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Unsteady Shock Waves in Supersonic Nozzles

Min-Gyoo Lee*, Jong-Ho Park™ and Michio Nishida**
(Received April 26, 1996)

The present paper describes the numerical and experimental results on unsteady nozzle flows

induced by nonstationary shock waves. The two-dimensional Navier-Stokes equations are

numerically solved using the upwind TVD finite-difference scheme of the Harten-Yee type. For

the purpose of computational visualization of shock waves in transient nozzle starting process,

computer shadowgraphs are developed based on the principle of the optical shadowgraph.

Visualization experiments employing a conventional shock tube are also performed. Compari-

son of numerical and experimental results shows satisfactory agreement. Furthermore, the steady

flow establishment process around an airfoil model installed inside the nozzle is numerically

investigated. The simulated results successfully reveal the unsteady viscous flow structure around

the model.
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1. Introduction

Recently there has been renewed interest in
impulse-type high-enthulpy aerodynamic facilities
as a means of providing hypersonic flow condi-
tions. Reflected-type shock tunnels have been one
of the most successful types of hypersonic impulse
test facilities that can economically produce
hypersonic flows. Therefore, these shock tunnels
various  aer-
1994) . As
a variation of a shock tube, the expansion of a gas

have been used successfully in

odynamic experiments(Takeishi et al

behind an incident shock wave travelling through
a non-reflected divergent nozzle was first em-
ploved to generate hypersonic flows by Hertzberg.
(1951) However, the starting process in the noz-
zle of such a simple expansion mode leads to a
reduction in flow duration. Thereafter Wittlitf et
al. (1959) proposed a4 new operation technique of
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a reflection mode that uses a high-temperature
and high-pressure gas behind the shock wave
reflected from the shock tube end wall as reservoir
gas, whereby the flow duration is increased much
more than that in the expansion mode.

The principal problem regarding hypersonic
shock tunnels 1s the so-called steady flow estab-
lishment time and duration because of their
extremely short running time for aerodynamic
experiments. For example, the typical duration of
the quasi-steady flow is of the order of a few
milliseconds. Therefore the starting process of
shock tunnels is an important and interesting
problem.

Concerning the starting process of a hypersonic
nozzle, Smith(1966) analytically and experimen-
tally studied a shock propagation problem.
Amann and Reichenbach (1973) , and lkui and
Matsuo (1971)
the behavior of the shock waves in several two-

also experimentally investigated

dimensional nozzles by means of an optical
Holden (1971) conducted
experiments with an aerodynamic model at the

Schlieren technique.

nozzle exit and proposed an experimental formula
to estimate the flow establishment time around an
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aerodynamic model.

Using the random choice method (RCM), Ka-
shimura et al. (1986) numerically analyzed wave
propagation in a Laval nozzle and a Ludwieg
tube, and their
dimensional. With the rapid development of com-

treatment was (uasi-one-
putation environment and numerical methods, the
multi-dimensional computations of the nozzle
starting process have been conducted by several
researchers. Recently, Jacobs(1992) numerically
simulated the starting process in an axisymmetric
nozzle. Prodromou and Hiller(1992) also con-
ducted a using the
Godunov-type scheme and compared their numer-

numerical simulation
ical solutions with the experimental results shown
by Amann and Reichenbach(1973) . We have
also calculated the nozzle stating process taking
into consideration on the bursting of a secondary
diaphragm and the high-temperature effects.(Lee
and Nishida, 1992, 1993, 1994) In the present
work, our previous computational work(Lee and
Nishida, 1992) of shock wave propagation in a
nozzle using an inviscid flow model is extended to
a viscous flow treatment. Thereby, viscous effects,
such as the interaction of a secondary shock with
a wall boundary layer and the separation of the
nozzle flow, can be investigated. In addition,
visualization experiments using a conventional
shock
between computer shadowgraphs and experimen-
tal ones are made. Furthermore, the transient

tube are performed and comparisons

process around an airfoil model installed inside
the nozzle is numerically investigated.

