=P = —py divy @

where v is the velocity vector. Since P is a defi-
nite function of density, we may write:

o _ (@) 2p
ot (dp>so ot )
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the subscript S, indicating changes along the
isentrope having the entropy of the undisturbed
fluid. The total differential dP/dp, understood
to be evaluated for an isentropic change, will be
denoted by ¢o2, which is the square of the local
sound velocity. Substitution of Eq (3) into (1)
and (2) gives:

% =L gaap @)
Aok _ .

For a plane wave, motion occurs only in the x
direction and eqgs (4) and (5) then become

du _ 1 9P 1 9P _ Ju

————— 2o 3t T POax

o Tx ©)

Furthermore, according to Cole (Ref 1),
solving for P by differentiation and elimination,
we obtain

together with a similar equation for u

This one-dimensional form of the wave equa-
tion is satisfied by any function of the form
f(t+x/cy), the double sign choice accounting for
waves advancing in either positive or negative
directions

Fhysically, these solutions mean that any dis-
turbance originated at some value of x travels
unchanged in form with a velocity cq =+/dP/dp.
The particle velocity u corresponding the the
pressure P = f(t—x/cy) may be found from the

first of Eq (6):
fle-X
o

Qu_ 1 0P_ 1
ot PoCo
the prime indicating differentiation with respect
to the argument. Integrating, we have
t

L fle-X)a
PoCo Co

to
P—P,

PoCo

u-—ugy =

If the constants of integration are chosen to make
u =0 when P =P, the pressure in the undis-
turbed fluid, we have
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u = P-P,
PoCo
Eq (7) is one of the fundamental relationships
of hydrodynamics .

The simplest form of spherical wave is one in
which the disturbance is a function of radial
distance from a source and not of the angular
position. If the radial component of particle
velocity is u_, other components being zero,
and P = P(r), Eqs (4)-& (5) become

Q)

Oy _ _1 0P

at po al'
1ee 10,0y
co? Ot Pozz 3:r \" “or

If the second equation is differentiated with
respect to t, and the particle velocity eliminated
by the first equation, we obtain

1 9({,9P)_ 1 2P
2 or\' or co® 20t

It is easily verified that any function of the
form P(r,t) — Py = (1/0)f(t—r/c,) is a solution,
the negative sign corresponding to an outgoing
wave about the center. Thus the form of an
infinitesimal spherical wave does not change as
it spreads out at the same velocity, but its
amplitude decreases proportional to 1/r, the
inverse of the radial distance ‘

From the above eqns it can be shown (Ref 1,
Chapt 2) that the radial component of particle
velocity u, is given by:

P-P,, 1 (! ; '
o + pot [P(,t)—Pgy]dt
to
Then, according to Cole, “If the time t,=0 is
chosen to precede any disturbance, it is seen
that the velocity in the fluid at a later time is a
function, not only of the pressure at that time
but of all the previous changes in pressure after
a disturbance first reaches the point. These
changes are such that, in a radial disturbance, the
water will be left with an outward velocity, or
afterflow, following passage of a positive pres-
sure wave. This afterflow remains, even though
the pressure has returned to its equilibrium value,
and will be brought to zero only after the pres-
sure falls below the equilibrium value.
A complete evaluation of the pressures and

u,(t) —u(to) =



flow velocities behind the front of an advancing
pressure wave clearly can be made only by con-
sidering the properties of the spherical source,

or agency by which the pressure wave is generated.

The conditions at the front, no matter how far it
progresses, are determined in the acoustic approxi-
mation by the initial motion of the source. The
conditions behind the front, however, depend

on the later behavior of the source, and any
physically realizable source must in turn be

affected by the motion of the fluid surrounding it.

To clarify the nature of the afterflow term, it
is appropriate for underwater explosions to
consider the source as a spherical boundary in
the fluid containing gas initially at high pres-
sure. The initial pressure in the pressure wave
is determined by the initial gas pressure. This
initial compression leaves behind it outward
flowing water in an increasingly large sphere.

