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1. INTRODUCTION

This report documents tasks performed by JAYCOR from the period June 1980
until October 1981 to develop a biomechanical understanding of the processes
involved in air blast injury. The thrust of the work has been not only to
carry out specific tasks but to evaluate existing technology, test and digest
alternate approaches, and formulate an overall plan for accomplishing the
mission of the Blast Overpressure Program. In the course of carrying out both
the spirit and the letter of the program objectives, we have investigated a
wide range of phenomena and technology that had been previously unknown or not
applied in the biomechanfcal field. The results have been encouraging and have
allowed the Walter Reed Army Institute of Research (WRAIR) to be able to
formulate a long-term research program to quantify the processes and develop

new damage risk criteria.

The project during this period of time consisted of three contract phases
reflecting the changing and increasing knowledge about the mechanics of air
blast injury. With each modification, new directions that had been explored in
the previous work that proved promising were called out for more detailed
investigation, while approaches that had been superseded or found to be un-
necessary were dropped. Consequently, varying amount of work was done on each
task depending on the viability of the approach taken. In doing this explora-
tory development, close contact was kept with WRAIR and the decisions to
change the level of effort on the major tasks was done with their knowledge
and direction. The result has been a highly flexible and effective working
arrangement between sponsor and contractor that is vital to a scientific in-
vestigation in an area where all of the technical issues have not been clearly
identified.

This report documents many of the details of the work during the period
of performance grouped by their scientifically logical order. There are four
main parts, Sections 2, 3, 4, and 5, that address in causal order the propa-
gation of the blast wave, the interaction with a body shape, the state of
understanding of the biomechanics of the thorax, and finite representations of
the biomechanical dynamics. This framework contains the building blocks upon
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which future long-term research to develop and validate a damage risk criteria
for air blast exposure will be built.

Contractually, the tasks were defined during the course of the work and
reflected the current understanding of the problem and therefore included work
vhich was later decided to be expanded upon or significantly reduced. The
following is a list of those tasks and a brief summary of the work performed
on each. There were a total of eight tasks over the contract period, and they
have been renumbered for simplicity but appear in the same order as the three

contract modifications.

Task 1 - Blast Field Interpolation

The BLAST Code was used to interpolate to all points in the field the
data collected from M198 firings. The intention was to validate the calcula-
tion and highlight worst case pressures distributions around the weapon. The
comparisons were carried out in detail and displayed in Section 2.1. A special
contour graphic package was developed for displaying the output of the com-
puter code at all spacial locations for quantities of interest such as peak
overpressure, A-duratibn, and A-impulse. Static as well as dynamic pressures
were determined to assess the influence of the winds generated by the explo-

sions. The results were presented to WRAIR in an interim progress report.

Task 2 - Similarity of Blast From Various Sources

The purpose of this task was to evaluate the feasibility of using the
BLAST Code to simulate blasts from sources other than the gun. In particular,
from a shock tube and bare charges. At the time the task was written, it was
uncertain what would be the best source of blast waves for conducting syste-
matic testing. The impetus for this comparison was diminished when the pro-
grammatic decision was made to go with an impactor in a laboratory environment
as providing the best facilities for conducting the medical research. JAYCOR
did, however, determine that the BLAST Code would be applicable to bare
charges in a straightforward modification of the present version and to a
shock tube when calibrated as for the weapon itself. The bare charge feature

was fmplemented as an option to the code and a description of 1its use and

results is contained in Section 2.3.
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Task 3 - Literature Search on Biomechanical Aspects

JAYCOR had already begun a literature search on its own into lung ard
chest models and this task extended that search to include data bases and the
thorax region as well as searching for lung injury mechanisms directly. The
literature searches turned up almost 400 citations which were relevant to the
overall problem, and these citations were further investigated and 50-some
references extremely pertinent to the mission of the blast overpressure pro-
gram were obtained and delivered to WRAIR. In addition, the complete work of
Clemedson on the subject was collected and delivered in a bound volume. The
results of that search are described in Section 4.1, and Appendices A and B
contain the citations.

Task 4 - Conduct a Workshop on Biomechanical Modeling

Based on the literature search, discussions with leading experts in the
biomechanical modeling field, and analysis by the blast overpressure program
manager, it was decided to have the experts meet in a workshop environment in
Albuquerque during December 1980. JAYCOR organized and hosted the workshop and
supplied support services as well as honoraria to the guests. Tape recordings
and extensive notes were taken of the sessions, and after the workshop a syn-
optic report on the presentations and conclusions was prepared. That materfal

and the description of the activities is contained in Section 4.2.

Task 5 - Develop an Three-Dimensional Finite Element Representation of

Appropriate Body Shapes

This task was set before the workshop was held and was intended to begin
the process of building a finite representation of the body for both external
fluid dynamics calculations and internal body structural calculations. The
task would draw from JAYCOR's experience in both finite difference and finite
element modeling. As a result of the workshop, however, existing modeling of
the structural aspects were revealed and it was the consensus of both WRAIR
and JAYCOR that two—dimensional models of thorax cross section should be in-
vestigated first. JAYCOR therefore acquired the computer programs that were
relevant to this task and began adapting them to the blast overpressure mis-
sion. We also implemented the existing lump parameter models with an accurate

solution technique into a convenient computer program which was delivered to
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WRAIR for its in-house use. Furthermore, in discussions with Professor Fung at
the University of California, San Diego, 1t became clear that lung damage
mechanisms may be governed by wave propagation phenomena within the lung
parenchyma. Therefore, JAYCOR's SPUNG Code was adapted to a body-lung configu-
ration and scoping studies made on the feasibility of following the detailed
wave motion. The results of the scoping studies are contained in Section 5 and
have proven to be important in focusing the effort of the long-range blast

overpressure program.

Tagsk 6 - Further Far Field Analysis

As a result of the interim report on interpolating the M198 blast field,
WRAIR personnel identify apparent inconsistencies in some far field values of
A-impulse. The calculations were reviewed and it was discovered that calibra-
tion based on initial peak overpressure was subject to considerable error be-
cause of the noisiness of the signal. In several cases, we had chosen an
overly large value at nearby points for calibration which invalidated the far
field results. At WRAIR's suggestion, new calculations were made based on cal-
ibrating on A-impulse, an integral quantity that is expected to be less sensi-
tive to the signal noise. That method of calibration has indeed proved to be
effectlve and the comparisons are shown in Section 2.1. We now are able to
reproduce not only the qualitative nature of the pressure signal but the quan-
titative variation with distance from the source of A-duration, A-impulse, and

peak maximum pressure.

Task 7 - Near Field Blast Modeling

The purpose of this task was to make detailed calculations of the loading
on a two-dimensional object placed in a blast field and to prepare a protocol
for carrying out testing that would validate the results. Three shapes were
identified, ellipse, square, and circle. Calculations were made for each case
with a 3 psi and a 20 psi blast wave. Two orientations of the ellipse were

investigated also. The results are discussed in Section 3.1.

