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PREFACE

Scientific interest in the processes of generation and transmission through
the air of blast waves from explosive sources dates back at least to the latter
part of the nineteenth century. The number of reported experimental and
analytic studies of air blast phenomenology increased materially during
World War II. In spite of the voluminous literature on the subject, there has
been no single reference work comprehensive enough to cover both
theoretical and experimental aspects of air blast technology. This handbook
attempts to remedy this problem.

Explosions in Air, Part One is a general reference handbook on the topic,
intended for use by both casual and experienced investigators in air blast
theory and experiment. A special feature of the handbook is the inclusion of
large-scale graphs of scaled air blast parameters. The literature relating to air
blast technology is reviewed thoroughly and an extensive list of reference is
included.

This handbook includes chapters on general phenomenology, air blast
theory, blast scaling, computational methods, air blast experimentation,
compiled blast data, air blast transducers, instrumentation systems, photog-
raphy of air blast waves, and data reduction methods. It is illustrated by
many figures and graphs. Specifically excluded from this handbook are
classified aspects of air blast technology, laboratory applications such as
shock tubes, and response of structures to blast loading. These topics are
presented in Explosions in Air, Part Two, AMCP 706-182(S).

This handbook was prepared by the Southwest Research Institute, San
Antonio, Texas, for the Engineering Handbook Office of Duke University,
prime contractor to the U. S. Army Materiel Command. Dr. Wilfred E. Baker
was the author. Technical guidance and coordination were provided by a
committee with representatives from the Ballistic Research Laboratories,
Picatinny Arsenal, and the U. S. Army Electronics Command. Members of
this committee were Charles N. Kingery, Chairman; William J. Taylor;
Richard W. Collett; and Charles Goldy.

The Engineering Design Handbooks fall into two basic categories, those
approved for release and sale, and those classified for security reasons. The
Army Materiel Command policy is to release these Engineering Design
Handbooks to other DOD activities and their contractors and other
Government agencies in accordance with current Army Regulation 70-31,
dated 9 September 1966. It will be noted that the majority of these
Handbooks can be obtained from the National Technical Information
Service (NTIS). Procedures for acquiring these Handbooks follow:
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a. Activities within AMC, DOD agencies, and Government agencies other

than DOD having need for the handbooks should direct their request on an
official form to:

Commander

Letterkenny Army Depot
ATTN: AMXLE-ATD
Chambersburg, PA 17201

b. Contractors and universities must forward their requests to:

National Technical Information Service
Department of Commerce
Springfield, VA 22151

(Requests for classified documents must be sent, with appropriate “Need to
Know” justification, to Letterkenny Army Depot.)

Comments and suggestions on this Handbook are welcome and should be
addressed to:

Commander

US Army Materiel Command
ATTN: AMCRD-TV

5001 Eisenhower Avenue
Alexandria, VA 22333

DA Forms 2028 (Recommended Changes to Publications), which are

available through normal publications supply channels, may be used for
comments/suggestions.

Xviii



1-0 LIST OF SYMBOLS

A
ab,c.f.g.h

CC

CHAPTER 1
GENERAL PHENOMENOLOGY
o
S
path of triple point
Sf
constants
T
charge center; image center
T, T
total explosive energy
incident wave front t
positive impulse t
negative impulse U
largest characteristic dimen- U,
sion of blast source
u
locus of Mach stem front
side-on overpressure of re- u,
flected wave
uS
diffracted Mach stems
ur
side-on overpressure of in-
cident wave, overpressure of
positive phase, overpressure of VvV
negative phase
vl ) V2
dimensionless pressure ratio
W
absolute pressure
z
ambient pressure
afy
dynamic pressure
, & Aps Yy
reflected wave front, or dis- o' o .
mun
tance from blast center
radial cylindrical coordinate 07

AMCP 706-181

characteristic dimension of

blast source

slipstream locus
reflecting surface locus
triple point

positive phase duration, nega-
tive phase duration

time

blast wave arrival time
velocity of incident wave
velocity of reflected wave

particle velocity at time ¢;
wind velocity

particle velocity in ambient air
particle velocity at time ¢t = 0

particle velocity of reflected
wave

total volume

= locus of vortices

explosive charge mass
axial cylindrical coordinate

constants

.»= various angles describing geom-

etry of obliquely reflected

shocks
ratio of specific heats
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0, Bs, Br, 60 = temperature, temperature of
incident wave, temperature of
reflected wave, temperature of
ambient air

A = shock radius

Ps s P, Py density, density of incident
wave, density of reflected
wave, density of ambient air

o angle of inclination of A to Sf

1-1 DEFINITION OF EXPLOSION

The word *“explosion” is defined by
Webster as: “explosion: a large-scale, rapid
and spectacular expansion, outbreak, or other
upheaval”. We will use the word in a some-
what more restrictive context in this hand-
book, implying a process by which a pressure
wave of finite amplitude is generated in air by
a rapid release of energy. Some widely differ-
ent types of energy sources can produce such
pressure waves, and thus be classified as
“explosives” according to our definition. The
stored energy in a compressed gas or vapor,
either hot or cold, can be such a source. The
failure of a high pressure gas storage vessel or
steam boiler, or the muzzle blast from a gun,
are, therefore, examples of explosions. Re-
lease of electrical energy by discharge in a
spark gap, or the rapid vaporization of a fine
wire or thin metal film, can produce strong
pressure waves in air, and thus can be clas-
sified as an explosion source. The more usual
energy sources for explosions in air are,
however, either chemical or nuclear materials,
which are capable of violent reactions when
properly initiated.

