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Fig. 1 Comparison between the attenuation predicted by the general
attenuation law developed in the course of the present study and the
experimental results of Sommerfeld.?
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Fig. 2 Comparison between the predictions of the attenuation laws
developed during the course of the present study (dashed line) and that
developed by Olim et al.!

as mentioned earlier is applicable only to weak-to-moderate planar
shock waves and relatively high loading ratios, is shown in Fig. 2 for
M, = 1.5, D = 200 um, and n = 4.0. It is evident that the general
attenuation law as developed in the course of the present study
predicts an attenuation similar to that predicted by Olim et al.’s!
limited law. The difference of about 3 to 4%, which is developed at
large values of x, is due to the fact that whereas the present general
attenuation law dictates a realistic equilibrium shock wave Mach
number, M, > 1, Olim et al’s! ‘specific attenuation law inherently
dictates M, = 1 when x — 00.

Conclusions

The governing equations describing the flowfield that develops
when a planar shock wave propagates inside a dust-gas suspension
were solved numerically using the random choice method.

The shock wave attenuation was investigated numerically. Based
on the numerical results, a general law for describing the shock wave
attenuation as it propagates inside the dust-gas suspension was de-
veloped. It is an improvement of a simplified specific attenuation
law that was developed a few years ago by Olim et al.! The results
indicated that the coefficient of attenuation y decreases as the dust
particles diameter D decreases and the dust loading ratio 77 increases.
As a result the attenuation itself increases when D decreases and 7
increases.

The general attenuation law was validated by comparing its pre-
diction with actual experimental results. Very good agreement was
evident.

The general atienuation law enables one to calculate simply and
cheaply the instantaneous shock wave Mach number and as a result
to obtain immediately the jump conditions across it without the need
to conduct a tedious numerical simulation.
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Interaction of a Regular
Reflection with a Compressive
Wedge: Analytical Solution

H. Li* and G. Ben-Dor"
Ben-Gurion University of the Negev,
Beer Sheva 84105, Israel

Introduction

N experimental and analytical study of the reflection processes

of planar shock waves over double wedges was presented in
Ref. 1. One out of the seven investigated double wedge combinations
is shown in Fig. 1. The slopes of the first and second reflecting
surfaces are 8! and 02, respectively, and 6, is large enough to ensure
that the incident planar shock wave reflects over it as a regular
reflection (RR). The case for which 62 < 90 deg was investigated
experimentally in Ref. 1 and numerically in Ref. 2, and the case
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Fig. 1 Schematic illustration of a regular reflection prior to its inter-
action with a compressive corner and definition of parameters.

for which 62 = 90 deg was investigated both experimentally and
numerically in Ref. 3.

Schematic illustrations of the resulted wave configurations fol-
lowing the interactions of the regular reflections, which were formed
over the first reflecting surfaces, with the second compressive cor-
ners for 62 < 90 deg and 82 = 90'deg are shown in Figs. 2a and 2b,
respectively. The similarity between these wave configurations is
self-explanatory. They both consist of two triple points, 7} and T>.
As long as the signals generated at the first compressive corner (not
shown in Fig. 2) have not reached the triple point 7}, the wave
configurations shown in Figs. 2a and 2b are self-similar.?

In the following an analytical model based on the two- and three-
shock theories for predicting the wave configurations, shown in
Figs. 2a and 2b, respectively, is presented. Predictions based on
the proposed analytical model are then compared to experimental
results.

By comparing the analytical predictions with experimental re-
sults, the performance of the two- and three-shock theories in com-
plicated flowfields can be checked. In addition, these theories can
be further used to calculate local pressures along the reflecting sur-
faces, especially at point B where the pressure is maximal. Such
information may assist in preliminary design of structures which
could be hit by blast waves.

Present Study

The two- and three-shock theories* are, in fact, the analytical
models for describing the local flowfields in the vicinity of the re-
flection point of an RR and the triple point of a Mach reflection
(MR). It is assumed in these theories that all of the discontinuities,
i.e., shock waves and slipstreams, are straight and that the fiowfields
bounded by them are uniform. In accordance with these assump-
tions, the wave configurations shown in Figs. 2a and 2b are redrawn
in Fig. 3a. The schematic wave configuration shown in Fig. 3a is
rotated by 90 deg compared to its counterpart in Fig. 2 and all of
the discontinuities in it are straight. An (x, y)-coordinate system
is defined in Fig. 3a. The wave configuration consists of two triple
points, T; and T>. The triple points trajectory angles are x, and x»,
respectively. Each triple point has three shock waves, namely, the
incident i, the refiected 7, and the Mach stem m, and one slipstream
s. The Mach stem is common to the two triple points. An arrow
indicating the direction of propagation is attached to each shock
wave. The flow Mach number in region () is indicated as m ;. Note
that m, is parallel to the y axis, m, is parallel to the first reflecting
surface, and m3 is parallel to the second reflecting surface. The inci-
dent, reflected, and Mach stem shock Mach numbers are M;,, M,,,
and M,,, respectively, where the secondary subscript indicates the
triple point to which the shock wave (i or r) belongs.

