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Abstract. The propagation of a planar shock wave in a 90° branched duct is studied experimentally and
numerically. It is shown that the interaction of the transmitted shock wave with the branching segment
results in a complex, two-dimensional unsteady flow. Multiple shock wave reflections from the duct’s walls
cause weakening of transmitted waves and, at late times, an approach to an equilibrium, one-dimensional
flow. While at most places along the branched duct walls calculated pressures are lower than that existing
behind the original incident shock wave, at the branching segment’s right corner, where a head on-collision
between the transmitted wave and the corner is experienced, pressures that are significantly higher than
those existing behind the original incident shock wave are encountered. The numerically evaluated pres-
sures can be accepted with confidence, due to the very good agreement found between experimental and
numerical results with respect to the geometry of the complex wave pattern observed inside the branched

duct.
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1 Introduction

When a planar shock wave propagates into a uniform
cross-section duct, it slowly attenuates due to momentum
and energy dissipation via friction and heat transfer. A
much faster decay in the shock wave strength is observed
when it propagates into a branched duct. In such a case the
main mechanism responsible for reducing the shock wave
strength is multiple shock wave reflections initiated by
the branched duct. Interest in shock wave propagation in
branched ducts of various geometries is stimulated by its
application in many engineering problems. Some examples
are: hazardous explosions in mine shafts; gas transmis-
sion pipes; exhaust systems of internal combustion multi-
cylindrical engines and in design of shelters from bomb
generated explosions. In most of the above-mentioned ex-
amples, one is interested in quickly reducing the intensity
(impulse) of the propagating shock, or blast, wave. Stud-
ies published in the past three decades were limited to
either experimental investigations or approximate theoret-
ical /numerical solutions based on the assumption that the
flow is quasi-one dimensional. For example see Dadone et
al. (1971), Sloan and Nettleton (1971), Srivastava (1973),
Peters and Merzkirch (1975), and Heilig (1975).
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It is the purpose of the present paper to provide a com-
prehensive and accurate description of shock wave propa-
gation in a branched duct. The case to be studied is shown
in Fig. 1. The experimental part consists of shadowgraphs
recording the history of the planar shock wave interaction
with, and propagation into, the branched duct shown in
Fig. 1. In the theoretical part a two-dimensional numerical
solution for the flow field that evolves behind the shock
waves transmitted into the branched duct is given.

The experiments were conducted in the 40x110 mm
cross-section shock tube of the Ernst Mach Institute in
Freiburg, Germany. A 90° branched duct model, shown
schematically in Fig. 1, was placed inside the test-section
to generate a duct having a rectangular cross-section;
40 mm in view direction and 20 mm in height. A Crantz-
Schardin multiple spark camera provided a sequence of
shadowgraphs taken during each run with a pre-set time
interval. Details regarding the shock tube and the optical
system used for the experimental investigation are given
in Mazor et al. (1992).

2 Theoretical background

The interaction process of a planar shock wave with a
90° branched duct and its subsequent transmission into
the duct’s two branches, results in a nonstationary two-
dimensional flow. Focusing on the flow which develops
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Fig. 1. Schematic description of the investigated flow field

@ Pre-shocked state; ambient conditions.

@ The state prevailing behind the incident
shock wave.

Ms The incident shock wave Mach number.

i=1,2,..,8 Locations at which
pressures were evaluated, numerically.

close to the branching segment of the duct (up to 5-6
heights of the duct) one can safely ignore friction and
energy (heat transfer) losses. Therefore, the conservation
equations of mass momentum and energy, written in vec-
tor form, for a two-dimensional, nonstationary, inviscid
gas flow are:

0 0 0
—U+—FU)+=—GU)=0 1
U+ 5o F(U) + 5 G(U) =0 0
where,
p pu
_ | pu | put+p
U(zx,y,t) = o | FU) = ouv ,
pE (PE + p)u
pU
_ puv
G(U> - p'U2 +p ;
(pE +p)v

1
E=e+(u’+0), p=(y-1)pe

F(U) and G(U) are the flux components in the x- and
y-directions, respectively. p,p,e,u,v and E are pressure,
density, specific internal energy, velocity components and
total specific energy, respectively. Equation (1) was solved
numerically using the GRP scheme whose principles are
given in Ben-Artzi and Falcovitz (1984). In the follow-
ing only a brief description of this numerical scheme, tai-
lored for the solution of (1) is given. Details regarding this
scheme can be found in Igra et al. (1996).

