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of about 3.4. The preconditioned conjugate gradient squared method
appears to be a viable tool for improving the performance of panel
codes.
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" Introduction

HE blast wave refers to the shock-bounded flowfield produced

by an energy release along a plane, a line, or at a point, which
is called planar; cylindrical, and spherical blast wave, respectively.
The energy is assumed to be infinitely concentrated and released
instantaneously. Viscosity, thermal conductivity, real gas effects,
and radiant energy losses in the flowfield behind the shock front are
neglected. The flowfield ahead of the shock front is assumed to be
uniform. The idealized problem of a strong explosion represents a
typical example of a self-similar flow. The similarity solutions were
found by Taylor! in connection with atomic bomb research. The
first-order theory of a strong cylindrical blast wave was given by
Sakurai? and Lin.3 For a strong blast wave, the initial gas pressure is
very small in comparison with the pressure behind the shock wave
and can be neglected. This is equivalent to neglecting the initial
internal energy of the gas in comparison with the explosion energy.
‘When the shock wave becomes so weak that the initial pressure is no
longernegligible compared with the pressure behind the shock, the
first-order theory will be incorrect. This occurs near Mach number
of 3.3 when the pressure ratio across the shock front drops below
10. The second-order theory, which gives a correction to the first-
order theory for intermediate and weak waves, has been proposed by
Sakurai.* As shown by Vlases and Jones,’ the first-order theory fits
the experimental points very well only for strong waves. However,
Sakurai’s second-order approximation appears to give too large a
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correction to the first-order theory for intermediate and weak waves.
The correction term in a power series expansion in M ~2" (M is shock
Machnumber,n = 1,2, .. .) in Sakurai’s high-order theory is slowly
convergent. Based on the snowplow theory, Vlases and Jones have
obtained a correct limit approximation for a cylindrical wave that
predicts the shock trajectory very well down to M = 1.16.

It is the purpose of this paper to propose a simple method and
develop the correct limit formulas to predict the shock trajéctories
over a wide range for planar, cylindrical, and spherical blast waves.

Brief Review of High-Order Theory
and Snowplow Theory
Sakural’s High-Order Theory
Sakurai has obtained the solution in the form

(1/MY)(Ro/RY*™ = Jo[1+21(1/M)*+(A2/2)(A/M)*+- -] (1)

where R and Ry are the distance of shock front from the charge
and the characteristic radius, respectively. Furthermore, & = 0, 1,
and 2 corresponds to a planar, a cylindrical, and a spherical wave,
respectively, and Jy and A;(i = 1,2,...) are the constants. The
values of Jp and A; have been given in Refs. 2 and 4. For example,
Jo=0877and A; = —1.989 fora =landy = 1.4. _
akurai has defined Ry as (E,/po)V/@+D, where E, =
fy louw?/2 + (p — po)/(¥ — DIr*dr, and u, p, and p are the
ﬂow velocity, the pressure, and the density, respectively. In addi-
tion, pp, v, and r are the pressure of undisturbed fluid, the ratio
of specific heats, and the coordinate, respectively. In this: paper,
however, we alternatively define Ry as Ry = (4E,/Bypo)/@*h,
where for « = 0,1, or 2; E, = E,, 2nE,, or 47 E,; and
B = Jo/y,2n Jo/y, ot 4w Jy/y, respectively. Therefore, we have
Ry = (4Eq/ poJo) @V = (4] Jp)Y/@*+D Ry, Then Eq: (1) becomes

(/M2 (Ro/ RY* = 4[14+41(1/ M)+ Ao/ (/MY +- -] @)

The first-order and second-order approximations are given by
Eqgs. (3) and (4), respectively, as

(/MY (Ro/R)*+ = 4 ®)
(1/M>)(Ro/ R = 4[1 + A (1/M)?] @

Integrating Eq. (4), we can obtain the following shock trajectory
equationfory = l4and o = 1:

7 =0251[(1 +7.96\%)% — 1] )

where A and 7 are defined as A = R/Ry and 7 = Ct/Ry, and
C and ¢ are the sound velocity of undisturbed fluid and the time,
respectively.