The flow parameters and representative streamlines in the vicini-
ties of each of the two triple points in the frames of references
-attached to them are shown in Figs. 3b and 3c. To simplify the for-
mulation in the following let us replace the notations of the first
and second triple points from 7; and T3 to C and D, respectively.
Furthermore, since dynamic properties are frame-of-reference de-

b)

Fig. 2 Schematic illustrations of the wave configurations which
are developed after the RR interacts with the compressive corner:
a) 62 < 90 deg and b) 62 = 90 deg.

pendent, the symbols (C) or (D) will be attached to them to indicate
whether they are in a frame of reference attached to the first triple
point C or the second triple point D. Whenever a dynamic prop-
erty is not followed by (C) and (D) it is actually calculated in a
laboratory frame of reference.

Governing Equations

Based on Fig. 3a the attachment velocity of the first triple point
Cis

M; — in 6
_ M n; SINGy .4 )
cos(x1 — 61)
where a is the local speed of sound, and 6, is defined in Fig. 3a. Let
us define for this velocity two different Mach numbers

Mc; = I)c/ai i=12 (2) and (3)
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Fig. 3 Detailed schematic illustrations of the wave configurations
shown in Fig. 2 with detailed definition of parameters.

Based on Fig. 3b and simple vector analysis one can write
1

M\(C) = (M2, +m} + 2Mcym sin x1)* @

My(C) = [MZ, + m} + 2Mcomy sin (x, — 0,},)]% )

Mcisiny; +m
BiI(C) = arctg(—c‘—l‘i—‘) ©)
M) cos x1
Mco sin X1 -+ mycos 6}
C) = arct, v 7
Ar(C) = arc g(Mcg €os x1 — mz sinf) M
From gas dynamic considerations one obtains
R 1 , 2
8:(C) = arctg | 2ctg ¢ (C) Z[M’ (©)sindi (OF ~ 1
M (O)ly + cos2¢;(C)] + 2
(8) and (9)
2¥[M;(C)sing; (CO)P — (y — 1
pi(C) = py(y LIS OT — & = D (1) g 11y
y+1
where i = 4 and 6 for j = 2 and 1, respectively. In addition,
M, = M (C) sing(C) (12)
On = BI(C) + ¢6(C) — (7/2) (13)

where M,, and 6,, are the strength and orientation of the Mach stem.

The matching conditions across the slipstream s, are
P4(C) = ps(C) (14)
B2(C) — 84(C) = p1(C) + 86(C) (15)

In addition, since the tangential velocity across oblique shock waves
remains constant,

mycos B a
m; = ——— — (16)
CoOSw1

Equations similar to Egs. (1-16) can be derived for the second
triple point D. .
Based on Fig. 3a the attachment velocity of the second triple point
Dis
M,‘z —m sin 02
cos(x2 — 6)

‘4 an

where 6, is defined in Fig. 3a. Let us again define two different Mach
numbers for this velocity

MD,' = vD/a,» i=13 (18) and (19)

Based on Fig. 3c and simple vector analysis one can write:

[(SE

M(D) = (M}, + m} + 2Mpym, sin x2) (20)
M3(D) = [Mp; + m3 + 2Mpsmssin(x2 — 93,)]% (21)
£i(D) = mctg(%?) @
and
por = s(RIETER) @

From gas dynamic considerations one obtains

; ‘nd: (D2 —
8:(D) = arctg{zctg¢i (D) IM;(D)sing; (D))" — 1 }

ME(D)ly + cos 26:(D)] + 2
(24) and (25)

2y[M;(D)singi(D)F ~ (y = D
y+1

pi(D) = p;(D) (26) and (27)

where i = 5 and 6 for j = 3 and 1, respectively. In addition,
M,, = M\ (D) sin ¢s(D) (28)

b = B1(D) — ¢6(D) + (/2) (29)
The matching conditions across the slipstream s, are

ps(D) = ps(D) (30)
B3(D) + 85(D) = Bi(D) — 8¢(D) <V

In addition, since the tangential velocity across oblique shock waves
remains constant,

micosbh aq
my = ———— — (32)
CoOsSw, as
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Table 1 Comparison between analytical predictions and experimental results

Case 1, Case 2,
M = 1.25,8) = 55 deg, 62 = 90 deg M, = 149,08} = 55 deg, 82 = 90 deg
Analysis Experiment Analysis Experiment
X1, deg 57.6 52 deg £1 56.9 52 deg &1
X2, deg 39.1 44 deg 1 347 37.5 deg 1
O, deg 56.6 56 deg +1 584 58 deg +1

The set of 32 governing equations consists of the following 32
unknowns: vc, Mcy, Mca, M((C), My(C), $1(C), B2(C), 84(C),
86(C)7 P4(C), Pﬁ(c)’ va oma my, ¢4(C)v ¢6(C)7 X1 Vps MDls
Mp;, M\(D), M5(D), B1(D), B3(D), 85(D), 8(D), ps(D), ps(D),
m3, ¢5(D), ¢s(D) and x,.