Because of higher priority testing programs, Lovelace Research Institute
which was to carry out the testing phase has been unable to make testing time
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available during the current contract period. Therefore, under WRAIR's direc-
'I tion, we formulated a protocol and preliminary design of a test target. The
- protocol 1is found in Section 3.2, but the experiment will have to be carried
. out later in FY 1982 at WRAIR's discretion.

Task 8 — Modeling of Body and lung Dynamics

Because of the encouraging results shown by General Motors at the bio-
mechanical workshop and those developed by JAYCOR under Task 5, it was decided
< to intensify the effort to use the existing structural analysis program called

FEAP (Finite Element Analysis Program). At first it was believed that the code
) could be acquired and used immediately, but because of the proprietary nature

of General Motors' research, JAYCOR was forced to work with the developers of

~ the code at the "niversity of California, Berkeley, to reconstruct the analy-

:

sis. In doing so, we uncovered and solved coding problems in the program and
.- made corrections to the material properties that had been suggested by General
rs Motors. The effort to prepare the code for use in the blast overpressure pro-
gram required more effort than had originally been expected. However, we have
now overcome those difficulties and can use the program in both a static and

dynamic mode. Section 5.1 describes the first analyses using FEAP and this

effort is continuing in anticipation of its application in the next phase of

b T 2w 4
R

the blast overpressure program.

In summary, the tasks performed under this contract and its modificatiouns

- have scoped and developed the technologies required to assist the blast over-
f; pressure program in quantifying and validating the damage risk criteria for
- future weapon deployment. As was mentioned earlier, this effort has been
%2 directed toward guiding the use of technology as well as implementing it into

a specific form. The availability of complete and consistent models connecting
i: the blast source through the far field propagation to the loading on the body
- to the structural response, and finally to the local stress distributions
5- within the 1lung {s an {mportant part of the blast overpressure program
b mission.
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2. BLAST OVERPRESSURE FAR FIELD

2.1 THEORY OF BLAST CODE
2.1.1 Blast Wave

A blast overpressure wave is created when high pressure and temperature
product gases that propel the shell leave the gun barrel. The disturbance to
the atmosphere changes rapidly in amplitude and shape as it propagates. At the
front of the blast wave, the pressure p and density p jump abruptly from their
undisturbed values. Immediately after the front passes, this disturbance re-
turns to ambient quickly and is followed by a rarefaction wave (Figure 1). The
structure of the blast wave, e.g., the amplitude and the duration of both the
compression and the rarefaction parts,‘varies according fo its source strength
and ambient conditions. In the standard atmosphere, an extremely strong source
such as a nuclear explosion will generate a strong blast wave, characterized
by a shock front and a very shallow rarefaction tail. On the other hand, a
weak source will generate a sound wave whose amplitude and the duration are
equal for the compression and the rarefaction parts of the wave. A blast wave
with source strength between these two extreme cases will have a wave form of
mixed type. The variation of the wave form with the source strength is indi-
cated schematically in Figure 2.

The most appropriate mathematical treatment of the waves also varies with
the strength of the source. Since sound waves are weak disturbances, the per-
turbation to the flow variables, p”, p” and u”, are small quantities, with the
perturbation to entropy, s, being three orders of magnitude smaller [Ref. 1].
Therefore, the entropy of the sound waves is essentially constant. The gov-
erning equations can be linearized by dropping higher order terms and reduce
to a simple wave equation. The technique for solving this equation can be

found in standard textbooks (such as Ref. 2).

To study the opposite extreme of large source strength, the concept of
similarity was introduced independently by Sedov [1946, Ref. 3] and Taylor
[1950, Ref. 4]. The concept has been used in other branches of fluid dynamics,
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such as boundary layer theory, conical flow theory, and transonic and hyper-
sonic flow theory. The assumption of similarity decreases the number of inde-
pendent variables and often reduces the governing partial differential
equations to more manageable ordinary differential equations. The technique

has been very successful in analyzing strong blasts.

For blast waves with intermediate source strength, numerical methods have
to be employed to solve the hyperbolic gasdynamics equations and one of the
best 1is the method of characteristics. The distinguishing property of the
hyperbolic equations 1is the existence of certain special directions or 1lines

in the r-t plane called characteristics (see Ref. 5). Along the characteris-

tics, the dependent variables satisfy certain equations known as compatibility

relations. Solution of the compatibility relations generates the space—-time
history of blast wave, however the procedure is complicated since the charac-

teristic lines are themselves unknowns to be determined.

The overpressure data collected for the M198 howitzer with a M-203 charge
[Ref. 6] indicates that these waves are of intermediate source strength. It

can be shown that for the strong blast wave the attenuation of the maximum

3

pressure is r - while for the sound wave it 1is 7} [Ref. 2]. A systematic

analysis (Table 1) of the experimental gun overpressure data indicates that

1w r_z, indicating that the waves

the maximum overpressure attenuates as r
are of intermediate strength and requiring the use of numerical techniques.
For instance, Table 1 shows the measured values of the amplitude of the inci-

1 and ~r~2

dent wave and 1its comparison with the values obtained from the ~r~
relationships. The BLAST code which employs the method of characteristics is
developed to handle blast overpressure waves typical of those generated by the

M198 howitzer and similar weapons.

Table 1.
Distance Distance from

Defined in the Muzzle -1 -2

Figure 1 Brake, r ~r Experimental ~r
(m) (m) (psig) (psig) (psig)
10 11.44 1.41 2.50 4.98

20 20.76 0.78 1.06 1.51

30 30.51 0.53 0.71 0.71
40 40.38 0.40 0.40 0.40
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2.1.2 Quasispherical Approximation

After the explosion of the charge, the shell is propelled by the high
pressure and high temperature product gas, which leaves the muzzle brake as
the shell is launched. Initially, the gas flow in a small region surrounding
the muzzle brake 1is complicated by the geometries of the gun and the muzzle
brake. This effect, however, becomes less significant at distances large com-
pared to the source diameter and the wave front propagates more like a spheri-

cal wave.

In order to take advantage of the simple, near spherical structure of the
blast wave at large distance, the BLAST code employs a "quasi-spherical” de-
scription. That 1s, along each radial 1line emerging from the end of the gun
barrel the wave is treated as though it is part of a purely spherical wave.
The intensity of the equivalent spherical wave 1s allowed to vary with the
direction, so that the effect of the nonspherical geometry of the muzzle brake

can be simulated.

In this quasi-spherical approximation, the calculation along each radial
line is independent from all other radial lines. Along each radial line only a
spatial coordinate, 1.e., the radial distance from the source, and the time
variable are 1involved. Thus the approximation essentially reduces a compli~
cated three dimensional problem into a set of one dimensional problems. The
method of characteristics for one dimensional gas dynamics is readily applica-~
ble.