Snowplow Theory

The similarity solution shows that almost all of the mass is con-
tained within a thin layer near the front surface. In the snowplow
model of Vlases and Jones, all of the mass is assumed to be con-
centrated in a thin layer at the shock front and travel with the shock
velocity. By using this model, Vlases and Jones have obtained a
simple expression for a cylindrical blast wave in the form

=i{a+aH1 -1] 6

Correct Limit Conditions

The correct limit condition as A — 0 used in Ref. 5 for a cylin-
drical blast wave is

=A% ¢

Here, we present a general expression as the correct limit condition
for .. — 0 based on Sakurai’s first-order theory, since the agreement
between the theory and experiment is very good for a strong wave.
Substituting M = dA/dt and A = R/ Rgyinto Eq. (3) and integrating,
we have

T = 4o +3)7alHI2 ®)
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which is the correct limit condition for A — 0. Equation (7) can be
readily obtained from Eq. (8) if we substitute o = 1.
The correct limit condition for A — oo is given by

dx
M=—=
=1 ®

since the shock wave approaches the acoustic limit as A — oo,

Description of Our Method

At first, we briefly review the technique employed by Vlases and
Jones in obtaining their formula and, then, develop a simple method
to predict the shock trajectories for planar, cylindrical, and spherical
blast waves.

In the snowplow model of Vlases and Jones the total excess energy
in the flowfield produced by a cylindrical blast wave, which must
equal to the energy released in the explosion (E,), is

o R2[F(7)R? ~ ey] = Eq (10)

where ep = (y — 1)"'(po/p0), F(y) =} +2(y +1)72,and po and
ep are the density and the internal energy per unit mass of undisturbed
fluid, respectively. One can integrate Eq. (10) to find that

T =2y — DFW)IE[By (v — 1)/4n1}

x ({1 +[47/By (y — DIA2}E — 1)

= BB (1 + B?)? —1] an

where 8, = [2(y — 1)F()]V/? and B, = 4n/By(y — 1). For
y = 1.4, wehave B = 3.94, B, = 0.823, B, = 5.695, and F (y) =
0.847. Therefore, Eq. (11) becomes

v = 0.345[(1 + 5.695,%) — 1] (12)

which has exactly the same form as Sakurai’s second-order approx-
imation of Eq. (5) except the constants. However, Eq. (12) does not
satisfy the correct limit conditions of Eqgs. (7) and (9). To satisfy the
correct limit conditions, Vlases and Jones have chosen 8y = 1 and
B> = 4 and obtained Eq. (6).

We find in this study that the formula of Vlases and Jones for
Eq. (6) can be readily obtained from Sakurai’s second-order ap-
proximation of Eq. (4) if A\; = —1 and @ = 1. Now let us make
an analysis of Sakurai’s second-order approximation as A — 0 and
A — oo, FromEq. (4) fora = 1 and noting that M — ocoasA — 0
(R — 0), we have (1/M?)(Ry/R)? = 4. After integrating, we have
T = A2, which is the correct limit condition for A = 0 as mentioned
before. That is to say that Sakurai’s second-order approximation sat-
isfies the correct limit condition for A — 0. As A = 00 (R — o0),
we find from Eq. (4) that M = ./—A;. It is obvious that A; given
by Sakurai (—1.989 in this case) cannot satisfy Eq. (9), which is the
correct limit condition for . — oo. Therefore, we should choose a
new value for A, to satisfy the correct limit condition for A — oo,
which requires that A, = —1.