Note that the speed of sound a; behind the incident shock wave
is simply obtained from M, and a,. The parameters M;, 0y, a5, and
) can be obtained from solving the regular reflection of incident
shock wave M, over the first reflecting surface 6]. Similarly, M;,,
0,, a3, and w, can be obtained from solving the regular reflection of
the incident shock wave M, over the second reflecting surface 62.
Recall that M, 6., 82, and the flow state (0) are all known, as they

59 Ups Uy

are the initial conditions.

Results and Discussion

Predictions of the proposed analytical model were compared with
the relevant experimental results of Refs. 1--3. Three geometrical
parameters were compared: the first and second triple point tra-
jectory angles x; and x; and the orientation of the Mach stem 8,,
with respect to the horizontal x axis. The comparison is shown in
Table 1. Whereas the analytical predictions of x; overestimate the
experimental results by about 10%, the analytical predictions of
X2 underestimate the experimental results by about 10%. Although
these agreements do not seem to be too good, one should recall that
similar agreement is obtained when the three-shock theory is used to
predict the triple-point trajectory angle in Mach reflections over sin-
gle wedges.* The reason for this disagreement lies in the fact that in
actual triple points not all of the shock waves are straight as required
by the two- and three-shock theories. Figures 2a and 2b clearly indi-
cate this fact. Furthermore, whereas in the case of single wedges the
triple point moves toward a quiescent gas in the wave configuration
treated in the present study, the triple points move toward a moving
gas. Consequently, the present problem is much more complicated
and, hence, an agreement within 10% should practically be consid-
ered as a very good one. Finally, it should be noted that as is evident
from Table 1, the agreement between the presently proposed ana-
lytical model and the experimental results, regarding the orientation
of the Mach stem, i.e., 8,,, is excellent.

Conclusions

The two- and three-shock theories were applied to complex flow-
fields and wave structures. Their performance was found to be good
to excellent. By further developing this model the pressures acting
on the surfaces can be estimated.
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Effect of Screen Porosity
and Location on Wind-Tunnel
Turbulence

G. Refai Ahmed* and E. Brundrett®
University of Waterloo,
Waterloo, Ontario N2L 3G1, Canada

Introduction

NE of the fundamental problems of engineering fluid me-

chanics is how to control the velocity distribution of fluid flow
inside the wind tunnel. Often, single screen or multiple screens are
used in this operational mode to remove or create time-mean velocity
nonuniformities and to reduce or increase the intensity of turbulence
in a controlled manner. Numerous studies have investigated the ef-
fect of placing screens in the fluid flow through wind tunnels since
the beginning of this century. Furthermore, the researchers have ex-
amined the effect of the turbulence intensity, as controlled by the
screens, on forced convection heat transfer results.

A wide variety of turbulence generators have been examined in
the past, such as square-mesh arrays of either round rods or wires
(woven screens), square-mesh arrays of square bars, parallel arrays
of square bars, perforated plates, agitated bar grids, jet grids, aero-
foil cascades, tube bundles, and various permutations and combi-
nations of the preceeding. Roach! investigated the pressure drop
across screens and the characteristics of the downstream turbu-
lence. Furthermore, Roach! attempted to fill gaps in the current
literature by proposing simple rules for the design of screens in
wind tunnels. Therefore, he proposed design guidelines and also
examined the pressure losses, turbulence intensities, spectra, corre-
lation functions and length scales. In addition, Roach! introduced
a number of correlations to predict turbulence intensity behind a
screen; however, he did not address the effect of screen porosity
on turbulence intensity. Laws and Livesey? investigated the flow
through screens by characterizing the flow properties of the screen,
by determining the effect of a screen on time-mean velocity distri-
butions, and by measuring the turbulence distribution downstream
of ganze screens. Furthermore, Gad-el-Hak and Corrsin® gave de-
tails of turbulence intensities, scales, decays, and spectra for their
jet grid. In the same paper they summarized the results, in tabular
form, of no less than 12 previous paper on both passive and active
grids giving the turbulence component magnitudes and decays of the
form

cotu/u x 100Tu = B(x/M)™ ¢))

where B and m are constants, x is the distance between the location
of the screen and the measurement location of Twu, and M is
square cell width of the screen based on wire centerline. Batche-
lor and Townsend* and Compte-Bellot and Corrsin® correlated their
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