If the compression is to be maintained in this
volume, increasingly large displacements of
water near the source are necessary, despite the
weakening of the initial pressure at the front by
spherical divergence. The pressure in the gas
sphere, however, dqcfeases as the volume deter-
mined by the spherical boundary increases, and
the strength of this source must decrease. Out-
ward accelerations of the water near the bound-
ary will thus decrease, but as long as there is a
pressure excess over hydrostatic, outward flow
continues.

In the later stages of the motion, the pressure
in the gas sphere and surrounding fluid falls
below the hydrostatic value Py, the outward
flow is brought to rest, and then inward flow
begins, The kinetic energy of this motion is
thus returned to compression of the gas sphere,
rather than being radiated to infinity as a wave
of compression. At points behind the shock
front, for which the pressures are large and
rapidly changing, the particle velocity depends

T - . p——
4 _ﬁ& 4_%"’"

(a)
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on both the past history of the pressure and its
value at the time, and a clear cut distinction
between motion resulting directly from com-
pression and noncompressive flow cannot be
made in this region.”

In describing small amplitude waves it was
assumed that p = p, with the consequence that
these disturbances always propagate at a velocity
¢ and can no longer be a constant. These finite
amplitude waves can and will be transformed
into very steep-fronted supersonic shock waves -
as illustrated in the following example quoted
from Cole: “In order to see what effect this has
on wave propagation, suppose that, as a result
of displacements of a piston in a tube, a plane
wave of pressure is advancing from left to right
in the tube, and at some instant in time has the
form shown in Fig. 2.1(a). Compression started
in the positive direction at point a will appear to
travel with a speed c, relative to the fluid at the
point. If the particle velocity in the fluid is u,,
the speed with respect to the walls will be
¢, t+u,. Similarly, a compression at point b
will travel with a speed c;, + u,, relative to the
fixed wall. If the pressure set up in the fluid by
the main wave is greater at b than at a, the speed
of sound c and the particle velocity u will both be
greater at b, and the disturbance at b will ad-
vance faster than that at a. At a later time,
therefore, we have to expect that regions of
higher pressure in the wave will approach those
of lower pressure ahead of it, as shown in Fig.
2.1(b), the effect increasing as the pressure
differences increase. The ultimate resuit of this
overtaking effect will be to make the front of
the wave very steep as shown in Fig. 2.1(c).

As the condition of infinite steepness is ap-
proached, however, the pressure and temperature
of closely adjacent layers will be very different;
in other words, the gradients will be large.”

b b

(b) : ()

Fig. 2.1 Formation of a Shock Front in a Plane Wave of Finite Amplitude



Again, according to Cole: “Although the argu-
ments just given apply to plane waves, we should
expect the same sort of effect in spherical waves
except that the amplitude will be weakened by
the spreading out of the wave, and the effect
will become less important as the distance from
the source increases. It would be erroneous,
however, to conclude that effects of finite
amplitude at a shock front are important only
within a few feet of an explosion.”

By substituting the Riemann integral

P dp
o =f c(p)—
oo P

o
into the mass and momentum conservation eqns

for a finite amplitude plane wave, one obtains
(after minor manipulation):

—aa—t(0+u)+(c+u)—a%(o+u) =0

-;—t(o—u)—(c—u)—%{(o—u) =0

Similarly for finite spherical waves one gets:

. 2
2rwrerng iy = -7

2 0-w- v 0-w = -5

In both sets of the above eqns, u is the particle
velocity and ¢ # c, but is a function of P and p.
For spherical waves and sufficiently small incre-
ments dt we can define:

N = (6+u)/2,Q=(0—u)/2 and
dN ON

dN = 3t dt+ Br dr, which, as shown by
Cole, leads to:

dN = -°r—“. dt, dr= (ctu)dt ®)

dQ= —°rl‘. dt, dr = —(c-u)dt ©)

“If at a time t, values of ¢, u, and ¢ are known as
a function of r, increments in N, Q may be calcu-
lated for a sufficiently small interval dt and
corresponding values of dr. Carrying out this
process gives new values of N and Q at distances
r+dr and time t+dt. From these new values of

N and Q as a function of 1, at time t+dt,c and u
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can be determined if 0 is known from the
equation of state for the fluid and the process
can be repeated.”

