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Three-Dimensional Structure of Normal Shock
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The three-dimensional flow structure induced by normal shock wave/turbulent boundary-layer
interaction in a constant area rectangular duct is investigated by a laser-induced fluorescence method. This
diagnostic ‘system uses an argon-ion laser with iodine seeded as fluorescence material. The Mach number
distributions in the duct are obtained, and the structure of the flow field is clarified including the three-
dimensional pattern of the boundary-layer separation induced by a shock wave.
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1. Introduction

Normal shock wave/turbulent boundary-layer inter-
action (NSW/TBLI) generated in supersonic flows in
a rectangular duct appears in various high-speed flow
devices, for example, inlets of an airbreathing engine,
supersonic ejectors, compressor cascades and super-
This interaction generates a highly
three-dimensional flow structure due to four flat walls
enclosing the duct, and influences the aerodynamic
Although its three-
dimensional characteristics are of practical importance,

sonic nozzles.

performance of the systems.

not much work has been done on this problem.

Docffer and Dallmann® investigated the three-
dimensional characteristics of the flow with NSW/TB-
LI on a convex wall in a wind tunnel at a Mach
number of 1.47. They controlled the boundary layer
thickness and changed the Reynolds number based on
the boundary layer thickness. With oil-flow visualiza-
tion, they found that asymmetry of the oil-flow pattern
increased substantially with Reynolds number, and a
streamwise helical flow existed downstiream of a shock
wave.

Bejm et al.” made another experimental investiga-
tion with the same facility as Doeffer and Dallmann.
They used two curved passages which had the same
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shape with a different span. Their results suggested
that the three-dimensional flow characteristics depend-
ed strongly on the span.

Gerolymos et al.” described the three-dimensional
character of the flow produced by the NSW/TBLI at
the corners of a nozzle with rectangular cross-section
by solving the Navier-Stokes equations with k-& two-
equation turbulence model. In their numerical results,
a three-dimensional recirculation zone appeared in the
cormers.

In spite of the researches described above, important
problems remain unsolved. These are; firstly, what is
the three-dimensional character of an internal flow
with NSW/TBLI?; secondly, how is that flow generat-
ed?; finally, what shape does a shock wave at a duct
corner take? In order to answer these questions, we
studied the flow in a duct with constant cross-sectional
area. This shape was selected because it could extract
the fundamental interaction phenomenon excluding
the effect of the change in flow area.

In the present work three-dimensional distributions
of flow field parameters were measured by a laser-
induced fluorescence (LIF) method. This diagnostic
system uses an argon-ion laser with iodine seeded as
fluorescence material. When the pressure of the flow
is nearly atmospheric, the rate of the collisional quench-
ing of iodine molecules excited by an argon-ion laser
dominates that of the spontaneous emission. In this
pressure range, the LIF signal intensity is found to
depend only on temperature under the condition that



Three-Dimensional Structure of Normal Shock

—180—

Wave/Turbulent Boundary Layer Interaction

an argon-ion laser is operated by the broad-band mode
with a wavelength of 514.5nm and that the laser inten-
sity is much less than the saturation intensity.”® This
indicates that the temperature distribution can be ob-
tained from the LIF signal if the temperature of one
specified point in the flow field is known. For the
flow used in the present work, Mach number seemed
more useful to consider the flow characteristics than
temperature, so that temperature was converted to
Mach number by assuming the flow being adiabatic.

In the present experiment, the laser beam sheet
was injected into the duct from the downstream direc-
tion. The laser beam sheet was scanned across the
flow field, and the two-dimensional LIF image of each
scan was recorded by a CCD camera. The image
data were stored into the computer, and the three-
dimensional distribution of Mach number was calcu-
lated. With this method, the complicated flow field
in the duct was clarified including the three-
dimensional pattern of the boundary-layer separation
induced by a shock wave.

2. Theory of LIF

When iodine molecules are excited by an argon-ion
laser lasing with a broad-band mode of 514.5nm wave-
length and with the power much lower than the sat-

uration intensity, the LIF intensity is given as”,

Senhvig Vgt s, ()

where 7 is the light collection efficiency, & the
Planck’s constant, v the LIF frequency, £ the LIF
collection solid angle, V, the measurement volume,
A the spontaneous emission coefficient, B the stim-
ulated emission coefficient, Q the collisional quench-
ing rate, ¢ the speed of light, I the laser intensity and
fand N,, are the population fraction and number
density of iodine molecules, respectively. When the
pressure in the flow is nearly atmospheric, the sponta-
neous emission coefficient is much smaller than the
collisional quenching rate. Then, equation (1) is written
for the constant laser power as,