Ground reflection is an important part of the blast waves 1in M198 and
similar gun firings. Unfortunately the reflection of blast wave is difficult
to handle both theoretically and numerically. A complete treatment of the re-
flection should consider the ground absorption and the nonlinear effects such
as the variation of the reflection angle and the formation of the Mach stem.
Such a treatment is far too complicated to be investigated in the scope of the

present pro ject.

Instead, we employ a simpler approach to the reflection problem, namely,
we neglect the ground absorption and nonlinear effects and treat the reflec-
tion as perfect. The viability of this approach i1s borne out in the comparison
with field data.
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For perfect reflection, the method of image can be used. Thus the re-
flected wave is regarded as generated from an image source at a distance below
the ground level equal to the height H of the muzzle brake (see Figure 3). The
pressure wave impinging on the pressure sensor PS is then a linear superposi-
tion of the direct incident wave and the reflected wave. The quasi-spherical
approximation and the method of characteristics are used both for the incident

and reflected waves.

2.1.3 Propagation of Blast Wave Along a Radial Line

We choose the center of the muzzle brake as the origin of a spherical
coordinate system (r, 6, V) shown in Figure 4. Assuming the gas 1is ideal,
inviscid and flowing isentropically,* the equations of continuity, motion, and

energy can be written:

p[_g_\tl :v W c:t 9:__%%19’_ 3)

p%+¥i+w:°t ej--rs}neg% (4)

o= [p] = a° 52 [0] (5)
where

R RS 22 A e A A

*The 1isentropic assumption would not be valid for shock waves associated with
strong blasts and the Rankine-Hugoniot shock relations would have to be
employed to account for the entropy jump. The assumption is valid in the
present case.

11
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Here u, v and w are the velocity components, p is the pressure, p is the den-

sity, a is the local sonic speed, and t is the time measured from the instant

that the blast waves are generated.

A couplete solution to Equations (1) to (5) depends on the source distri-
bution which in turn depends on the detonation of the explosive charge and the
resulting flow field in the barrel and muzzle brake. In this work we shall
assume that the source distribution 1is known and not attempt to calculate it
from more fundamental processes. In the quasi-spherical approximation employed
in this work, we simulate the origin of the blast waves along each radial
direction as a sphere of pressurized gas and the transport processes are im-
portant only along the radial direction although the source strength may vary
slowly with 6 and y. In this approximation, Equations (1) to (5) can be sim-
plified as follows:

pt+upr+pur+-2—‘li_ =0 , (6)
u_ + uu +lp = 0 )
t r p°r ’

2
p, +up, - a(p +uw )=0 , (8)

where the subscript t and r denote partial differentiation.
The initial and boundary conditions are taken as

At t = 0,

, for r < r, (9)

, for r > o (10)
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E’ vhere r, = initial radius of the pressurized gas sphere and the subscripts s
(' and o denote source and undisturbed conditions, respectively. -
+
N At t > 07,
N u=0 at r =0 (11) :
\: r
Since Equations (6) to (8) are hyperbolic equations [Ref. 8], their char- — i
- acteristic form can be obtained in the following way. First, let us define : 1
: ]
N .4 .
Y o= ][5 . (12) y
. Substitution of Equation (12) into Equations (6) to (7) ylelds
o+
" 2au _
: o, +uo +au += 0 (13)
o + - .
u, + uu aor 0 (14)
N\ Adding and subtracting Equatfons (13) and (14), we obtain
:: 2au _
N (0+u)t+(u+a)(d+u)r+T o , (15)
\ 2au _
o (o u)t + (u a) (o u)r + - o , (16)
respectively. It may be shown that for isentropic flow
- 2a
°Ty-1 (17)
X Equations (15), (16) and (8), with the substitution of Eq. (17), can then
N be cast into characteristic form as follows
on T* curve:
- dr
:: -d—t— u+a (18)
o
Y d 2a 2au
: aT(T:T*“)*T'° a2
. On I curve:
y dr
; T a (20)
d 2a 2au
X ‘d—r' (Y =1 \.l) + T 0 (21)
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On I'° curve:

dr

i (22)
dp _ 2 dp _

ir — @ ar 0 (23)

where d/dT is the total differentiation with respect to t along the corre-

sponding characteristics.

Equations (18), (20) and (22) define the direction of the characteris-

tics P+, I and Po respectively. Along these characteristics, the compatibil-
ity relations, i.e., Equations (19), (21) and (23), are satisfied accordingly.

A sketch of F+, I" and r0 characteristics are shown in Figure 5. It should be
noted that the characteristics ro are identical to the streak lines of the
fluid particle. Furthermore, the blast wave front follows closely with one of

the P+ characteristics.

Separate treatments for the blast wave front and the other part of the
blast wave are necessary. At the wave front the pressure, density and particle
velocity are discontinuous. Such discontinuities are described by the shock
adiabatics [Ref. 7]

2 _1 2 (y+1 P_,Y~-1
Ysh ~ Z % ( Y p, + ) . (24)
2
T
u = — - s
Yush po

(v + Lp + (y - l)po

Po W= Dp ¥ (7 ¥ g, (26)

p =

where ug, is the velocity of the shock front and p, u and p are the pressure,
fluid velocity and density just behind the shock front, respectively. Notice
that through Equations (24)-(26) all the four quantities u,,, p, u and p are
determined when one of them, Ugp, 83Y, is known. When p and p are known, the

velocity of sound just behind the shock front can also be calculated from the
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= relation a? = Yp/p. Now the pair of equations (18) and (19) of the ™* charac- -
y > teristics reduces essentially to involve only one unknown flow variable and

:::" therefore can be solved.

- For other parts of the wave, all three characteristics I‘"’, I'" and 0 are ]
needed to determine the flow variables. Equations (18) to (21) consist of only i
; two unknown flow variables, u and a. These equations are solved first. Once u

:f'; and a are found, Equations (22) and (23) can be used to obtain the solution of

\ p after the substitution of p = Yp/az. .

: The solution of the characteristic equations, Eqs. (18) to (21), 1is based ﬂ
; on the upstream interpolation scheme introduced by Belotserkovskii and Chush- - ]
: kin [Ref. 8]). The basic 1idea is as follows: Firstly, approximate those equa- ::::
tions by use of first order implicit finite difference formula for small time )

o steps, which results 1in a pilecewise linear characteristic network. Implicit ""‘:
;’ finite difference method has the advantage that it is stable and therefore A
5 allows the use of larger sizes of Ar and At. The wave front {s traced by fol- oo
) lowing one of the characteristics, initiated at the boundary of the pres- :'

i surized gas sphere. This particular characteristic divides the disturbed flow -
region from the undisturbed one. A number of points in r-direction with equal o ’
-j spacing 6r are used. The exact number depends on how far from the muzzle brake ..
:: we want to calculate. Convergent solutions at one time level are extrapolated _4 -
to give initial guesses for flow variables at the next time level. They are B ;
- substituted into Equations (18) and (20) which give roughly the locations of if‘_'::
:‘:- the Tt and I curves at old time level. Hence flow variables at these loca- “E
N tions can be determined by interpolation between the convergent solutions at .
the old time level. With this information fresh values at new time level are Mg
: obtained from Equations (19) and (21). These fresh values at new time level - .
4 (SR
: | :
b 16
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can be substituted into Equations (18) and (20) again to initiate another
cycle of 1iteration. This iteration process 1s repeated until two successive
guesses of the flow variables at the new time level agree within sufficiently
close limits. Due to the implicit nature of the method, similar procedure is
used in calculating the wave front and in solving p and p in Equations (22)
and (23). The solution procedure can be summarized in the following flow chart
(Pigure 6). More detailed discussion of the iteration procedure 1s presented
in Section 2.1l.4.