The above iterative method provides a means
of estimating shock effects of spherical under-
water charges, but the method is cumbersome
and the approximations involved (particularly
the neglect of dissipation effects) are not com-

pletely justifiable

A more tractable approach to shock wave pro-
pagation in water is that of Kirkwood and co-
workers. For details of this rather involved
analysis, the reader is referred to Ref 1, pp
29—33 and 104—106. The basic assumptions of
this theory are that behind the shock front the
entropy is constant, ie, ds=0, and that the con-
version of the expl to its products occurs at
constant volume. With these assumptions, it
is then possible to get approximate analytical
solutions of the equation of motion in terms of
the enthalpy of the system

We will now summarize the conclusion of
the Kirkwood-Bethe theory. Fig 15 shows the
computed peak pressure and computed reduced
time constant for TNT plotted vs the inverse
reduced distance. The dotted lines are a power
function fit thru the computed peak pressures.
The x’s are drawn in by the writer to compare
computed and measured reduced time con-
stants (taken from Fig 7.9, p 240 of Ref 1).
Comparison of other computed and measured
shock parameters on the basis of the power
functions shown below (in Cole’s notation and in
English units) is made in Table 11 (from p 242
of Ref 1)

Note that theory predicts all spherical shock
parameters to be a little higher than observed, but
the overall agreement is remarkably good. In-
cidentally the above eqns with their best fit
coefficients (shown in Table 11) hold for pres-
sures up to about 25,000psi or roughly to a
distance of 7 charge diameters. At closer dis-
tances theory begins to break down because of
neglect of dissipation effects at the shock front,
and disregard of the true form of the detonation
wave. Measured data in this region are scarce.
What data are available indicate that pressure
decays more rapidly with distance than pre-
dicted by theory or the power function relation-
ship based on measurements at distances greater
than 7 charge diameters
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Table 11
Parameters of Shock Wave Similarity Curve for Several Explosives
Values predicted from the Kirkwood-Bethe theory over the same pressure range are given in parenthese

wis\a . )
Pm = K __R_>

I(t/wl/S) = lwl/3 ‘V_l/a_
R

W173 Y
173 = wi/3
Eqt/W''°) =mW ( R )

Peak Pressure Energy Density
Explosive P, Impulse I(t) E(t) Time of
10k o 1 8 10m y Integration
TINT 2.16 1.13 1.46 0.89 241 2.05
Density 1.52 (2.60) (1.2n (1.50) (0.86) (3.78) 2.11) 6.70
Loose Tetryl 2.14 1.15 1.73 0.98 3.00 2.10 -
Density 0.93 (2.50) (122) (1.50) (0.86) (3.20) (2.04) 5.00
Pentolite 225 113 2.18 1.05 327 2.12
Density 1.60 (2.85) (1.23) (1.65) (0.88) (4.23) 2.11) 6.70
30,000 g
/
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Fig 15 Calculated Peak Pressure and Time Constant for TNT
(Kirkwood-Bethe theory)
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If measurements of the shock velocity in
water are available at various distances from the
charge, one can compute shock pressures at
these distances. This approach can be used
close to the charge where direct transducer mea-
surements present formidable problems. An exptl
arrangement for measuring shock velocity is
shown in Fig 16 (Ref 1). Measurements thus
obtained are compared with theoretical pre-
dictions in Fig 17 (closed circles). Also shown
are direct pressure measurements (open circles).