Sp=CLIDN, @
where
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Since the population fraction f depends only on tem-
pérature T, [ is expressed as f(1) in the above
equation. The collisional quenching rate Q can be
written as,

o-ck @

where p is the pressure and C’ is the constant. The
number density of iodine molecules is,

Np=pp/ kT )

where p,, is the partial pressure of iodine and &k the
Boltzmann constant. Since the seedirig rate of iodine
does not vary in the flow field, the p,, is proportional
to the pressure. Consequently, the LIF intensity is,

spmcl D ©)

where C; is an another constant.

Equation (6) indicates that the LIF intensity depends
only on temperature. Therefore, if the temperature
and the LIF intensity are known at one specified point
in the flow field, the constant C; is evaluated and
LIF intensity distribution gives the temperature distri-
bution of the flow field. In the calculation of f(7),
the quantum numbers that are taken into account are
0, 1 and 2 for the vibrational and 13 and 15 for the
rotational quantum states, respectively.

In the flow field of polyatomic gases with high
expansion rate, the flow can not maintain an equilibri-
um state and the difference occurs among the transla-
tional, rotational and vibrational temperatures®. In
this situation, the temperature obtained by LIF method
is questionable. However, in the present experiment,

- the expansion of the gas is constrained by the walls

of a duct and the maximum Mach number is less than
1.7, so that the nonequilibrium effect can be neglected.

In the present paper, a Mach number distribution
is obtained from the temperature measured by a LIF
method. To calculate a Mach number from temper-
ature, the stagnation temperature is taken as constant
over the entire flow field, that is, the flow is assumed
asadiabatic. This approximationis verified in transonic
and supersonic internal flows™ '>. Mach number M
is then calculated by the following equation,

T -1
7ol M, @
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where T is the stagnation temperature.

3. Diagnostic system

The LIF diagnostic system and experimental setup
are shown in Fig. 1, where (1) ~ (5) correspond to the
diagnostic system. The laser is an argon-ion laser
(Spectra Physics, model 2017, 5W) with a prism in
the cavity and is lased with a broad-band mode of
514.5nm wavelength.
power is adjusted to 1W. Considering the thickness
of the laser beam in the duct, this power is about

In the experiment, the laser

1/1000 of the saturation intensity of fluorescence. The
laser beam is shaped to a sheet with a thickness of
0.5mm through one convex lens (15mm focal length)
and two cylindrical lenses (100mm and 1000mm focal
lengths), and it is injected into the duct from the down-
stream direction. The resulting LIF signal is measured
from the direction perpendicular to the laser beam
sheet. The signal is collected by lenses (Nikon, F
1.4) and detected by the CCD camera with image
intensifier. The laser collimation and collection optics
are moved to scan in the depth direction of the duct,
and the LIF images for each scan is stored in the
computer. With this procedure, the three-dimensional
distribution of the LIF intensity is obtained, and the
temperature distribution on specified plane is analyzed.

The sensitivity of an image intensifier is not uniform
over the plane of its output phosphor. Also, due to
the upper and lower walls of the duct, solid angle of
the LIF collection optics is not the same for images
taken at different locations. To take these effects into

to vacuumpump

1. Alaser 2. mirror 3.cylindrical lens

4. ICCD camera 5. personal computer
6. balloon 7.iodinecell 8. stagnation chamber
9. duct 10. expansion chamber
11. valve 12. vacuumtank

Fig. 1 Measuring system and experimental setup

account, the diagnostic system is calibrated by filling
the still air with iodine seed in the duct. This still air
is irradiated by the laser and, by scanning the optical
system, the LIF signals are recorded for each plane
where the LIF image of the flow field is to be taken.
By using these as reference images, the image data of
the flow field are corrected.

The spatial resolution of the present diagnostic sys-
tem is determined by the thickness of the laser beam
sheet in the depth direction and is less than 0.5mm.
On the image plane, the simple geometrical consider-
ation shows that one pixel of the image plane cor-
responds to the physical size of 0.09mm X 0.09mm.
To estimate the resolution accurately, however, it is
necessary to clarify the integrated resolution including
the characteristics of collection optics, the image in-
tensifier, the CCD camera and the frame-digitizer in
the computer. Therefore, we made a experiment similar
to McMillin et al.” and took the image of a knife-edge.
According to this experiment, the image of the knife-
edge is found to be recorded in 4 pixels, so that the
one pixel corresponds to the 0.36mm X 0.36mm.
The temporal resolution is limited by the framing rate
of the CCD camera and is 1/30s.