2.1.4 1teration Procedure for the rt and T~ Characteristics

We present the iteration procedure for the It and I characteristics in
detail in the following. The 1iteration procedures on the FO characteristics

and for the shock front are similar and are not detailed here.

Let ry, 1 = 1, «c., N be a set of equally spaced mesh points of the
radial variable r, which is fixed once of all, for all time steps. We consider
the finite difference equations of (18)-(21) between the instants t and t + 6t

in the following form:

ry - () = g—t {u[ru(t), t] +ufr,, t+6t] +alr (0), t] + a[ri, t + 6t]}

(27)
Ju(ry, t + 8t) = Jy[ry(t), t] = - -gi {g[r (e), t] + £[r,, & + 6t]} (28)
where
J.(r,t) = 2a(r,t) + u(r,t) (29)
£\ Y - 1 ’
f(r,t) = 2a(r,t) u(r,t)/r (30)

In these equations, the alternative signs % are for rt or I characteristics,
respectively. The quantities rit(t) are the points on the r¥ characteristics,
which will propagate to r; at t + 6t. Note that r ,(t) do not in general

locate at the mesh points ry. We assume that the flow variables at the mesh

17
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o t =t + 6t )
(. i e
< Using Eq. (18) and the shock adiabatics (24)-(26)

e to update wavefront position and flow variables u, =

- a, and p at wavefront, by use of iteration.

x

e Initial guesses of u and a at disturbed points at new
"

- time level are obtained from extrapolation.

o ‘

r
-t; ‘
b ” »| The locations of the It and I curves at old time
o level are found by solving Eqs. (18) and (20).
.::::
Rde Fresh guesses of u and a at new time step are then
t{ obtained from Eqs. (19) and (21).
5
L
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(Y
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Eqs. (22) and (23) are solved iteratively for p.

.
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**The superscript v denotes the vth iteratfon, and € is the tolerance limit of
relative error for convergence.
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Figure 6. Flow Chart for the Method of Characteristics.
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point ry at time t {i.e., u(r,t) and a(r,t)] and those at previous time steps

are krown. We need to find the flow variables at the mesh points at time
t + 8t [f.e., u(ry,t+6t) and a(ry,t+6t)].

Equations (27)-(28) are implicit finite difference equations because the
quantities multiplied by 6t in the right hand side of these equations involve
the unknown flow variables. These equations also involve the unknown ry,(t).

We solve these equations by the following iteration procedure.

Let us denote the initial guess with a superscript 0 and the subsequent
iterated values with superscripts v = 1, 2, .... The initial guess uo(ri,
t+8t) 1is obtained for the fluid velocity from an extrapolation using the
values u(ri, t) and u(ti, t - 8t). A similar initial guess ao(ri, t+it) 1s
obtained for the velocity of sound. The initial values rgt(t) of ry,(t) are

then calculated from
0 0 0
r () =1 - {u (r,, e +6t) xa (rgs e+ 6]} . (31)

With this set of initial values, we can start the iteration.

In the vth cycle of the {teration uv_l(ri,t+6t), av-l(ri,t+5t) and
ritl(t) are known and we need to determine their new iteration values
u (ri,t+6t), a (ri,t+6t) and rit(t)° This is executed as follows. First,
u[ritl(t) t] and a[r (t),t] are calculated by interpolation from the set of
u(rj,t) and a(rj,t), j=1, ..., N. We can then calculate rr*(t) from

) -1 v -1
r:‘{*(t) = ri = i't':' {“[r:t (t):t] + uV (ris t+6t)

ta[r o), e] £ 8 r,, t+ot]} . (32)
it i
With another interpolation at r:*, we can obtain J*v from

DO O EFAORGRIES S HORONI A RIS
(33)
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Now using Equation (29), we have

“v('i' t+6¢) = % {J_:(ri, t+6t) + Jf(ri, t+6t )} (34)
av(ti, t#6t) = X ; 1 {J:(ri. t+dt) - Jﬁ(ri- t+ée )} (35)

and these are the new iteration values we sought.

The iteration is repeated until the following convergence conditions are
fulfilled:

Ha"(r,, erse) - "7 r,, wo)}a’l < e (36)

Ha"(ry, e+st) - a7 (r, weoe)}/a’| < ¢, 37)

where €, and €, are predetermined small quantities. When these conditions are
satisfied, one can see that the Equations (32) and (33) are approximations of
the original finite difference equations (27) and (28), with rit(t) = rrt(t),
u(ry, t+ét) = uv(ri, t+6t) and a(ry, t+ét) = av(ri, t+6t) as the approximate

solutions.

2.1.5 Input—Output of the BLAST Code

The detailed 1input to the BLAST code is described in Table 2. However,
most of the parameters there are related to the numerical methods and output
options. Therefore Table 3 indicates a shorter 1list that can be ugsed in

conjunction with the default values.

The code presents pressure-time histories and other {important physical
quantities at specified spatial locations, in the form of tables or graphics.

Some of these quantities are as follows:
1) Plz the direct incident overpressure in psi.

(2) Py the reflected component of the overpressure wave, 1in psi.
Note that the maximum of P, 1s not equal to the height of the

gsecond peak in the pressure-time history.