The multi-dimensional GRP method is inherently a
formal extension of the one-dimensional GRP scheme.
First consider the governing equations for a one-dimens-
ional time-dependent inviscid compressible flow in the
(x,t)-plane. These are:

0 0

U+ —F({U)=0, (2a)
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Fig. 2a,b. Wave configuration at t = 28 us. a Experimental
results (shadowgraph), and b Numerical simulation (isopyc-
nics)

p pu
U(:c,t)(pu), F(U)( pu? +p ) (2b)
pE (PE + p)u

The flow field is divided into a grid comprising a set of
cell-interface points ;1 /2, and the i-th cell is the interval
Ti—172 < ® < Ziy1/2- The conservative second-order dif-
ference scheme for the time integration of the conservation
laws, (2a) is:

n n mil/2 iy
urtt =ur — [F(U)irl//z - F(U)ijl//z]’

¢ Aﬁz

(3)

where the time-centered fluxes are obtained by employing
the following procedure.
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The flow at time level t™ is approximated as piecewise
linear in primitive flow variables (velocity, pressure and
density) per cell, with discontinuities at cell-interfaces.
First, the Riemann problem that correspond to the initial
discontinuity (Ur,Ug) extrapolated linearly to cell inter-
faces is solved, giving rise to the first-order (upwind) fluxes
F(U)}y/y and G(U)Y, , - This is followed by evaluating
the first time- derivatives of flow variables at cell inter-
faces using analytical expressions that resulted from the
GRP analysis. The stage is then set for evaluating the
second-order accurate fluxes given by:

At

n+1/2 _ n n
FU) s = F(U)Hae+ > [&F(U)]iJrl/Q (4)
0 n n 0 1n
[aF(U)LH/z = F/( i+1/2)[§U]i+1/2

Following the integration of the conservation laws, the
slope of flow variables in cells are updated, subject to
monotonicity constraints designed to avoid erroneous in-
terpolation at cell interface; the Van Leer (1979) mono-
tonicity scheme was imposed on the slopes of primitive
variables. Turning now to the two-dimensional flow case,
the flow domain is divided into a set of rectangular cells.
The finite-volume form of the Euler equations, (1) can be
written for each cell as

dUu

1
— =3 Z(an + Gn,)AS,

o (5)

faces

where A is the area of the cell, and n = (ng, n,) and AS
are the outward unit normal vector and the faces lengths,
respectively. Time-centered integration of (5) on each cell
(i,7) results in

A"
n+1 n
Uit = U5 -

— D (2GR AS,

Y faces

where the time-centered normal fluxes (F™t1/2n,
+G"*1/2n,) at each face are evaluated in a similar way as
shown in (4). The main steps are the following. The Gen-
eralized Riemann Problem solved at each cell-boundary in
order to evaluate the mid-step fluxes as in (4), is the fol-
lowing initial value problem. At x-facing cell-boundaries,
(1) is solved with initial data comprising linearly-distri-
buted states on either side, treating the y- momentum con-
servation law as pure advection. An analogous procedure
is performed at y-facing cell-boundaries. The outcome of
the GRP analysis is analytic expressions for the primitive
variables and their first-order time derivatives at the cell’s
face. They lead to plug-in expressions for evaluating the
fluxes at cell-boundaries according to Eq. (4).