Since Sakurai’s second-order approximation has exactly the same
form as the expression of Vlases and Jones obtained from the snow-
plow theory and satisfies the correct limit conditions if A, = -1,
it is clear that the expression of Vlases and Jones can be read-
ily obtained from Sakurai’s second-order approximation by letting
A1 = —1. Substituting A; = —1 and & = 1 in Eq. (4), we have

M =+/1+4)A2/2) (13)
r—/ll——dz—l[(1+4k2)%—l] (14
CJo VTHAZ T2

which is exactly the same as Eq. (6) given by Vlases and Jones.
Next, we will show that the preceding analysis also works well
for a planar wave and a spherical wave. Generally, we have

Pobe R [F(y)R? — €9] = E, (15)

where ¢, = 1,7, and 4x/3 for « = 0, 1, and 2, respectively.
Equation (15) can be written in a different form as

(1/M*)(Ro/ R)** = 4[1 + b(1/M)*] (16)

where Ro=[4E,/y F(¥)$apo]/**V andb=— [y (y — DF ()]
We find that Eq. (16) has exactly the same form as Eq. (4) ex-
cept the constants. The constants Ry and » in Eq. (16) should
be chosen to satisfy the correct limit conditions. From Eq. (16),
we have

A/MH(Ro/R)**' = 4 (17

and M = ./—b, for . — 0 and A — 00, respectively. Substituting
M = di/dv and R = AR, into Eq. (17) and integrating, we have
T = 4(a + 3)~!(Ro/ Rp)@*D/20@+3/2 Comparing this expression
with Eq. (8), we find that Ehe correct limit condition for A, — 0-will
be satisfied if and only if Ry = Ro. Furthermore, b should be chosen
to satisfy the correct limit condition for A — oo, which requires that
b = —1. Then Eq. (16) becomes 1/(M2Ar**+1) = 4[1 — (1/M)?].
After integrating, we can obtain the following formula to predict the
shock trajectory:

A
" 4z0t+1
= [ —————d 18
T fo.V1+4Z°‘+‘ ¢ 9

From the preceding analysis, we see that the correct limit formulas
canbe readily obtained from Sakurai’s second-order approximations
if A1 is chosen as —1, without the complicated derivation as Vlases
and Jones did.

Results and Discussion

Based on Eq. (18), we obtain the following correct limit formulas
for planar, cylindrical, and spherical blast waves.
1) Planar blast wave (o = 0):

A g
4z 1
= 1/ = —[2+/ A4\ +
' '/0 1+4zdz 4[ ( D

+ (VA + 1~ 2VR)] 19
2) Cylindrical blast wave (a = 1):

* 422 1 2.1
1:=/0 Tk =sla+ani-1]  @o

3) Spherical blast wave (¢ = 2):

Py
473
= —_d 21
t /; V14 4z3 ¢ @b

Equation (21) can be solved by numerical integration.

In Fig. 1a, the correct limit approximation for a cylindrical wave
(& = 1) is compared with experimental data® as well as Sakurai’s
first-order and second-order approximations (for A = 1.4). Ex-
perimental measurements on shock trajectories from an inverse
pinch discharge® are in excellent agreement with Eq. (20) down
to M = 1.16, which is referred to as M,. Further investigations are
necessary to find the values of M, for the correct limit formulas of
Egs. (19) and (21), respectively. Moreover, the correct limit shock
trajectories for planar, spherical, and cylindrical waves are shown
in Fig. 1b. - '

In this study, shock waves are classified as strong shocks
(M > 3.3),intermediate shocks (M, < M < 3.3), and weak shocks
(1 < M < M,). It should be noted that Egs. (19-21) deviate from the
classical weak shock decay lawS as the shock velocity approaches
the acoustic limit. Jones et al.” have suggested an additional correct
limit equation for overpressure across a cylindrical blast wave in the
form

8p/p0 = R0+ D1 [G/9 {1+ @AW 1) @
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Fig. 1 Shock trajectones a) comparison of correct limit appromma-
tion, experimental data,” and Sakurai’s approximations for o = 1 and
7 = 1.4 and b) correct limit approximations for a = 0, 1, and 2.