----------
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Table 2. Full Input Required for Blast Code.
. FORTRAN
Card Identifier Meaning Units
~ CARD 1 DR Spatial increment in radial direction ft
~ DT Time step of calculation sec
TMAX Maximum time of problem sec
[ ] IMAX Maximum number of spatial points along -
N radial line
- CARD 2 RF Radius of spherical source ft
o PO Ambient atmospheric pressure psi 3
~ RHO Ambient atmospheric density slug/ft
- GAMMA Ratio of specific heats -
’
:ﬁ CARD 3 11 Number of radial points to be contoured -
KK Number of different gun elevations
_ CARD 4  HPIVOT Height of gun pivot point ft
(total GUNLENF Length of gun barrel from pivot point ft
- of KK ELEVATION Elevation angle deg
e cards)
CARD 5 IFLALNG Flag to obtain lung calculation -
"y IFLGP Flag to obtain plot graphics -
. IFLGTAP Flag to obtain tape storage -
. CARD 6 NTOT Total number of radial lines -
- NP Number of radial lines to be contoured -—
CARD 7 PSI(I), ..., Angular position of rays deg
[ ] PSI(NTOT)
4
CARD 8 11 Total number of radial points to be -
o~ calculated.
' CARD 9 X(Il+1), Coordinates of points to be calculated but ft
= seey X(II) not plotted.
~ CARD 10 Ps Source pressure atm
=
o One set of cards #8, 9, 10 for each radial line.
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.i: 3) P trat® the peak static overpressure, in psi. It is the maximum value )
( ' of the overpressure in the pressure-time history. ai
':: (4) den: peak dynamic pressure, in psi. .
e
5':: (5) A4,,: A-duration, in seconds.
N
= 6) A, _: A-impulse, in psi-sec.
( 1mp p , o ~
N Table 3. Short Form of Input.
-
LY
o
‘o I. Other elevations of previously calibrated gun.
o ELEVATN Gun Elevation deg o
: -
}&,'
':: I1. Different muzzle brake design. ;::j
NN
b PS(1), ..., PS(NP) Source strength along each ray atm
S "
| =
&
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2.2 COMPARISON WITH M198 DATA

2.2.1 Comparison by Matching Maximum Pressure

As a validation of the BLAST code, we compare here results of the BLAST
code calculation with the M198 howitzer data in the May 15, 1979 firings, as
tabulated in the Final Report prepared by JAYCOR under the contract with WRAIR
(No. DAMD17-78-C-8087).

Figure 7 shows the ground map for all the locations where pressure mea-
surements were taken and at which comparison with calculation is made. In the
measurement, the gun was set at three elevation angles, equal to 800, 267 and
45 mils (45°, 15° and 2.53°, respectively) and was fired several times so that
for each elevation angle and at each location three sets of data were record-
ed. Part of the data 1s reproduced together with results of our calculation in
Figures 9-11 and 16-18.

As a first test of the BLAST code, calculations are performed by choosing
a set of 1initial pressures Ps’ one for each radial line (at azimuthal direc-
tions ¢ = 0°, 30°, 60°, 120° and 150°), so that the calculated and the mea-
sured maximum overpressure match each other at a near field location (10
meter). The Ps values are shown In Figure 8 for the three elevation angles
considered. The initial pressurized balloon radius r, used in this calculation

is 3 feet.

The results of the calculation have been reported in the JAYCOR progress
report "Far-Field Model and Validation,” and they are reproduced here in Fig-
ures 9-14. In Figures 9-11 the calculated and the measured pressure-time his-
tories are compared side by side, and in Figures 12-14 the distribution of
various quantities, such as the maximum overpressure, A-impulse and

A~duration, on all field locations is presented in the form of contour graphs.

In Figures 9-11 one can see that the calculation has reproduced the main
features of the measured pressure trace, such as the sharp rise of the pres-
sure at the shock front, the arrival times of the direct incident and ground
reflection peaks, the rapid transition from compression and rarefaction and

the final, slow relaxation of the rarefaction to ambient. This shows that the

method of characteristics is basically a correct approach to the problem.

GoR
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e A closer examination reveals that certain peaks in the calculated trace
(e.g., the traces at 30 and 40 meters in Figures 9a-g) are too large compared

with the corresponding measured values. However, one can also see in these

2 figures that there are sometimes sharp spikes superimposing on the measured
i trace, especially at the shock fronts at the near locations (10 and 20
b meters). The cause of these spikes is not clear at the moment, but they affect
: strongly the maximum pressure which we used to determine the initial coundi-
3 tion, 1.e., the initial pressure Ps in our calculation. It is preferable to
X build our calculation on a physical quantity which does not depend so much on
N these spikes of unknown cause and then to make detail quantitative comparisomn
{. with the field data. Such a physical quantity is the A-impulse, since it is an
ﬁ integrated quantity and 1s 4insensitive to rapid fluctuations and narrow
. splkes. We preseant the results of such a calculation in the next subsection
o (Section 2.2.2).

A&

y 2.2.2 Comparison by Matching A-Impulse

5 For a fixed elevation we choose for each radial line (at azimuthal direc-
k‘ tions ¥ = 0°, 30°, 60°, 90°, 120° and 150°) an initial pressure Pg 8o that the
- calculated A-impulse at a large distance (e.g., at r = 30 meters) matches with
'E the measured value. With this set of P, values extensive calculation on all
Y the physical quantities of interest are performed. The validity of the BLAST
1 code is then judged from the overall fit of the whole set of calculation re-
J sults with the data.

% The Ps values determined in this way are presented in Figure 15. The ini-
3 tial pressurized balloon radius r, used is again 3 feet. The choice of r, in-
! fluences the initial pressure P;. However, our calculation showed that the re-
- sults of the calculation, i.e., the pressure trace, A-impulse and A-duration,
j etc., essentially do not depend on this choice of initial condition.

:i Figure 15 also shows the variation of Ps at the three elevation angles:
r. the shapes of the curves for the three elevation angles are very similar, with
;Z a slight variation of the peak positions. This is quite different from the
t? three P, curves in Figure 8 where the maximum pressure 1is used to calibrate
'i the initial condition of the calculation. The irregular variation of Pg in
:

;
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R
-.; Figure 8 reflects the effect of the sharp spikes which appear in the pressure
trace in an unpredictable fashion. The variation of P; in the present calcula- —
:_.\ tion (Figure 15), on the other hand, reflects the change of the flow field ‘
‘..:: near the muzzle brake when the orientation of the muzzle brake is varied.
ES In Figures 16-18 results of the calculated A-impulse (solid curve), ':::
A-duration (dashed curve), and maximum static overpressure (dot-dash curve) -
:-:: are shown as functions of radial distance. The corresponding measured values .I
:j:: are represented there by circles, triangles and squares, respectively. In
"\ Figure 19 calculated pressure~time histories are presented for a few selected T'.:.
cases.
:Z: From Figures 16-19, one sees that the overall performance of the BLAST
\:: code is good. The calculated A-impulse, A-duration and maximum static over- '
:.-,. pressure follow the experimental values closely for all azimuthal orientations :I:
‘ A and elevation angles. =
A
\J' In comparing the calculation with the field data, one should of course i:
:j keep in mind that the data contains a substantial amount of uncertainty, as h
'J indicated by the large spreading of the three sets of data points in Fig- oo
._4 ures 16-18. The wuncertainty in the data seems most significant in the g
:\'_‘ A-duration. This is probably due to the sharp spikes which might occur on the -
':: descending slope of the pressure trace. We therefore feel that the comparison '-::
W for the A-duration is meaningful only in order of magnitude and in this re- )
A spect the agreement of the calculated and experimental values is excellent. ?
\ Figures 16-18 show that the calculated maximum static overpressures are ;
i:: considerably lower than the corresponding measured values, especially at
< smaller distances (r = 10 and 20 meters). On the other hand, examinations of
'_. the measured traces in Figures 9-11 show that a substantial part of the mea- =
f sured peak value at these distances is contributed by the sharp spike. If one
:: discounts the spikes and compares the main body of the peaks, excellent agree- -
;‘ ment between the calculated and measured maximum static overpressure is 1in -
:" sight. Comparisons of the calculated pressure trace in Figures 19a, b and ¢ .
s; with the measured trace in Figures 9c, 10c and lle¢ will confirm the agreement. .':':
E. Since the calculation was performed so that the calculated and measured s
, A-impulses are matched at r = 30 meters, comparison of this quantity should be -t
-
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concentrated on its values at other distances. Figures 16-18 show that the
calculated A-impulse at r = 10 meters is often smaller than the measured
values. We think that this discrepancy may be due to the nonlinear effects of
ground reflection that are not included in the present treatment. Since the
shock waves are stronger at nearer distances, the nonlinear effects are also
stronger there. This discrepancy 1is not large, however, at all and does not
exceed 20Z.