3 Results and discussion
Figures 2a to 5a show shadowgraph photographs taken

during an experiment in which the incident shock wave
Mach number, before it reached the branching section, is
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Fig. 3a,b. Wave configuration at t = 40.5 us. a Experimental
results (shadowgraph), and b Numerical simulation (isopyc-
nics)

M= 2.4. The pre-shock pressure and temperature are 1
bar and 15°C, respectively. Figure 3a was taken 12.5 us
after the shadowgraph shown in Fig. 2a, the shadowgraph
shown in Fig. 4a was taken 35 us after that shown in
Fig. 3a and the time interval between Fig. 5a and 4a is 75
us. Numerical simulations made for the above-mentioned
times are shown in Figs. 2b to 5b. The lines appearing
in these figures are lines of constant density (isopycnics).
A comparison between numerical simulations and appro-
priate shadowgraphs attests to the accuracy of the pro-
posed physical model (1) and its numerical solution. It
is apparent that the numerical solution reconstructs the
complex wave pattern and its time evolvement very ac-
curately. In Fig. 2 the incident shock wave is seen as it
hits the right corner of the branching section. The post-
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Fig. 4a,b. Wave configuration at t = 75.5 us. a Experimental
results (shadowgraph), and b Numerical simulation (isopyc-
nics)

shock flow is supersonic. (For Mg= 2.4 the post-shock flow
Mach number in air is 1.157.) As a result, the flow is de-
flected into the 90° branch of the duct via a centered rar-
efaction wave. This centered rarefaction wave is shown
very clearly in Fig. 2b (depicting isopycnics); it is hardly
noticed on the shadowgraph (Fig. 2a) since the shadow-
graph is sensitive to the second density derivatives, which
are generally quite small in the fan region away from the
corner. However, the center of the rarefaction fan, where
strong density gradients prevail, is clearly noticed in both
Figs. 2a and 2b. In both figures a secondary shock wave,
required for matching the high pressure existing behind
the transmitted shock wave and the low post-rarefaction
pressure, is observable. The angle of the rarefaction wave

b

Fig. 5a,b. Wave configuration at t = 150.5 us. a Experimen-
tal results (shadowgraph), and b Numerical simulation (isopy-
cnics)

head, near the branching segment left corner is about 59°
as expected for a flow Mach number of 1.157. 12.5 us later
the incident shock wave has passed the branching section
right corner. The transmitted shock wave (in the horizon-
tal part of the branched duct) exhibits a Mach reflection
pattern from the duct floor. A regular reflection is evident
at the wall of the vertical part of the duct. Both trans-
mitted waves (into the vertical duct and into the horizon-
tal duct) are curved, indicating that the post-shock flows
are two-dimensional. In addition to the transmitted and
reflected waves, the secondary shock wave mentioned be-
fore, is also visible in both Figs. 3a and 3b. Figure 3b
provides an exact simulation for the wave pattern shown
in Fig. 3a. As time proceeds the transmitted waves prop-
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Fig. 6. Numerical simulation of the wave configuration at t =
63 s

agate further into the two branches of the duct. In Fig. 4,
taken 35 us after Fig. 3, a clear Mach reflection is evident
from the walls of both ducts. The shock wave originally
reflected from the branching segment right corner is split
into two parts. This splitting is a result of its collision
with the secondary shock wave. This collision happened
12.5 ps before the event shown in Fig. 4; a record of the
collision between these two shock waves is shown in the
numerical simulation in Fig. 6. It is clear from this figure
that the almost cylindrical, reflected shock wave, shown
in Fig. 3, is deformed during its collision with the sec-
ondary shock wave (see Fig. 6) and thereafter split into
two parts as is evident in Fig. 4. It is also apparent from
Fig. 4 that the secondary shock is weakened by its colli-
sion with the reflected shock wave (it appears as a brighter
and thinner line). In the last shadowgraph, Fig. 5a (taken
75 ps after the one shown in Fig. 4a), the transmitted
wave in the horizontal part of the branched duct is al-
most planar. The weaker shock wave, transmitted through
the vertical part of the branching, is still experiencing a
Mach reflection. Additional reflections are clearly noticed
in both branches of the duct indicating that the flow at
this time is still two-dimensional. Again, the numerical
simulations (Fig. 5b) reproduces well the complex wave
pattern shown in Fig. 5a, indicating the reliability of the
proposed physical model (1) and its numerical solution.
We may therefore use, with confidence, the proposed nu-
merical solution for assessing pressures which prevail at
different locations along the branching duct. The locations
where pressure computations were conducted (marked as
1 to 8) are shown in Fig. 1. The calculated pressure his-
tories at these locations are shown subsequently.
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Fig. 7. Calculated pressure history at ports No. 1, 2, 3 and 4