1-2 BLAST WAVE CHARACTERISTICS

Regardless of the source of the initial finite
pressure disturbance, the properties of air as a
compressible gas will cause the front of this
disturbance to steepen as it passes through the
air (colloquially, to “shock-up”) until it ex-
hibits nearly discontinuous increases in pres-
sure, density, and temperature. The resulting

1-2

shock front moves supersonically, i.e., faster
than sound speed in the air ahead of it. The
air particles are accelerated also by the pas-
sage of the shock front, producing a net
particle velocity in the direction of travel of
the front. These characteristics of the shock
or blast wave differ quite markedly from an
acoustic wave — the latter involves only
infinitesimal pressure changes, produces no
finite change in particle velocity, moves at
sonic velocity, and does not ‘‘shock-up”. We
can emphasize the differences in other ways.
The transmission of blast waves in air is
inherently a nonlinear process involving non-
linear equations of motion, while acoustic
wave propagation can be handled quite ade-
quately by linear theory. The processes of
reflection and diffraction occur for either
type of wave on encountering obstacles, but
these processes are markedly different for
blast waves and sound waves.

1-3 “IDEAL” BLAST WAVES IN FREE AIR

1-3.1 MEASURED PRIMARY SHOCK
CHARACTERISTICS

Let us consider the characteristics of ideal,

or classical, blast waves formed in air by one
of the sources mentioned in par. 1-2. We will
assume that an explosion occurs in a still,
homogeneous atmosphere and that the source
is spherically symmetric, so that the char
acteristics of the blast wave are functions only
of distance R from the center of the source
and time ¢. Let us further assume that an ideal
pressure transducer, which offers no resis-
tance to flow behind the shock front and
follows perfectly all variations in pressure,
records the time history of absolute pressure
at some given fixed distance R. The record
that such a gage would produce is shown in
Fig. 1-1. For some time after the explosion,
the gage records ambient pressure p, At
arrival time t,, the pressure rises quite abrupt-
ly (discontinuously, in an ideal wave) to a
peak value p, + P The pressure then decays
to ambient in total time #, + T*, dropstoa
partial vacuum of amplitude I; and eventually
returns to p, in total time L+ T+ +T-. The
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Figure 1-1. Ideal Blast Wave

quantity P.* usually is termed the peak side-on
overpressure or merely the peak overpressure.
The portion of the time history above initial
ambient pressure p, is called the positive
phase, of duration T*. That portion below pg,
of amplitude P and duration T 7, is called the
negative phase. Positive and negative impulses,
which are defined by the equations

Ia+T’
= [ oy -poar (1-1)
ta
and
t,+T*+T"
If= f [p,~ P(D)] dt (1-2)
t,+T*

are also significant blast wave parameters.
Under well-controlled experimental con-
ditions, it is possible to observe the ideal blast
wave characteristics*.

1-3.2 FUNCTIONAL FORMS OF PRIMARY
SHOCK CHARACTERISTICS
1-3.2.1 PRESSURE-TIME HISTORY

To describe completely the characteristics

*Where the symbols designating peak pressures, durations,
and impulses appear without superscript plus or minus signs
later in this handbook, the plus sign indicating positive
phase will be implied.

AMCP 706-181

of the pressure-time history of the “ideal”
blast wave, one should specify its form as a
function of time. A number of different
authors have recommended or used such
functional forms, which are based on empir-
ical fitting to measured or theoretically pre-
dicted time histories. Primary emphasis has
been given to fitting the positive phase.

1-3.2.1.1 POSITIVE PHASE
1. Two Parameter Form:

The simplest of these “‘blast wave shapes™
involve only two parameters. Flynn!*, in
considering blast loading of structures, as-
sumed a linear decay of pressure, given by the
equation**

p(t)=p, +P: (1 —t/T*)  (1-3)
where

i, <t <t +T*

In fitting this form to data, the true value for
P; usually is preserved, and the positive phase
duration T+ is adjusted to maintain true
positive impulse ;. One also could adjust the
positive phase duration to match the initial
decay rate of Eq. 1-3 with that of experi-
mental data, but this would result in an
underestimate of the positive impulse. This
form is admittedly oversimplified, but it is
often adequate for response calculations. Eth-
ridge? has shown that a form of the equation

p(t) = p0+Ps" e~ ¢! (1-4)
where

ta<t<ta+T+

*Superscript numbers refer to References at the end of each
chapter.
**[n the following equations ¢ can be set equal to zero or
any other convenient number.
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will accurately fit many gage records over
most of the positive phase. With this form one
also can match the amplitude P; and the
initial decay rate or the amplitude and the
positive impulse* with experimental results.
Eq. 14 is undoubtedly a better representation
than the purely linear decay predicted by Eq.

1-3.
2. Three or More Parameter Form:

The next more complex formulation in-
volves three parameters. This form, usually
termed the “modified Friedlander equation”,
is

p ) =p, +P; (1 =tiT)e T g

where

ta<t<ta+T’

The additional parameter allows freedom in
matching any three of the four blast char-
acteristics Ps’, T+, Is’, and initial decay rate
dp

dar | t=0

Ethridge? noted that rate of exponential
decay in experimental records appeared to
decrease with time and he proposed a four-
parameter equation to allow still more free-
dom in matching. This equation is

p(t) =p, | (1-6)
+P} (1 —t/T"e =bU - fi/TH/T*

All four of the previously mentioned char-
acteristics could then be fitted, or some
additional characteristic introduced in place
of one of these four. Brode3® also has pro-
posed a four-parameter model given by the
equation

p(t)=p0 ' (1-7)
+Ps (1 —t/T*)e —b[1+g/(1+ht/T*]

*Even though the pressure never returns to ambient with this
form, l’; is finite.
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to match time histories of positive phase

overpressure which he predicted from theoret-
ical calculations of blast waves generated from
a point source. The most complex formula to
date which has been proposed for fitting
positive phase time history data is also due to
Brode*. This equation, involving five param-
eters, is

pO)=po +P,* (1 —1/T*) [ae- at/T*
- ﬂt/T’]

+( —ak (1-8)

Ethridge? shows that a very excellent fit of
experimental data can be made with this
equation.