Agreement between measurements and the
Kirkwood-Brinkley theory is excellent for re-
duced distances greater than 2 (agp=charge
radius)

Very close to the charge, and particularly at
the charge/water boundary, the theoretical
calculations are much too low. This is not un-
expected since theory assumes a constant volume
expln, whereas a true detonation imparts roughly
twice the pressure to the surrounding water than
a constant volume expln



The theories of the shock wave so far de-
scribed have dealt with the case of spherical
symmetry, which is the simplest symmetry cor-
responding to an exptly realizable situation.
Practical underwater charges are more cylindrical
than spherical in shape, and they are mostly
initiated at one end rather than in the center.
Any tractable theory for some other than spheri-
cal shape of charge is therefore desirable, if
only to reveal the nature of the resulting dif-
ferences. The simplest geometry for this purpose
is evidently the one-dimensional case of an
infinite cylinder detonated simultaneously at all
points on its axis, but this is obviously an exptly
unattainable mathematical idealization. How-
ever, even for cylinders of finite length initiated
at one end, the detonation velocity can be high
enough so that the shock front makes an angle
of less than 30° with the cylinder surface. Con-
sequently it is to be expected that at distances
rather close to the charge, a theory based on the
ideal infinite cylinder may provide results that
are in rough accord with observations

The basic differences between spherical and
cylindrical symmetry are in the propagation
equations for the water and expln products, the
equations of state and the shock front conditions
remaining unchanged. Thus, even for acoustic
waves, pressure for cylindrical waves varies as
12 F(t—r/co) where F is an undetermined
function, as compared with ' F(t—r/c,),
valid at any distance for acoustic spherical waves.
The development of a finite amplitude theory
will not therefore be as simply related to the
actual state of affairs, and errors incurred in
approximations used will be larger than for
spherical waves

Rice and Ginnell (see Ref 1, Chapt 4) de-
veloped a theory for shock effects of infinitely
long cylinders along lines analogous to the
Kirkwood-Bethe theory for spheres. As expected
(on the basis of geometric considerations and
known acoustic propagation), pressure decay
with distance in cylindrical charges is much
slower than for spheres. The following discus-

- sion, taken verbatim from Cole (Ref 1, Chapt 4),
presents the major results of the Rice-Ginnell
theory: “The calculated peak pressure Py, for

cast TNT of dens1ty 1.59is plotted in Fig. 18 as

a function of R/ay, where ag is the radius of the
cylinder and R the distance from the axis. Near
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the charge the pressure falls off roughly as
(ag/R)°*®, and for greater values of R/ag changes
in slope of the logarithmically plotted curve
occur. These changes at large values of R/af, are,
however, not likely to be realized in actual
experiments because cylindrical charges of length
many times the distance R, which itself is much
greater than ag, would be necessary to approxi-
mate the assumed symmetry.

As an estimate of peak pressure in the equa-
torial plane perpendicular to the axis of a charge
of finite length, Rice and Ginell suggest that
comparison be made with a spherical charge of
the same weight. At small distances, the peak
pressure should be essentially that for an in-
finite cylinder, and at larger distances the pres-
sure should approach values for the sphere, the
deviations from this symmetry becommg in-
creasingly unimportant.

The pressures for spherical charges of the
same weight as cylinders with length/radius
ratios of 10 and 50 are plotted in Fig. 18, as
calculated from the Kirkwood-Bethe theory.
The transitions from the cylindrical case to the
spherical ones should occur in the region R~
L/2, and the dotted lines suggest a reasonable
transition. The decay of peak pressure with
distance on this basis would change rather
smoothly from a decay roughly as (ag/R)°¢
near the charge to a decay as (ag/R)!'!% at
distances greater than the length of the charge.
Similar estimates for the time constant & as
defined by P(t)=Pme’t 0 are plotted in Fig. 19,
and the differences in the changes of 0/ay
with increasing distance are evident from this
figure.”

To compare shock effects of off-the-side with
off-the-end cylindrical charges, we show measured

peak pressures and energies from 7.62kg, 7.62m long

TNT cylinders of 0.05m diameter in Figs 20 & 21,
respectively (from Ref 17)

Note the relatively small dependence of pres-
sure or energy on direction of initiation in the
off-the-end measurements and the large differ-
ences between the off-the-side and off-the-end
measurements

The x’s on Fig 20 (drawn in by the writer)
are derived from the theoretical infinite cylinder
results of Fig 16. It appears that the theoreti-
cally calculated points follow the shape of the
observed curve rather well but are displaced
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above it as would be expected, because theory
neglects dissipation effects at the shock front