As ) — o0, the right-hand side approaches . ~%/*,in agreement with
weak shock decay law. Based on the Rankine~Hugoniot relation and
Eq. (22), Jones et al. have obtained another trajectory equation that
has been numerically integrated and compared with Eq. (20).- As
shown by Jones et al., the two trajectories differ by a maximum of
less than 8% at A ~ 1.5 (M ~ 1.05). However, the error decreases
rapidly at lesser and greater distances.

Equations (19-21) are valid in the strong and intermediate shock
regions and would deviate from the weak shock decay law only in
the weak shock region. Therefore, they are still adequate as the first-
order correct limit equations and are improvement upon Sakurai’s
second-order approximations.

Conclusions

A simplified approach has been proposed and applied to the de-
velopment of cylindrical shock trajectory formula given by Vlases
and Jones. Furthermore, the same technique has been used to de-
velop the correct limit equations to predict the shock trajectories for
planar and spherical blast waves. For intermediate and weak waves,
the results achieved by the proposed method are improvement upon
Sakurai’s second-order approximations.
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Introduction

HE behavior of jets under the influence of periodic disturbances

has been of intetest since the mid-1800s, including Plateau’s!
study of gravitationally induced lquid jets issuing from orifices
vibrating from acoustical sources in contact with the vessel, and
LeConte’s* observation of the effect of acoustical tones from a mu-
sical trio on gas lights while at a dinner party. Brown® presented
results on the effect of periodic forcing of a three-dimensional jet
with Reynolds numbers of 1 x 10? to 2 x 102, The acoustic distur-
bances were introduced externally at frequencies ranging from 76
to 660 Hz. He observed both increased and suppressed growth of
the jet.

A distinct saddle-back shape in the longitudinal velocity profile of
a planar jet having nozzle aspect ratios of 20 and 25 and a Reynolds
number of 1.3 x 10* was noticed by van der Hegge Zijnen* with the
maxima near both ends of the profile being, at times, 10% greater
than the centerline velocity. The saddle-back profile was accentu-
ated by larger aspect ratios and by closing the ends to maintain
two-dimensionality. Sato® used a channel approach (7.5-183.3 noz-
zle widths) to a nozzle with an aspect ratio varying from 10 to 91.
He found that the disturbances changed velocity fluctuation lev-
els along the jet centerline and that the Strouhal number equaled
0.23 for the symmetric ﬂuctuatlons and 0.14 for the antisymmetric
fluctuations.

Crow and Champagne® found that forced disturbances reduced
the potential core of the jet and that the spread and axial velocity
decays reached their asymptotic values more quickly than those of a
natural jet. Browand and Laufer’ introduced artificial disturbances
and observed large-scale structures and the merging of vortex rings
that they labeled pairing interactions. Zaman and Hussain,® who
studied vortex pairing in air jets subjected to pure-tone acoustic
disturbance, found both amplification and suppression of velocity
fluctuations depending on the disturbance frequency.

Oster and Wygnanski® demonstrated that spreading rates can be
significantly increased by disturbing the flow at frequencies at least
an order of magnltude below: the initial instability frequency: Ho -
and Huang!® confirmed the effect of disturbing flows at frequen-
cies lower than the natural instability frequency and noted that
the spreading rate was sensitive to low disturbance frequencies
and that collective interaction could resutt i in 10 or more vortices
coalescing.

The objective of this research is to determine the effect of
large-amplitude, low-frequency disturbances on a free planar jet.
Low-frequency, subaudible excitation is of interest in applications

- where higher excitation frequencies may be objectionable. The

disturbance frequencies studied extended into the audible range,
but the subaudible frequencies (below 20 Hz) are of particular
interest.

Apparatus and Procedures

The nozzle, 2.54 cm wide and 119 c¢m long, was designed to ap-
proximate actual diffuser geometries used in building applications. !
The axial distance was nondimensionalized by the nozzle width and
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