One can ask the question, “In defining
overpressure, which of the Eqs. 1-3 through
1-8 should I use?” No unique answer can be
given to this question. All of the equations are
strictly empirical. Egs. 1-3 and 14 are simple,
but both deviate considerably from some of
the observed characteristics of ideal blast
waves. The linear decay Eq. 1-3 is inaccurate,
and the failure of Eq. 14 to return to
ambient pressure is inaccurate. Eq. 1-5 is still
reasonably simple and allows more accurate

matching with observed parameters. Eqs. 1-6
through 1-8 are increasingly complex, but
they also allow increasing accuracy in adjust-
ing to experiment or theory. The author feels
that one should use the simplest form com-
mensurate with the accuracy he desires for
any given analysis. Probably the best com-
promise is the “modified Friedlander equa-
tion”, Eq. 1-5, since it does allow adjustment
to conform to the most important blast wave
properties, and yet it is not too complex.

1-3.2.1.2 NEGATIVE PHASE

The characteristics of the negative phase of
the pressure-time history have been ignored
almost totally. Probably this is the case
because most investigators have felt that the
negative phase is relatively unimportant com-
pared to the positive phase, or because they
have experienced considerable difficulty in
accurately measuring or computing its char-



acteristics. The only proposed functional
form for this phase which the author could
locate is one due to Brode3, given by the
equation

p(t)=po - P; [/T)

(0 —t/T)e '/T]

(1-9)

where
1, +T*<t<t,+T*+T"

This form is based on Brode’s point-source
theoretical solution.

1-3.2.2 PARTICLE VELOCITY AND
OTHER PARAMETERS

The blast front in its passage through the
air not only increases the pressure, but also
increases density p and temperature 6, and
accelerates .the air particles to produce a
particle velosity u in:the direction of travel. If
we were to plot time histories of these
physical quantities, they would be similar to
Fig. 1-1 with the exception that the durations
would not necessarily be the same as for
pressure-time history.

John Dewey® has proposed an empirical
equation to fit time histories of particle
velocity u for blast waves generated by TNT
explosions. This equation, involving four
parameters, is

u()=u (1 -Bt)e"*+an (1+pr) (1-10)

Dewey notes that the last term in this
equation does not agree with theoretical
predictions from Brode’s theory, but is re-
quired to fit experimental data. He attributes
the discrepancy to the contribution of after-
burning which is not accounted for in Brode’s
theory.

1-3.3 SECONDARY AND TERTIARY
SHOCK CHARACTERISTICS

For any finite explosion source our ideal
blast wave also can exhibit numerous repeated

AMCP 706-181

shocks of small amplitude occurring at various
times after #,. These are caused by the
successive implosion toward the center of
rarefaction waves from the contact surface
between explosion products and air.* Sec-
ondary and tertiary shocks of this nature,
sometimes facetiously called ‘“pete” and
“repete”’, have indeed been observed, as can
be seen in Fig. 1-2. These later waves have
little effect on any of the characteristics of
the positive phase of the blast wave with the
exception of positive duration T . This param-
eter can be changed quite markedly if a
secondary shock happens to arrive just prior
to the initial decay reaching po,- On the other
hand, secondary and repeated shocks can
markedly affect the negative phase, causing it
to be abruptly terminated, or markedly reduc-
ing the negative impulse /; or amplitude P_.
The only reasonably complete discussion of
secondary shocks appears to be that of
Rudlin® who points out differences in scaled

“arrival times and overpressures for secondary

shocks with type of explosive source and
presence or absence of a ground reflecting
plane.

1-4 “NONIDEAL* BLAST WAVES

14.1 IN FREE AIR

Quite often, the observed characteristics of
air blast waves differ in one or more respects
from the “ideal” waves which we have just
discussed. If the blast source is of low specific
energy content, such as a relatively low
pressure mass of expanding gas, then the
finite pressure pulse generated in the sur-
rounding air may progress some distance
before ‘“‘shocking-up”. This phenomenon has
been observed by Larson and Olson” in
measurements of the waves generated by
bursting air-filled pressure vessels. The pres-
sure-time histories of waves close to such
vessels exhibit rise-times to maximum pres-
sure which are of the same order of magni-
tude as times for decay back to atmospheric
pressure. If the blast source is a cased explo-

*These later shocks for explosions in free air should not be
confused with reflected shocks occurring when reflecting
boundaries are present.
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Figure 1-2. Recorded Pressure-Time Histories
of Actual Blast Waves from 1-1b,
Pentolite Explosive Spheres

sive charge, recorded time histories of pres-
sure may be quite ‘“‘trashy” in appearance,
that is to say, many small pressure distur-
bances superimposed on the primary pressure
variation of the blast wave. An example is
shown in Fig. 1-3. These disturbances are the
ballistic shocks generated by fragments of the
casing moving at supersonic speed through the
air. Because fragment velocities decay less
rapidly than blast wave velocity, these frag-
ments outrun the blast wave for some time,
and they produce disturbances prior to blast
wave arrival*. This effect is shown quite
clearly in Fig. 1-3.