4. Experimental setup and method

The experimental setup is shown by (6) ~ (12) in
Fig. 1. The wind tunnel is a blow-down type operated
by dry nitrogen with atmospheric pressure and tem-
ﬁerature. The dry nitrogen has water content less
than Sppm, and the condensation in the duct is avoided
by using this gas. The vacuum tank (12) in Fig. 1 is
evacuated to a pressure less than 13kPa by closing
the valve (11), then the dry nitrogen contained in the
balloon (6) is introduced into the iodine cell, where
iodine is sublimated into nitrogen. The nitrogen with
a small amount of iodine (~4wt%) is supplied to the
test duct (9) through the stagnation chamber (8). The
duration of the wind tunnel is limited by the pressure
increase in the vacuum tank and is about 60s. The
pressure and temperature in the stagnation chamber
are maintained at 1.012 X 10°Pa and 293 3K, respec-
tively.

Figure 2 shows the detailed structure of the test
duct. The Mach number at the entrance of a constant

‘area cross-section is 1.68. This value is calculated

from the time-averaged static pressure on the side
wall, the stagnation pressure and temperature in the
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plenum chamber. The coordinate used to analyze
results is shown in Fig.3, where x, y, and z are the
streamwise, transverse and depth coordinates, respec-
tively.

The flow field is scanned in the depth direction
from z=0.5mm to z=19.5 mm with a step of 1 mm by
the laser beam sheet formed in the x-y plane. It takes
at least 1/30s to obtain the LIF image data for one
scan. In the present experiment, the pressure is nearly
atmospheric. This means that the collisional quenching
of the excited iodine molecule is large, resulting in
the low LIF intensity. Therefore, the one LIF image
taken in 1/30s is degraded by the noise due to the
photon statistics. To avoid this problem, ten images
are taken successively for each one physical plane
and are averaged. The very clear images are obtained

top view

side view

Fig. 2 Test model

Fig. 3 Coordinate system

by this procedure.

As described earlier, the temperature of the one
specified point should be known to obtain its distribu-
tions over the whole flow field. In the present exper-
iment, this point is taken at x=3mm, y=5mm, and
7z=9.5mm, and the reference temperature is calculated
from the time-averaged static pressure on the side
wall, the stagnation pressure and temperature in the
plenum chamber.

Inoue et al. checked the accuracy of the temperature

measurement with the same diagnostic system by using
the flow in a two-dimensional transonic nozzle® ®.
The temperatures obtained by the LIF method were
compared with those calculated from the measured
values of the stagnation and static pressures on the
nozzle side-wall by assuming the flow being adiabatic.
Both values agree within & 3K. The range of flow
parameters in the present experiment is almost identical
with this calibration experiment, so that the similar

accuracy is obtained in the present duct flow.

5. Results and discussion

Figure 4 shows a Mach number contour on the x-z
plane at y=5mm. There is a subsonic region down-
stream of x~10mm. The initial normal shock wave
stands at this location, and a flow is decelerated through
it from supersonic to subsonic speed. The minimum
Mach number in this region is 0.93. The deceleration
through the normal shock wave is gradual because
the flow is unsteady and the shock wave oscillates in
the streamwise direction.

In Fig. 4, a flow near a wall is seen supersonic
both upstream and downstream of the initial shock
wave. The shock wave is bifurcated near the wall
and the flow is decelerated through two oblique shock
waves. According to Kooi'”, the strength of the trailing
leg of this bifurcation is determined from the condition
that the static pressure across the slip surface must be
equal. This condition dictates that the flow is subsonic
in the downstream of the trailing leg. It is noted from
Fig. 4, however, that the experimental data suggest
this region being supersonic. This contradiction is
probably caused by the fact that the shock wave is
not stationary but oscillating around its time-averaged
position.

When the flow Mach number is greater than
1.3 the normal shock wave in the flow generally
separates the boundary layer due to its strong adverse
pressure gradient. This separation increases the bound-
ary layer thickness and, consequently, decreases the
effective cross-sectional area of the duct. The subsonic
flow behind a shock wave is then accelerated to super-
sonic speed. In addition to this effect, a flow that has
passed bifurcation has higher Mach number than that
through a normal shock wave. This effect is seen in
Fig. 4 as a region enclosed with the contour line of
M=1.2. The supersonic flow downstream of the first
shock wave is decelerated again by the second normal
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Fig. 4 Mach number contour on x-z plane at y=5mm
0.4 Mach number 1.6
|
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Fig. 5 Mach number contour on x-z plane at y=3mm
shock wave.