In summary, comparison of calculations and field data presented in this
section has shown that the BLAST code 1is capable of describing the blast wave
generated by the M198 howitzer. Apart from possible nonlinear effects in the
near field, the code satisfactorily reproduces the pressure-time history,
maximum overpressure, A-impulse and A-duration for all azimuthal orientation

and for the three gun elevations considered.

2.3 CATALOG OF BLAST PARAMETERS AND WAVE FORMS

We present here a catalog of blast parameters and wave forms as obtained
from calculations by use of the BLAST code. This will facilitate quick refer-
ence to the blast wave properties without performing new computer runs with
the specific situation at hand. A typical situation would be the case where a
certain physical quantity such as the A-impulse or the maximum overpressure at
a certain location 1is known and it 1s desired to find other information such
as the pressure-time history of the blast wave. With the help of the catalog
complete information can be obtained on the physical quantities at that loca-

tion and other locations along the same radial line from the muzzle.

As explained in Section 2.1, the calculation along each radial line is an
independent calculation on its own right. The only parameters in the calcula-
tion along a radial line are the height H of the muzzle from the ground and
the initial pressure Pg. (The radfus r, of the initial pressurized balloon 1is
conveniently chosen to be 3 feet and the height z of the observation points is
fixed at 5 feet.) In Section 2.2 where the M198 howitzer is considered speci-
fically, the height of the muzzle 1s determined by the gun elevation angle 6.
In the catalog, {t {s preferable to use the height H instead of the elevation
6, since the application of the catalog to other guns is foreseeable. Note

algo that the azimuthal angle ¢ 18 not a parameter in the calculation. It is
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only a label for a specific radial line in the calculation. The catalog
presents tables and graphs of maximum static overpressure. A-impulse and
A-duration and graphs of pressure-time history for muzzle height H at 5, 10,
15 and 20 feet and for initial pressures P, at 2, 4, 6, 8, 10 and 12

atmospheres.

In order to 1illustrate the usage of the catalog, two examples are dis-

cussed.

Example 1:

Suppose in a firing of a certain gun whose muzzle 1is 10 feet about the
ground, the A-impulse is measured to be 5.0 psi-ms at the 100 ft position on
the line with an azimuthal angle of 60°. With this information, one can locate
in the catalog the tables and figures with the muzzle height value H = 10 ft.
In the table of A-impulse values (Table 6b) the entries in the horizontal row
with r = 100 ft can be compared with the measured value 5.0 psi-ms. In this
case the value 5.10 psi-ms is near to the desired value 5.0 psi-ms. Since this
value of 5.10 psi-ms is located in the last column of the table, it fixes the
initial pressure P, = 12 atm. With this P, value one can then find that at

the same point the maximum overpressure 1is 1.19 psi (from Table 6a), the

A-duration 1s 9.59 ms (from Table 6c) and the pressure-time history is shown
in Figure 23f. Information at other distances along this 60° azimuthal line
l' can also be found under the entries with Ps = 12 atm. For example, at 50 ft
o along this 1line, the maximum overpressure is 2.50 psi, A-impulse is 9.03
psi-ms, A-duration is 7.95 ms, and the pressure-time history is shown in Fig-
S
f: ure 23f.
- In the case that the measure value of A-duration (e.g., 5 psi-ms) does
e not come close to any single calculated value but lies in between the values
in two adjacent columns, one can use interpolation to find a rough estimate of
Fﬁ the quantities discussed above.
Example 2:
:;f The catalog can be also used for open charges. If the charge is a spheri-
N cal charge, the blast wave will not depend on the azimuthal angle ¥ and the
:T values in the catalog are applicable to all ¢ values. In order to make the
-
&
ii 97




- catalog more useful in the case of open charge, we give in Table 4 the equiva-
lence of pounds of TNT and the initial pressurized balloon with radius equal =
to 3 ft and pressure equal to Pg.

W] Suppose we have an open charge of 2 1lb of TNT which 1s detonated 15 ft -
n above the ground. We want to find the blast wave properties at all locations

in the field. Since 1.90 1b is quite close to 2 1b, we use the equivalent P, -—

¢
DT TP S R WU TE I T TP

w = 6 atm for the 1.90 1b TINT for a rough estimate. (One can interpolate between -
b 1.90 1b and 2.65 1b to find the more accurate equivalent P, to 2.0 1b from
Table 4.) Then, the maximum overpressure, A-impulse and A-duration at various

radial distances from the charge are given in column 3 of Tables 7a, b, and c,

) respectively. The pressure-time histories can be found in Figure 25c. :iﬁ:
Z Table 4. -
N P, (atm) .
% 2 4 6 8 10 12 ¢
o TNT (1b)  0.38 1.14 1.90 2.65 3.41 4.17 .
: e
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Table 5. (H = 5 fr)**

Ps (atm)
2 4 6 8 10 12
a. Maximum Static Overpressure (psi)

2.26* 4,.58% 6.84% 10.11% 13.14 14.99

1.10 2.21 3.22 4,21 5.40 6.87

0.85 1.63 2.33 3.03 3.85 4.81

0.72 1.28 1.83 2.39 2.92 3.51

0.59 1.05 1.45 1.85 2.29 2.79

0.50 0.88 1.18 1.53 1.86 2.23

0.43 0.76 1.07 1.29 1.59 1.88

0.38 0.68 0.89 1.12 1.36 1.60

0.33 0.59 0.77 0.99 1.20 1.40

0.30 0.53 0.70 0.87 1.05 1.24

0.28 0.47 0.63 0.78 0.95 1.12

120 0.26 0.43 0.57 0.72 0.86 1.01

b. A-Impulse (psi-ms)