Blast waves from sources of shapes other
than spherical are affected by the shape of the
source. These deviations are, however, quite
different from the nonideal effects discussed
here. Characteristics of waves from effectively
infinite line or plane sources are discussed in
par. 1-6 of this handbook, while character-
istics of waves from finite sources of various
shapes are covered in Chapter 3 of AMCP
706-182, Explosions in Air, Part Two3°.

*Eventually the blast wave will catch up to and pass the
fragments, because the lower limit for blast wave velocity is
sound speed while the lower limit for the velocity of the
fragments, which are decelerated by drag, is zero.
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1-4.2 GROUND EFFECTS

The character of blast waves from large
energy sources detonated near the ground can
be modified considerably by certain “ground
effects”, quite independently of the effects of
shock reflection from a relatively rigid sur-
face, which we will discuss later. Thermal
radiation from a nuclear weapon may preheat
the air near the ground, which causes a severe
enough inhomogeneity in the atmosphere
near the ground that the subsequent passage
of a blast wave is affected seriously. Pressure
gages located near the ground then will record
decidedly nonideal time histories, as indicated
by some typical data reproduced here as Fig.
1-48. The disturbance arriving ahead of the
main shock is usually termed a ‘“‘precursor”.
In the precursor regime, dynamic pressures**
may be much greater than in a region where
ideal waves occur. As can be seen from Fig.
14, precursor effects tend to disappear, and
the blast wave to return to its classical (or
ideal) form as the wave moves farther from
the blast source. These effects are more
pronounced over dusty or heat-absorbing sur-
faces than over dust-free or heat-reflecting
surfaces.

Precursors from a large chemical explosion
on the surface of a prairie have been observed
by John Dewey® to occur along roads com-
pacted in the prairie. He attributed the
precursors to strong ground waves, which
would have propagated along the compacted
roads at greater velocity than through the
uncompacted prairie.

The deviations from ideal blast wave char-
acteristics which have been noted are only a
few examples of such deviations which can
occur. But, small variations in initial spheric-
ity of a shock front, or other small aberra-
tion from ideal conditions, usually ‘‘smooth
out” quite quickly on passage of the blast
wave through the air, resulting in relatively
ideal blast waves everywhere except close to
the blast source. A surprisingly large majority

**Dynamic pressure ¢ = (1/2)p u® where p is density and u
is a particle velocity.
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Figure 1-3. P-T Curves Produced by a Cased Charge

of measured blast wave properties agree quite
well with those of ideal waves. In other
words, the characteristics of the ideal waves
discussed earlier are also the characteristics of
stable blast waves.

1-5 REFLECTION AND DIFFRACTION OF
BLAST WAVES

So far we have considered the properties of
air blast waves as they propagate freely
through the air. On encountering any solid or
dense object, these waves are seriously modi-
fied, as they reflect from this object and
diffract around it. Let us now discuss these
two phenomena.

1-5.1 REFLECTION OF A PLANE WAVE
15.1.1 TYPES OF REFLECTION

1-5.1.1.1 NORMAL REFLECTION

The simplest case of reflection is that of
normal reflection of a plane shock wave from
a plane, rigid wall. This phenomenon is shown
schematically in Fig. 1-5. On the left, the
incident wave / is shown just prior to impinge-
ment on the wall. It is moving at velocity U
into still air whose ambient conditions are
designated by the symbols with subscript
zero. The conditions immediately behind the

shock front are, as indicated, those for the
free-air shock wave discussed previously in
this chapter. On the right, the front R is
shown immediately after reflection from the
wall. It is moving away from the wall with a
velocity U, into the flow field and com-
pressed region associated with the incident
wave. In the reflection process, the incident
particle velocity « is arrested (u = 0), and the
pressure, density, and temperature of the
reflected wave are all increased above the
values in the incident wave. The overpressure
at the wall surface usually is termed the
“reflected overpressure’”, and is designated
F,.* For very weak shocks, P, <<p,, acoustic
approximations are valid, and the reflected
overpressure is twice the incident overpres-
sure, P, =2P. For stronger incident shocks,
the enhancement of reflected pressure is
increased. An upper limit often cited in the
literature! © is P, = 8 P.. This limit constitutes
a popular misconception and is probably
considerably in error, since it is based on the
assumption that the air behaves as a perfect
gas even at the high pressures and tempera-
tures extant under strong shock conditions.
Doering and Burkhardt!! and Shear and
McCane!? have shown that this ratio can be
much greater (perhaps 20 or more) if real gas

*Superscript plus signs for positive phase are implied in this
discussion.
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effects such as dissociation and ionization of
the air molecules are accounted for.

1-56.1.1.2 REGULAR OBLIQUE REFLEC-
TION

The next case, in order of complexity to
the “normal” case of reflection is that of



so-called regular oblique reflection of a plane
shock wave from a rigid, plane wall. This
phenomenon is illustrated in Fig. 1-6. The
incident shock travels into still air (Region
(D) at velocity U, with the incident shock
front making an angle of incidence o with
respect to the wall. The properties behind this
front (Region @) are those for a free-air
shock. On making contact with the wall, the
flow behind the incident shock is turned,
because the component normal to the wall
must be zero, and the shock is reflected from
the wall at a reflection angle op not neces-
sarily equal to ;. The symbols in Region @
indicate the reflected shock properties which
are the conditions for that region. A pressure
transducer flush-mounted in the wall would
record only the ambient and reflected wave
pressures (direct jump from conditions of
Region (D to those of Region @) as the
wave pattern traveled along the wall, while
one mounted at a short distance from the wall
would record the ambient pressure, then the
incident wave pressure, and finally the re-
flected wave pressure. Some interesting prop-
erties of this regularly reflected shock are:!3

1. For a given strength of incident
shock, there is some critical angle of incidence
% it such that the type of reflection de-
scribed previously cannot occur for o >
«, ... In the limit of vanishing shock
strength, «, .. = 90 deg; and in the limit of
infinite shock strength, «, . = Sin™? 1/y=
39.97 deg for air with vy = 1.4 (see Fig. 54,

- Ref. 35).