The pressure history at ports No. 1 to 4 are shown
in Fig. 7. Pressures in this figure, and in the following
one, were normalized by the pressure prevailing behind
the incident shock wave prior to its interaction with the
branching section. It is apparent from Fig. 7 that at port
No. 1 the pressure throughout the investigated time will
be lower than that existing behind the original incident
shock wave. As a matter of fact, the transmitted wave into
the 90° branch of the duct is significantly weaker than the
original incident shock wave. When it reaches port No. 1
(at about t= 35 us) its strength is only one third of that of
the incident shock wave. It will rise to about 70% of the in-
cident shock wave strength when the reflected shock wave
from the branched section right corner hits port No. 1,
at about t = 75 us, and reflects back; see the reflected
wave near this position in Fig. 4b. Additional peak is ob-
served at this position, at t = 143 us, when the shock seen
over the right branching corner in Fig. 5b passes this sta-
tion. As observed previously, the pressure in port No. 2
also remains below the value experienced behind the orig-
inal incident shock wave; see Fig. 7. The transmitted wave
reaches this position at about t= 70 us; it is stronger than
the one experienced in port No. 1 since it faces the original
flow direction. The second pressure jump at this position,
which takes place at t = 132 us, is due to the reflected
shock wave which produces a pocket of high pressure over
a zone which includes port No. 2; see the wave configura-
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Fig. 8. Calculated pressure history at ports No. 5, 6 and 7

tion in Fig. 5b. This pressure suddenly decreases at t =
160 ps, when the Mach stem, which terminates the high
pressure pocket (see Fig. 5b), passes port No. 2. The pres-
sure history at port No. 3 is also shown in Fig. 7. The first
pressure jump is due to the passage of the transmitted
shock wave (its Mach stem, see Fig. 5b), while the second
is due to the appearance of the reflected wave. As before,
in port No. 3 too, the pressure does not reach the value ex-
isting behind the original incident shock wave. Ports 4, 5
and 6 are located along the horizontal part of the branched
duct. The transmitted wave in this part is stronger and
therefore higher pressures should be expected to prevail
at these locations. It is apparent from observing Figs. 7
and 8 that indeed this is the case. The transmitted shock
wave reaches port No. 4 at about t = 54 us and causes the
first jump to reach almost 90% of the pressure which pre-
vails behind the original incident shock wave (see Fig. 7).
The pressure decreases immediately after this jump due
to the influence of the centered rarefaction wave located
at the left corner of the branching section (see Fig. 4b). A
second pressure rise takes place when the reflected shock
wave (shown in Fig. 4b) reaches this port. This is a rela-
tively weak shock (see Fig. 4b) and therefore the pressure
jump it causes is relatively small. The pressure contin-
ues to rise and exceeds the value that existed behind the
original incident shock wave due to compression waves em-
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anated from the duct floor. It can be seen from Fig. 4b
that the Mach stem of the transmitted shock wave, in the
horizontal part of the branching segment, is stronger than
the top part of the reflected shock wave which will hit
port No. 4 at t = 76 ps. (In the numerical simulations
strong shock waves appear as darker lines.) This differ-
ence in strength is responsible for the pressure increase
during the time interval 78 us <t < 145 pus. The pressure
history at port No. 5 is shown in Fig. 8. It is similar to
that observed for port No. 4 in Fig. 7, with the exception
that during the calculated time interval pressures at this
port hardly reach the value observed behind the original
incident shock wave. The first large pressure jump is as-
sociated with the passage of the transmitted shock wave
while the second is due to the reflected shock wave from
the duct’s upper wall. Port No. 6 is placed at the largest
distance from the branching section and as a result dur-
ing the covered computational time (150 pus) all that is
observed at this port is the passage of the transmitted
shock wave. (It causes a pressure jump of about 95% of
that experienced behind the original incident shock wave.)
Therefore, the pressure history calculated for port No. 6
is not shown here. The numerical result obtained for the
pressure history at port No. 7 is also shown in Fig. 8.
The large pressure jump occurring at t = 30 us is due
to the passage of the transmitted shock wave (shown in
Fig. 2b). It causes a pressure peak slightly higher than the
pressure value existing behind the original incident shock
wave. This peak quickly decreases due to the presence of
the centered rarefaction wave at the branching segment
left corner. The appearance of a reflected shock wave near
the branching segment right corner (see Fig. 3b) causes the
pressure increase shown in Fig. 8 for 40 us <t <69 ps. At
later times, this reflected wave is weakened due to its in-
teraction with the centered rarefaction wave, placed at the
branching segment left corner, it causes a decrease in pres-
sure with increasing time. It should be noted that in port
No. 7 (as well as in ports Nos. 4 and 5) pressures are mostly
below the value existing behind the original incident shock
wave. Only temporarily does it slightly exceed this value.
This is not the case with the pressure history observed at
port No. 8, which is also shown in Fig. 8. At this location
the pressure significantly exceeds the value which exists
behind the original incident shock wave. Throughout the
investigated time it is at least 38% higher; frequently it is
50% higher than the pressure prevailing behind the orig-
inal incident shock wave. This should not be surprising
since port No. 8 experiences almost a head-on collision
with the transmitted shock wave. At no other ports does
such an event take place.