This flow pattern has already been described by
Carroll et al. They obtained the two-dimensional Mach
number contour of a flow for the inlet Mach number
of 1.6 by the LDV method”, and computed this flow
by solving the Navier-Stokes equations with k- tur-

" The characteristic features of their

bulence model
results are very well reproduced in Fig. 4.

The Mach number contours shown in Figs. 4 ~ 7
indicate that the subsonic region behind the initial
shock wave on the plane at y=3mm is smaller than
that at y=5mm, and this region disappears on the plane
at y=2mm. This indicates that the subsonic region
behind the shock wave is located near the central
portion of the duct cross-section and is surrounded by
the supersonic region. On the other hand, two regions
having locally higher Mach numbers (enclosed by the
contour line of 1.2) become small with the decrease
of y for y>3mm, and then merge into the upstream
region with higher Mach number at y=2mm. Finally
the shape of Mach number contour lines looks like

0.4 Machnumber 1.6
——

2 - X (mm) | 32

Fig. 6 Mach number contour on x-z plane at y=2mm

0.4 Mach number 1.6

T x(mm) 32

Fig. 7 Mach number contour on x-z plane at y=1mm
two horns at y=Imm. Since the change in an effective

highly three-
dimensional, the acceleration and deceleration of the

cross-section along the flow is

flow are very complicated as shown in Figs. 4 ~ 7.

Figure 8 shows Mach number contour on the y-z
plane at x=12mm, just behind the shock wave. At
four comers of the duct, the high Mach number regions
enclosed by the contour line of 1.2 are seen to exist
and the boundary layers are thin compared with those
on the walls near the duct center. This behavior of
wall boundary layers is also evident in the downstream
region as shown in Figs. 9 and 10.

In order to explain the flow field described above,
shock waves are assumed to take configurations de-
picted in Fig. 11. On a plane away from the side wall
(plane A), a shock wave takes a A—shape. On the
other hand, at the corner of a duct, the bifurcated
shock wave developed on a lower wall interacts with
that on a side wall, and the configuration on a plane
near the side wall (plane B) becomes very complicated.
On the plane A, a flow near the lower wall passes
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0.4 Mach number 1.4
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Fig. 8 Mach number contour on y-z plane at x=12mm
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Fig. 9 Mach number contour on y-z plane at x=16mm

0.4 Machnumber 1.4

0 T (mm) 20

Fig. 10 Mach number contour on y-z plane at x=20mm

two oblique shock waves generated by bifurcation.
On the other hand, a flow in a corner region passes
three oblique shock waves as shown in the figure of
the plane B. The Mach number behind the terminal
oblique shock wave is determined by the condition
that the static pressure at this location must be uniform
over the entire cross-section of the duct. This consid-
eration indicates that the adverse pressure gradient
across the two oblique shock waves on the plane A
becomes large compared with that across the three
oblique shock waves on the plane B. As a result, the
boundary layer at the stem of a terminal oblique shock
wave on the plane A becomes thicker than that on the
plane B. The flow pattern thus assumed can explain
the boundary layer shape shown in Figs. 8, 9, and 10.

boundary layer

shock wave ™

Fig. 11 Structure of the shock wave at a duct corner

Figure 8 also indicates that the Mach number near a
duct corner is high compared to the other part of the
flow. It is probably caused by that the flow in this
region is decelerated by many weak oblique shock
waves.

6. Concluding remarks

Three-dimensional flow structure of normal shock
wave/turbulent boundary layer interaction (NSW/TB-
LI) in a constant area rectangular duct was investigated
by a laser-induced fluorescence method. This system
used an argon-ion laser as a light source, and the
target gas was dry nitrogen seeded with iodine. By
operating the laser with a broad-band mode, the tem-
perature distribution in the flow was obtained, and it
was converted to the Mach number distribution by
assuming the flow being adiabatic.

The results revealed that the flow induced by
NSW/TBLI was highly three-dimensional and compli-
cated. A local high Mach number region was found
to exist in duct corners immediate downstream of the
initial shock wave. A boundary layer near a corner
was very thin compared with that on the wall of a
central part of the duct. These flow characteristics
were thought to be caused by the interaction between
two bifurcated shock waves developed on the two
perpendicularly adjacent walls. The simple flow model
was constructed and it was shown that this model
could explain very well the experimental results.
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