2. For each gaseous medium, there is some
angle o' such that for &, > o' the strength of

I
R
® ®
p°+Prr
Pl" el" ul’ pO' Po: 60' uo'o
{usinap=0)

4 7777

Figure 1-6. Regular Oblique Reflection of a
Plane Shock from a Rigid Wall
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the reflected shock is greater than it is for
head-on reflection. This is given by a’ = (1/2)
Cos ™ (v - Iy2. For air (approximated as an
ideal gas with v = 1.40), &' = 39.23. However,
it is only for weak or moderate shocks, p; /p,
< 7.02 in ideal air, that this can occur before
regular reflection is forbidden.

3. For a given strength of incident shock,
there is some value of the angle of incidence
such that for o = ¢ . the strength of the

n
reflected shock, P,/p,, is a minimum.

4. The angle of reflection &y is an increas-
ing monotonic function of the angle of

incidence Q.

These properties of oblique shocks — refer-
ring respectively to items 1 through 4 for
reflected shocks — differ quite markedly from
corresponding properties of acoustic waves,
which are:

1. Regular reflection occurs for0<e, <90
deg

2. P= 2P, for all values of «
3.P= 2Ps for all values of «
4. o =0 for all values of o .

1-6.1.1.3 MACH REFLECTION

The next type of reflection, in order of
complexity, is Mach reflection of a plane
shock wave that is obliquely incident on a
plane, rigid wall. As noted in the preceding
discussion of regular oblique reflection, there
is some critical angle of incidence —
dependent on shock strength — greater than
at which regular reflection cannot occur.
Ernst Mach showed!3, in 1877, that the
incident and reflected shocks would coalesce
to form a third shock. Because of the ge-
ometry of the shock fronts, they are termed
“Mach V> or “Mach Y” shock fronts, with
the single shock formed by the coalesced
incident and reflected shocks normally called
the “Mach stem”. The geometry of Mach

1-9
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reflection is shown in Fig. 1-7. In addition to
the incident and reflected shocks, I and R, we
now have the Mach shock M with the junction
T of the three shocks being called the “triple
point”.* In addition, there is also a “slip-
stream” S which is a boundary between
regions of different particle velocity and
different density, but of the same pressure**.
When ¢ in Fig. 1-6 exceeds «; .., the Mach
wave M is formed at the wall and grows as the
shock systems move along the wall, the locus
of the triple point being a straight line AB.

1-5.1.2 REFLECTION PROCESS

Let us now consider the reflection process
for blast waves generated by a finite source
and reflected from a rigid, plane wall, using
the concepts previously discussed.

1-5.1.2.1 STRONG SHOCK WAVES

In Fig. 1-8 are represented three successive
stages in the reflection of strong shocks. The
incident wave I, resulting from a charge C is
first shown just as its front touches the
reflecting surface Sf. Normal reflection occurs
here, and the pressure above that of the
atmosphere on the reflecting surface is more
than twice the peak overpressure of the
incident wave P. The magnitude of the
increase of pressure over 2 P, is determined by
the strength of I,.

As the incident wave expands to some
greater size [,, the reflected wave R, also
expands, but the reflected wave is not spheri-
cal. The angles at which I, and R, meet the
surface Sf are not equal, as was noted in our
discussion of regular reflection. The angle of
the reflected shock R, is dependent on the
strength and angle of incidence of the inci-
dent shock.

*The junction T is in fact a line of intersection of the three
shock fronts rather than a point.

**The slipstream should not be confused with a contact
surface, defined in Chapter 2. A contact surface is a
boundary between regions of different density and/or
temperature, but with the same pressure and particle
velocity.
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Figure 1-7. Mach Reflections from a Rigid Wall

At some distance from the charge C deter-
mined by the distance of C from Sf and by
the strength of the incident shock, a new
phenomenon occurs. The intersection of R
and I no longer lies on Sf but lies above it and
follows some path A. A new shock front M,
the Mach stem, connects the intersection of R
and A to the surface. The intersection of R,
A, and M is called the triple point T. As the
shock system expands further, the Mach stem
grows rapidly, tending to swallow up the
two-shock system above it. If C is very close
to the surface, but not on it, the Mach stem is
formed almost directly under C and, in a
short time, will grow until most of the shock
system becomes a Mach stem and R and A
remain distinct in only a small region directly
over the charge. If the charge C is on the
surface Sf, no separate reflection R is formed,
and the entire stock wave can be considered a
Mach wave.

A very practical property of the reflection
of shocks is that the pressure (and positive
impulse) in the neighborhood of the triple
point and in the Mach stem itself is consider-
ably greater than that of the incident shock
wave I, or in the shock which would have
been emitted if C were in contact with Sf.
That is, if C is a bomb bursting above the
ground, represented by Sf, the intensity of
the blast in the region M and just above it is
greater, for a given horizontal distance from
the bomb, than would have been the case if
the bomb had been burst in contact with the
ground.
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Figure 1-8. Reflection of Strong Shock Waves

In Fig. 1-9 the geometry of the Mach
reflection process can be seen in more detail.
By comparison with Fig. 1-7, one can see that
incident and reflected shocks are both curved,
and that the path of the triple point is no
longer a straight line. Although the Mach stem
is shown as a vertical straight line in Fig. 1-9,
this is not always the case in reality.