Recently various computational hydro codes
have been adapted to the determination of
underwater shock parameters. A Lagrangian
code (with artificial viscosity) augmented by a
“sharp shock routine” was used by Sternberg &
Hurwitz (Ref 12) to generate the curves shown
in Figs 22,23 & 24

Note that PBX 9404 has the highest shock
pressure (Fig 22) at all reduced distances, but
Pentolite has the highest energy (Fig 24) at
R/Ry=10. The highest impulse (area under the
P-t curves in Fig 23) is obtained with a low
density Pentolite charge. The implications of
these results will be examined more fully in the
next section

So far we have been considering theoretical
treatments of underwater shock effects. Now we
turn our attention to a theoretical description
of bubble motion

After emission of the shock wave, the gaseous
products of an expln continue to expand out-
ward at a gradually decreasing rate. As a result
there are considerable radial displacements of
the water, but the changes in velocity take place
at a much slower rate than in the initial phases of
the motion immediately following detonation.
The pressures in the surrounding liquid are there-
fore much smaller and the whole character of
the motion changes. As already stated in Sect I,
bubble oscillations are relatively stable and dur-
ing most of the oscillation cycle the pressure
within the bubble is much less than the hydro-
static pressure

These observations about the bubble motion
are the basis of all the bubble theories which
lead to numerical predictions of bubble radius,
migration and period. It is a common charac-
teristic of such theories that changes in density
of the water surrounding the bubble are neg-
lected (the noncompressive approximation), and
it is further assumed that the bubble retains a
spherical form thruout its motion. From what

" has been said, it is evident that both these

assumptions are plausible as far as the expanded
phase of the motion is concerned. They must,
however, be increasingly poor as the bubble
approaches its minimum radius for which very

_much larger pressures and acceleration are

involved
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Most of the features of the theoretical treat-
ment of bubble motion are present in the treat-
ment that considers the water incompressible
and neglects gravity effects. We quote from Cole
(Ref 1, Chapt 8): “The simplest approximation
to the true motion of the bas bubble is the one
in which it is assumed that the motion of the
surrounding water is entirely radial and there is
no vertical migration. In this approximation,
which has been discussed by a number of writers,
the hydrostatic buoyance resulting from differ-
ences in hydrostatic pressure at different depths
is neglected. It is thus assumed that at an infinite
distance from the bubble in any direction the
pressure has the same value as the initial hydro-
static pressure Py at the depth of the charge

(atmospheric plus the added pressure of the
water column). For a given depth of charge,
the differences in pressure at the surface or near

‘the bubble will clearly be greater the larger the

charge and bubble resulting from its deforma-
tion. The neglect of differences in hydrostatic
pressure should thus be more serious for large
charges and small depths.

If radial flow is assumed, the equations of
continuity and motion for the water are (Eqgs.
(2.2) and 2.4))

90
@.1) at % ar
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For pressure changes of the order 15 Ib/in?,
such as prevail over most of the bubble motion,
the corresponding changes in density are of the
order 10'4po, where p, is the equilibrium den-
sity. Under these conditions, the derivatives of
density p are easily seen to be negligible in the
first of Eqs (8.1), which then becomes

du _ _2pu
or - 1

Integrating this equation, we have

uy (1)

u(rt) = "
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where the constant of integration u, (t) is the
velocity for r=1 and may depend on time. The
radial velocity in noncompressive flow thus falls
off as the inverse square of the distance from the
origin, as is, of course evident from elementary
principles. With this result the second of Eqs
(8.1) becomes
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Integrating from the surface of the gas sphere,
for which r=a, ua=da/dt=*u,a2 , P=P,, to infinite
distance where P=P, and u=0, gives

d da) 1 da \?
b (“2 d—t'>“7”° ('d—t) ~®,—Po) = 0

Integrating with respect to time leads to the
result
8.9

t
lPoa (g:) +—;—P0a3 —f Paazda=C'
o A

where C' is a constant of integration. Except for
a factor 4, the integral over a is easily seen 