10 2.07% 4.28% 6.54% 9.79% 19.62 23.16

20 2.39 5.06 7.79 10. 64 14.27 18.10

30 1.97 3.93 5.73 8.13 10.52 13.90

40 1.74 3.30 4.86 6.72 8.59 10.87

50 1.54 2.85 4.14 5.51 7.23 9.12

60 1.43 2.53 3.55 4.85 6.20 7.84

70 1.29 2.33 3.26 4,24 5.58 6.92

80 1.21 2.19 3.00 3.92 4.95 6.18

90 1.16 2,04 2.75 3.62 4.59 5.55

100 1.09 1.93 2.62 3.33 4.17 5.18
110 1.05 1.85 2.47 3.10 3.92 4.82
120 1.01 1.74 2.31 2.97 3.65 4.45

¢. A-Duration (ms)

10 2.26* 2.41% 2.59* 2.77% 5.10 4.92

20 4,58 4.77 5.08 5.33 5.63 5.81

30 5.00 5.16 5.36 5.82 6.06 6.50

40 5.54 5.67 5.89 6.26 6.59 6.97

50 6.14 6.13 6.38 6.66 7.07 7.40

60 6.77 6.63 6.78 7.12 7.46 7.89

70 7.24 7.16 7.37 7.47 7.89 8.27

80 7.85 7.70 7.82 7.99 8.20 8.68

90 8.44 8.22 8.27 8.37 8.67 8.95

100 8.87 8.76 8.75 8.78 9.02 9.39
110 9.42 9.28 9.21 9.18 9.37 9.69
120 9.81 9.65 9.53 9.59 9.73 10.00

*#2In this and the following tables, an asterisk denotes a case where the pressure
decreases to ambient before the ground reflection peak arrives. Since the A-
duration is defined as the time of the first passage of the pressure to the |
ambient, the calculation of the A-duration and A-impulse counts only the first .
(direct 1incident) peak 1in such a case. Those values are considerably smaller jx
than those where both the direct incident and the ground reflection peaks are .
counted, and are not plotted in the graphs. The maximum overpressure is not
affected by this early passage to ambient.
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(H = 10 ft)

Ps (atm)
4 6 8 10 12

a. Maximum Static Overpressure (psi)
4,03* 5.78% 8.15* 10.21%* 12.83*
1.83 2.44 3.38 4,31 5.13
1.24 1.78 2.46 3.14 3.75
1.10 1.51 1.98 2.43 3.06
0.93 1.28 1.64 2.04 2.50
0.79 1.07 1.40 1.70 2.04
0.71 0.94 1.20 1.49 1.77
0.63 0.82 1.07 1.27 1.54
0.56 0.73 0.94 1.15 1.34
0.50 0.67 0.85 1.00 1.19
0.47 0.61 0.76 0.91 1.07
0.43 0.56 0.70 0.84 0.98

b. A-Impulse (psi-ms)
4,.09% 6.03* 8.67* 10.69* 13.17%
4.49 6.49 9.72 12.96 16.34
3.60 5.46 7.69 10.28 13.14
3.25 4,61 6.37 8.14 10.58
2.85 4.00 5.48 6.98 9.03
2,52 3.52 4.81 6.14 7.76
2.32 3.17 4,22 5.55 6.87
2.15 2.95 3.94 4,85 6.19
2.03 2.73 3.59 4.56 5.61
1.90 2,58 3.34 4,10 5.10
1.84 2.47 3.09 3.90 4.80
1.76 2.33 2.95 3.69 4.49

A-Duration (ms)
2.59* 2.77% 2.96% 2,99%
6.35 6.36 6.66 6.89
6.06 6.33 6.59 6.94
6.36 6.54 6.88 7.18
6.76 6.84 7.24 7.48
7.13 7.26 7.58 7.91
7.55 7.60 7.83 8.25
8.02 8.13 8.29 8.50
8.49 8.54 8.63 8.92
8.98 8.96 8.99 9,23
9.46 9.40 9.34 9.69
9.95 9.84 9.74 10.02
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Table 7.
(H =15 ft)
Ps (atm)
% 6 8 10 12
Maximum Static Overpressure (psi)
10 1.41% 2.94% 4.31% 5.65% 7.31% 9.47%
20 0.85 1.64% 2.30% 2.94% 3.69 4.60
30 0.55 1.03 1.43 1.87 2.39 3.00
40 0.48 0.90 1.24 1.64 2.11 2.55
50 0.44 0.80 1.11 1.48 1.84 2.18
60 0.41 0.72 0.98 1.28 1.56 1.88
70 0.37 0.65 0.87 1.12 1.35 1.65
80 0.34 0.59 0.78 0.98 1.21 1.42
90 0.31 0.53 0.71 0.89 1.08 1.29
100 0.28 0.48 0.64 0.79 0.96 1.14
110 0.26 0.44 0.59 0.74 0.89 1.04
120 0.24 0.41 0.54 0.67 0.81 0.96
b. A-Impulse (psi-ms)
10 1.53% 3.49% 5.41% 7.26% 9.64* 12.72%
20 1.24% 2.54% 3.83% 5.13% 10.82 14.17
30 1.69 3.39 5.06 6.85 9.13 12.01
40 1.62 3.00 4.38 6.04 7.91 9.97
50 1.47 2.68 3.87 5.29 6.91 8.67
60 1.41 2.46 3.44 4.69 5.98 7.53
70 1.29 2.31 3.15 4.18 5.36 6.79
80 1.22 2.19 2.92 3.81 4.90 5.99
90 1.15 2.02 2.72 3.57 4.52 5.56
100 1.10 1.91 2.58 3.27 4.10 5.09
110 1.04 1.82 2.44 3.11 3.93 4.82
120 1.02 1.76 2.33 2.95 3.68 4.47
¢ A-Duration (ms)
10 2.63% 2.95% 3.24% 3.43% 3.62% 3.83%
20 3.49% 3.73% 4.07* 4.33% 7.9 8.16
30 7.21 7.12 7.28 7.45 9.76 8.13
A 40 7.22 7.06 7.32 7.60 7.87 8.21
EP 50 7.38 7.28 7.47 7.68 8.05 8.50
60 7.78 7.59 7.69 7.98 8.29 8.69
» 70 8.11 8.00 8.02 8.24 8.65 9.00
- 80 8.52 8.50 8.45 8.59 8.94 9.24
. 90 8.96 8.88 8.76 8.99 9.28 9.54
' 100 9.41 9.29 9,27 9,28 9.51 9.88
110 9,87 9.72 9.65 9.60 9.93 10.24
. 120 10.33 10.16 10. 04 10.09 10.22 10.49
“
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Table 8. e
- (H = 20 ft) -T.-:‘
. r Py (atm) )
] (£t) 2 2 5 g 10 12 -
a. Maximum Static Overpressure (psi)
) 10 1.09% 2.08*% 3.07% 4.09% 5.01% 6.56% ,:-\.';:
: 20 0.72% 1.43% 1.97% 2.61% 3.22% 3.93% e
) 30 0.52% 0.96* 1.33 1.77 2.19 2.57 o
" 40 0.42 0.78 1.06 1.40 1.80 2.19 -
= 50 0.39 0.70 0.97 1.30 1.63 1.93 T
60 0.36 0.66 0.89 1.17 1.43 1.72 =
70 0.34 0.60 0.80 1.03 1.29 1.53 e
. 80 0.32 0.55 0.73 0.92 1.13 1.37 o
- 90 0.29 0. 50 0.63 0.84 1.03 1.20 ’
o 100 0.27 0.46 0.60 0.77 0.93 1.10 )
110 0.24 0.42 0.56 0.71 0.85 1.01 e
120 0.23 0.39 0.52 0.65 0.78 0.91 S
& b. A-Impulse (psi-ms) ET
10 1.38% 2.80% 4.49% 6.33% 7.96% 10. 90% e
o 20 1.09* 2.37% 3.47% 4,93% 6.36% 8.13% 1
- 30 0. 94% 1.82% 4.48 6.47 8. 54 10.76 e
-, 40 1.56 2.95 4.11 5.62 7.34 9.51 o
l 50 1.44 2.60 3.73 5.07 6.61 8.30 b
60 1.36 2.43 3.37 4.58 5.83 7.33 ]
70 1.28 2.29 3.10 4.11 5.38 6.65 s
*. 80 1.22 2.14 2.85 3.80 4.77 6.07 2
90 1.15 2.02 2.71 3.54 4,48 5.41 ]
100 1.10 1.90 2.52 3.32 4,07 5.05 bl )
- 110 1.04 1.82 2.44 3.11 3.84 4.72 S
a 120 1.00 1.74 2.30 2.96 3.62 4,41 o
i c. A-Duration (ms) -f:;:
- 10 3.05% 3.27% 3.66% 3.97% 4.16% 4.51% b
R 20 3.65% 3,97+ 4.26% 4. 6h* 4. 94* 5.26% )
30 4.36% 4.50% 8.22 8.45 8.68 8.85 ::‘:::-
- 40 8.08 7.98 8.01 8.23 8.45 8.91 N
50 8.11 7.95 8.08 8.25 8.59 9.01 o
. 60 8.35 8.12 8.18 8. 44 8.73 9.11 %
" 70 8.62 8.48 8.48 8.67 9.06 9.40 e
- 80 9.01 8.82 8.75 9.03 9.21 9.65 S
. 90 9.32 9.23 9.10 9.31 9.59 9.84 .;:';:
- 100 9.82 9.55 9.50 9.66 9.74 10.09 R
110 10.19 10. 04 9.96 9.90 10.07 10.38 e
> 120 10.59 10. 42 10.29 10.33 10. 45 10.71 %
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3. BLAST LOADING ON TWO-DIMENSIONAL BODIES