1-5.1.2.2 WEAK SHOCK WAVES

Very weak shock waves, i.e., those of
nearly acoustic strength, are reflected from
plane surfaces in such a way that a geomet-
rical construction of the wave system can be
made very simply. Consider a point source of
the shock C (Fig. 1-10) and, some distance
from it, a plane reflecting surface Sf. The
incident wave I, striking the surface, will be
reflected from it in such a way that the
reflected wave R may be considered to arise
from a second image source C' which is on the
opposite side of the reflecting surface, on a
line perpendicular to Sf through the true
source, and at a distance from Sf equal to the
distance of C from the surface.

Fig. 1-10 shows two successive stages of
this reflection process. In the first stage the
incident wave I, is just tangent to the
surface. The excess pressure over that of the
atmosphere at the reflecting surface is just
double (for very weak shock waves) that of
the incident wave where it is not in contact
with the surface. At alater stage, the incident
wave is represented at I, and the reflected
wave at R,, which is imagined to arise from
the image source C'. Again, the pressure at the
line of contact of I,, R,, and the surface Sfis
just double that at I, where it is not in
contact with the surface. The angles at which
the shocks I, and R, meet the surface Sfare

* equal, and no Mach stem is formed. For most

practical cases of interest in air blast tech-
nology, shocks are too strong for this acoustic
approximation to be applicable, and this
simplified geometry cannot be used.

1-6.2 DIFFRACTION OF A PLANE WAVE

When a blast wave encounters a solid object
of finite extent, very complicated processes

1-11
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ensue. The interaction of the shock front with
such obstacles is termed diffraction.

The phenomenology to be described indi-
cates the complexity of the diffraction pro-
cess for even the very simple case of passage
of a plane shock wave over obstacles of very
regular geometry. For more complex shapes,
or for different blast orientations, or for
curved shock waves, the processes are even
more complicated. Many shock-tube experi-
ments have been conducted to determine
diffracted shock configurations and pressures
(in fact, the discussion that follows is based
on the results of such experiments). The
reader is referred to Refs. 15 through 23 for
comprehensive studies of the diffraction pro-
cess.

1-6.2.1 TWO-DIMENSIONAL RIGID THICK
WALL

The diffraction process can perhaps best be
illustrated by describing the sequence of



events occurring when a plane blast wave
traveling over a rigid plane encounters a rigid,
thick wall protruding from the plane, as
illustrated in Fig. 1-11(A). The geometry is
shown in the first sketch of this figure, with
the blast front being normally incident on the
front face of the wall, and the pressure on all
faces on the wall being at ambient pressure
Do- As the incident wave I first encounters the
wall, reflection of the portion of the wave
striking the front face of the wall occurs; the
reflected wave R moves to the left, and the
pressure on the front face jumps to py + F,.
Above the wall, the incident waves continue
on relatively undisturbed.

As the reflected wave moves to the left
away from the front face of the wall, a
rarefaction front moves down the front face,
as shown in Fig. 1-11 (B). A vortex is shed
from the upper lefthand corner at the wall. A
vortex is a region of air spinning about an axis
at a high speed. Low overpressures exist at its
center because of the Venturi effect. At the
instant depicted in Fig. 1-11 (B), the lower
portion of the front face still feels the
reflected pressure p, + P,, while the upper
portion feels a lower pressure quite near the
pressure po + P in the incident wave. The
portion of the top face behind the incident
shock I is subjected to pressure po + P, with
the pressure perhaps somewhat reduced below

V[ U INCIDENT VORTEX~_ 1] U
SHOCK FRONT RAREFACTION~_ SHOCK FRONT
WAVE
= _s ROOF
o= Q= DIFFRACTED
7, ILIL;": IIII:?IIg 77 SHOCK Ur
(A) FRONT R IIII(’BY;WIIIII s

SHOCK FRONT U DIFFRACTED  SHOCK FRONT
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Figure 1-11. Diffraction of a Shock Front Over
a Wall' s

(Reprinted by permission of C. H. Norris, R. J. Han-
sen, M. J. Holley, Jr., J. M. Biggs, S. Namyet, and
J. K. Minami, Structural Design for Dynamic Loads,
McGraw-Hill Book Co., N.Y., 1959.)
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this value in the vicinity of the vortex. Ahead
of the incident shock, the pressure on the top
face and on the rear face of the wall is still pg.

As the incident shock front passes beyond
the rear face of the wall, it diffracts around
this face, as shown in Fig. 1-11(C). A second
vortex is formed at the upper righthand
corner of the wall. At the instant shown in
Fig. 1-11 (C), the reflected wave from the
front face of the wall has been completely
attenuated by the rarefaction wave, and the
pressure on the front face is p, + g, where q is
dynamic pressure. On the top face the pres-
sure is still nearly equal to py + P;. Behind the
diffracted incident wave on the rear face,
pressure is somewhat less than p, + P,. Ahead
of the front I, the pressure is p,. The
maximum back wall pressure develops slowly
as a result of vortex phenomena and the time
required for the back wall to be enveloped by
the blast. In the final stage, the incident wave
has passed beyond the wall, the diffraction
process is over, and the wall is immersed in
the flow field behind the front. For a long-
duration blast wave, pressures are nearly
those which would be measured in steady-
state wind tunnel experiments.