From the foregoing discussion it is apparent that the
flow which evolves behind the transmitted waves is truly
nonstationary and two-dimensional. Approximating it as
quasi-one-dimensional, as done in the past, will lead to
significant errors, especially in proximity to the branching
section. The shock wave transmitted down the 90° branch
is weaker than the one propagating along the original di-
rection. Therefore, if one looks for protection from the
high pressure generated behind the incident shock wave,
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the best place to be is in the 90° branching tunnel, prefer-
ably near its left wall. The worst place will be in proximity
to the branching segment right corner.

4 Conclusions

The proposed physical model for describing planar shock
wave interaction and propagation in 90° branching duct,
and its numerical solution are capable of describing accu-
rately the considered phenomenon. The excellent agree-
ment between the wave pattern shown on shadowgraph
records and the appropriate numerical simulations attest
to this statement. It should be noted here that an agree-
ment between wave geometries in shadowgraphs and in
their numerical simulations is not always a guarantee for
a perfect agreement between the real flow and its numer-
ical simulations. For confirming a complete agreement it
is advisable to compare, in addition to the wave geome-
try, some of the flow properties. Such a comparison was
made in a recent study of Igra et al. (1996), in which the
GRP numerical results were compared with shadowgraphs
and with measurements of peak post shock pressures. The
very good agreement that was reported there (Igra et
al. 1996) for a similar flow provides the necessary addi-
tional support for the present claim for excellent agree-
ment between experimental findings and numerical simu-
lations. Of course, the proposed model and its numerical
solution can easily be applied to other branching geome-
tries (angles). The flow developed in the branching duct
is unsteady and two-dimensional. While locally pressures
higher than those which prevail behind the incident shock
wave can be found downstream of the branching segment,
over most of the duct surface (downstream of the branch-
ing segment) the prevailing pressures are lower than those
existing behind the original incident shock wave. This in-
dicates the efficiency of branching in attenuating the inci-
dent shock wave. In proximity to the branching segment
both transmitted shock waves are not planar. They expe-
rience mostly a Mach reflection. Only further downstream
of the branching section, in both branches of the duct,
these shock waves approach a planar shape. At this stage
both shocks are much weaker than the original incident
shock wave and the flow approaches a one-dimensional
pattern.
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