f:{ 3.1 CALCULATION OF GAS DYNAMICS ABOUT IDEALIZED BODY SHAPES
. The coupling between the blast field and the body response hinges criti- -,;-4
e cally on the forces induced on the body as the blast wave passes by. These t';_'-,'.
.. forces are not constant around the body because of sheltering effects due to ~;4
:_::' the gas dynamic flow. It is important to any model describing the motion of '::?'

N the body to be able to describe the magnitude and timing of the loading on -
;5 different parts for various strength and orientations of the blast waves. In ~‘_f}
™ this section results are presented that quantify these forces for use in body "
-.:.': dynamic calculations. -'\
“ The calculations were originally intended to be compared with experimen- ._
“\ tal data taken at Lovelace Research Institute, but because of the inability of \_
2 Lovelace to schedule tests during the period of performance of the contract, _':_:::_
only the calculations are presented at this time. However, we have conducted ‘-'

. more calculations than originally called out in order to give a broader view fal
o of the possible loading distributions. *3‘
:: In the accompanying figures, the transient loading of the body due to gas :-
dynamics 1is presented for three different body shapes, a square, a circle, and .\_:‘::
_. a two-to-one ellipse for two strengths of blast waves, 3 and 20 psi, and for e !
, two orlentations of the ellipse, normal and 45° rotation. For each geometric -'
‘4? configuration and strength of blast wave, results are presented for the pres- :'_EE::
e RS
sure contours in the air and about the body, the velocity vector field of the Y
.._'; flow generated by the passage of the blast wave, and the time-dependent load &"
~ distribution on the body. The results are self explanatory and will be de- ':jE:;
e scribed in generic terms. :“'..
" e
. In each instance, the incoming blast wave (indicated by the bunching of ;"
o pressure contour lines around the maximum) propagates toward the body, dif- o
> fracts around the body, and creates a bow shockwave off the front of the body _
o that rebounds toward the incident direction. The nature of the orientation of -
ﬁ the body strongly affects the magnitude of the reflected pulse, extreme exam-= “
. ples are between the ellipse at 45° and at normal direction. At normal ::_:\
ﬁ 139 Et
B
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direction there 1is greater frontal area blocking the wave and much more in-
tense loading produced. The load distribution seen with each geometric config-
uration clearly points out the strong variation with position and time that
occurs for each body. In general, the front-facing part, which is designated
by 6 = -90°, receives the largest impulse and is also the first to receive the
blast wave. Approximately 2 to 3 msec later, the time required for the blast
to diffract around the body, the back feels a lesser intensity loading. The
sides tend to see an intermediate value close to the incident wave strength,

but one that changes considerably with geometry.

The shock multiplying effect is also seen in the data. The lower level 3
psi waves produce maximum frontal loadings between 5 and 6 psi whereas the 20
psl waves produce frontal loadings as large as 70 to 90 psi. This amplifica-
tion is known in strong shock wave theory and 1s accurately reproduced in

these calculations.

The distributions presented here when validated by experimental compari-
son, offer an important link in being able to describe the body dynamics. The
calculational tool used is JAYCOR's EITACC Code which is capable of describing
arbitrary geometries, highly compressible flow, and uses a boundary condition
treatment with maximum resolution and yet allowing waves to propagate out of

computational mesh.

3.2 PROTOCOL FOR VERIFICATION TESTS AT LOVELACE INHALATION AND TOXICOLOGY

RESEARCH INSTITUTE (ITRI)

This section contains a "Protocol for Exposing a Model of the Upper Torso
to Shock Waves.” The protocol was prepared by JAYCOR after informal discus-
sions with scientists at WRAIR and at Lovelace ITRI. At the time of this re-
port preparation, testing of such a model has been delayed due to other and
higher priority tests. However, the basic objective and derived methodology
for the testing is still valid. As a natural adjunct to the calculation of gas
dynamics about idealized body shapes described in Section 3.1, the protocol
should achieve the stated objectives. It 1is expected that there may be some
minor changes to the protocol before testing is initfated. For instance, the
number of transducers to gather information on the shock waves, the size of

transducers, method of shock wave promulgation, and others. These final test
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