1-5.2.2 THREE-DIMENSIONAL BLOCK

For a three-dimensional block structure,
the phenomena described in par. 1-5.2.1 also
occur along the sides of the block, so that the
preceding discussion also applies to diffrac-
tion about the sides of such structures. This
process is illustrated in Fig. 1-12. Fig. 1-13
gives recorded pressure-time histories for the
front, top, and back faces of a model three-
dimensional block structure, as recorded in
shock tube at BRL33. The pressure-time
history for the front face of the block shows
reflected pressure (initially £.) and the effect
of the rarefaction wave produced at the front
face which causes rapid reduction in reflected
pressure. The pressure recorded on the top
face of the block shows an initial peak of
side-on pressure P, and a less rapid pressure
decay. The pressure recorded at the back face
of the block shows a slow rise time of
pressure with no real “‘shocking-up”. Detailed
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loading of another three-dimensional struc-

ture is given in a report by Janus and
Kingery34.

1-5.2.3 CIRCULAR CYLINDER

In Figs. 1-14 and 1-15 are shown the
sequence of events involved in diffraction of a
blast wave about a circular cylinder'5. In
these figures the shock fronts are shown as
thick lines and their direction of movement
by arrows normal to the shock front. In Fig.
1-14(A), the incident shock has collided with
the cylinder giving rise to a curved, expand-
ing, reflected shock R. In Fig. 1-14(B), the
incident shock I and reflected shock R are
now joined to the cylinder surface by a Mach
stem M. R is now much weaker than in Fig.
1-14(A) and is omitted in the succeeding parts
of the figure.

In this shock configuration a slipstream S
has been formed. This slipstream is a line
dividing flows of differing densities, but of
the same pressure. When a Mach stem is
formed on a plane surface the slipstream
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Figure 1-13. Pressures on a Three-dimensional Block Structure During Diffraction??
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Figure 1-14. Trac;'ngs of Shadowgraphs Showing the Interaction of a Shock Front With a Cylinder

extends upstream, slanting down to meet the
surface. In the present case, however, the
increased flow near the cylinder surface has
caused the foot of the slipstream to move
nearer to the foot of M. The slipstream,
therefore, presents a curved appearance. In
Fig. 1-14(C), the feet of the Mach stems have
reflected from each other and are now moving
on a second circuit of the cylinder. The
slipstreams have been swept nearer the rear of
the cylinder and now intersect with the
diffracted parts of the Mach stems X and Y.
The commencement of two vortices is indi-
cated at V, and V,. These are probably
induced by the back pressure behind the
shocks X and Y interacting with the boundary
layer flow at the surface of the cylinder. The
shaded portion is due to a localized region of
supersonic flow. In Fig. 1-14(D), the Mach

stems, M and M’, have moved some way
downstream of the cylinder. AMachstemM
joins the free air parts of M and M' with the
diffracted parts Py and P, which terminate
on the cylinder surface. The growth of the
vortices is apparent in this figure. In Figs.
1-15(A) and (B), the foot of P, has moved

further round the cylinder upstream. Notice

that the point of flow separation has followed
this shock. In Fig. 1-15(C), the vortices, V,
and V,, are breaking away from the cylinder;
while in Fig. 1-15(D), the vortices are being
swept downstream, and the point of flow
separation has moved toward the rear of the
cylinder again.

The phenomenology described indicates
the complexity of the diffraction process for

even the very simple case of passage of a plane
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shock wave over obstacles of very regular
geometry. For more complex shapes, or for
different blast orientations, or for curved
shock waves, the processes are even more
complicated. Many shock-tube experiments
have been conducted to determine diffracted
shock configurations and pressures (in fact,
the discussion is based on the results of such
experiments). The reader is referred to Refs.
16 through 23 for comprehensive studies of
the diffraction process.

1-6 EFFECTS ON BLAST WAVES

1-6.1 SHAPE OR ASYMMETRY OF
SOURCE ON BLAST WAVES

1-6.1.1 COMMON SHAPES

In most air blast theoretical work, the
source of blast energy is assumed to be a

1-16

Cylinder

point or a sphere, so that the blast wave
characteristics are a function of one space
dimension only, i.e., the radial distance from
the center of the source. Similarly, in most air
blast experimentation, great pains are taken
to make the source as spherical as possible so
that comparisons can be made with one-
dimensional theory, or to eliminate the ef-
fects of shape of source. Many real blast
sources, however, are distributed or highly
directional. Detonating cord is widely used in
explosive operations, and it is essentially a
line source rather than spherical. Explosive in
the form of thin sheets is also now widely
used, and it represents a plane source. The
gases released from gun muzzles after exit of
projectiles are important sources for blast
waves, and they represent axisymmetric but
highly directional sources. Let us now discuss
some of the effects of shape or asymmetry of
the source on blast wave characteristics.



1-6.1.1.1 STRAIGHT LINE CHARGE

For straight line charges which are very
long compared to their diameters, Kennedy* 3
reports that both theoretical and experi-
mental studies indicate blast waves that are
similar in their general characteristics to the
waves from spherical or “blocky” sources but
which have much less rapid decay of pressure
and impulse with distance. In fact, for such
line charges, a different scaling law usually is
applied than the commonly used Hopkinson
blast scaling (see Chapter 3). The peak over-
pressure P, is a function of R/( W/L)'’? rather
than R/W'”®* where distance L is measured
normal to the charge axis. Similarly, the
scaled positive side-on impulse / / (W/L)'? is
a function of R/(W/L)''?, rather than the
scaled impulse [ /W'” being a function of
R/W!'/3. To explain, the shock front expands
cylindrically rather than spherically, but it is
still a function of only one space coordinate,
provided one considers distances which are
short compared with length of the line source,
i.e., R<<L —where R is the distance from
the blast center and L is the larger character-
istic dimension of the blast source.

1-6.1.1.2 MUZZLE BLAST

Muzzle blast waves from guns are axisym-
metric but not spherically symmetric. They
usually consist of a single shock front (see
Fig. 1-16), but one which has highly direc-
tional properties near the muzzle. The general
characteristics at any point in the blast field
are nearly similar to those of spherical
sources, but the difference is that the muzzle
blast field characteristics are a function of
two spatial cylindrical coordinates, (r, z)
rather than one spherical coordinate R. Diver-
gence is more nearly spherical than for line
charges, but it is definitely a function of the
two cylindrical coordinates r and z.

1-6.1.1.3 LARGE PLANE CHARGE

Blast waves generated by a large, plane

source, such as a thin sheet of explosive or a
blanket of woven detonating chord, decay
even more slowly with distance from the

AMCP 706-181
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Figure 1-16. The Blast Wave from a 7.62 mm
Rifle at Three Stages of Expansion

(Courtesy of Royal Armament Research and Develop-
ment Establishment)

source than do waves from line sources.
Lindberg and Firth?* have compared theoret-
ically predicted variations in peak overpres-
sure with distance for spherical, infinite cylin-
drical (line), and infinite plane blast sources
(see Fig. 1-17). The scaled distance parameter
R/r, in their plot is based on characteristic
dimension r, which is defined as

ry =Elpo LGP 11 (111
where
v = 1,2,3, respectively, for plane, cylindri-
cal, and spherical blasts
E = total explosive energy.

1-6.1.2 DISTANCE EFFECT

Any real blast source is, of course, finite in
extent, so that the idealization of infinite line
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or plane sources only can give reasonable
approximations for small distances from the
sources. As one moves further from a real,
nonspherical source,i.e.,forR >> L, the blast
front tends to more closely approximate that
of one which would have emanated from a
spherical blast source. All effects of asym-
metry of the new spherical source disappear
and, for R >> L, waves from two sources
having the same total energy but very dif-
ferent shapes become indistinguishable.

1-6.2 LONG-RANGE FOCUSING
1-6.2.1 HOMOGENEOUS MEDIUM

As a blast wave is propagated through the
air to great distances from its source, it
weakens and decreases in shock velocity until
it is propagating at essentially the speed of
sound. If the air were a homogeneous, still
medium, then acoustical laws still apply; the
velocity of propagation would be constant,
and the pressure in the front would decrease
as the inverse of the distance. Because the
head of the wave would now be moving at
nearly the same velocity as the tail, the
duration of the very low magnitude positive
overpressure eventually should reach some
nearly constant value. In fact, the entire time
history should approach essentially a constant
functional form, changing only in amplitude
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as it advances. Such acoustic asymptotes for

overpressure, duration, and positive phase
impulse are given in Chapter 6.

1-6.2.2 INHOMOGENEOUS MEDIUM

If the orderly behavior described in par.
1-6.2.1 were indeed always observed in the
transmission of air blast waves over long
distances, then long range focusing of blast
waves would be of minor interest. The shock
wave characteristics from even very large
energy blast sources would decrease rapidly to
their acoustic asymptotes; and the amplitudes
and durations of the resulting weak pressure
waves could be estimated by extrapolation
from measured time histories, using the acous-
tic law for inverse decrease in pressure with
increase in distance from the blast source.
Such a procedure has been followed by
Perkins, et al.2® in estimating the side-on
overpressures at large distances from TNT
explosive charges detonated on or near the
ground (see Fig. 1-18). Unfortunately, the
atmosphere cannot be considered a homo-
geneous, still medium over any appreciable
distance from a given location on the ground;
and the variations in meteorological condi-
tions—such as wind velocity, temperature, and
perhaps relative humidity—seriously can af-
fect the propagation of air shocks at long
distances.

Berning? ¢ points out that the phenomenon
of unusual sound or blast propagation has
been known for many years, dating back even
to the era prior to the Civil War. Successive
zones of audibility and silence along radial
lines from the blast centers of severe explo-
sions or artillery fire have been noted by
many observers. Complaints of damage from
blast waves at long distances from the source
have emphasized the fact that some kind of
“constructive” or “destructive’’ focusing of
blast waves can occur at long distances. It is
termed “‘constructive” from the point of view
of the blast physicist, who notes that the blast
pressure is enhanced; it is termed “‘destruc-
tive” from the point of view of the home-
owner, whose windows are shattered or walls
are cracked.
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Figure 1-18. Surface Air Blast Pressure vs Range from Detonations on the Surface? 5

1-6.2.2.1 THEORY

A theory for propagation of blast waves
over long distances has been developed by
Berning?®, under the assumptions that the
blast wave can be treated as a sound wave,
and that only wind and air temperature have
appreciable effect on propagation velocities.
This theory, based on earlier work by Fuji-
whara?’ and Milne?8, utilizes Lord Ray-
leigh’s concept of “rays of sound” which
represent the changing direction of propaga-
tion of the sound waves. Equations for these
sound rays are given as functions of the
gradients in sound velocity with increasing
altitude (caused by the variation in tempera-
ture and wind shear with altitude) and of the
initial angle of inclination of a given sound
ray. A typical sound velocity gradient and the
corresponding ray paths are shown in Figs.
1-19(A) and (B), respectively. From this
theory, one can determine the location of
areas in which focusing could occur, provided
one has accurate data on wind and tempera-
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