2. Governing Equations and
Numerical Procedures

2.1 Governing equations

The flow model considered here is such that a
shock wave travels to the right-hand side of a
shock tube and then enters a nozzle connected to
the end of the shock tube as shown in Fig. |, Air
is considered as working gas and the flow in-
duced by the shock wave is treated as viscous. A
two-dimensional flow is treated here for compari-
son with the experiments which were carried out
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Aand B

in two-dimensional flow. Therefore, the govern-
ing equations are the two-dimensional Navier-
Stokes equations in the generalized coordinate

(&.7.7).
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where ¢ is a conservative variable, ¥ and G

denote the flux vectors in the £ and 7~ direc-

tions. respectively, and F, and G, are the viscous
terms in the £ and 7~ directions, respectively.
The Reynolds number Re is given by oaL/iy
and the subscript | indicates the state in front of
an incident shock wave. The components of the
aforementioned vectors are as follows(H. C. Yee

1989):

g=J 'Lo. pu, pv, £’ (2)
E=7"pU, pull+Ecp. ooli +Ep
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E St S T (5)
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where { is time. p pressure. o density and E
total energy per unit volume. « and ¢ are the
velocity components in the v and v~ directions,

respectively. and

T (8)
J =S Six 9)
UV =5 St S (10)
V=g g v (rn

Here. J is the transform Jacobian, und {7 and
I are the contravariant velocity components in
a computational domain.

The components of the viscous vectors are as

follows

Ter=yt{d2s =20, /3 {
Doy = T ==L {0ty + 1y) (13)
Tow=p (=20 +40:) /3 (

/i and g; are defined as
fi= Tt T+ (= 1) TP )« (15)
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where the viscous coefficient s is evaluated
from Sutherland’s semi-empirical formula and
subscripts X and ¥ imply &/ov and 4/dv.
respectively. The speed of sound is denoted by «
and the Prandtl number is set to Pr-~0.72. In the
above equations, the variables are nondimen-
sionalized using the properties in front ot un
incident shock wave, The vertical length meu-
sured from the central surface of a shock tube is
selected as the reference length scale.

2.2 The numerical methods

The numerical method for spatial discretization
employs the second-order upwind TVD scheme of
the Harten-Yee type that can satisfactorily capture
discontinuities with less numerical smearing. The
notion of the stable TVD scheme was introduced
by Harten (1983) . 1t was originally proposed for
a scalar hyperbolic partial differential equation,
based on the condition (TVD condition) suffi-
cient for the stability of numerical solutions. In
the present work. we adopt the Harten-Yece up-
wind non-MUSCL TVD scheme that uses the

linearized Riemann solver of the Roe (1981) type.
The viscous and dissipation terms appearing on
the right-hand side of the governing equation are
treated by a conventional second-order central
difference technique. The details on numerical
procedures can be found in Lee(1995).

The second-order time integration by the explicit
fractional step technique is employed, because the
time accurate solutions are sought to calculate
actual unsteady flowfield under consideration.
The difference operators for each spatial term and
nonhomogeneous term of governing Eq. (1) are

split as follows:

Lo 99 OF LD (17)
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The time integration formula using the above
operators can be expressed as
q. "= LELGLSLELSLE G (20)

where /7 =z, nis the time step, and L2 L7,

3. denote operators for the & and 7~ directions
and the viscous term, respectively.

2.3 Initial and boundary conditions
As shown in Fig. 1, the flow is symmetric
along the axis, so that only the upper half of the
flowfield is taken into account. Elliptic partial
differential equations (Poisson equation) are used
to generate a body-oriented grid system and are
solved by a standard Poisson solver, that is, a
successive overrelaxation (SOR) method(Steger
and Sorenson,1979) . As the computational grid
systems for nozzle A . two single-block grids with
300 %50 and 360 < 60 grid points are used. The
first one is for the unsteady nozzle flow computa-
tion without an aerodynamic model and the other
one is for the case with a mode! installed inside
the nozzle.

An incident shock wave is set initially in the
left boundary of the computational domain. The
inittal distributions of the flow properties are
given by the shock jump conditions. No-slip and
adiabatic conditions are imposed on the wall of a
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shock tube and a nozzle. Symmetric conditions
are imposed on the central line and the inflow-
outflow conditions are given on the left and right

sides.
3. Experimental Method

In order to validate the numerically calculated
results. experiments on the shock propagation
problem in a nozzle were carried out using a
conventional shock tube with air as the driver and
driven gases. The driver and driven sections ure
270 ¢m and 370 ¢m in length. respectively. The
cross section of the measurement section is a
square of 4.4 cm > 4.4 cm. The arrangement of the
apparatus for visualization experiment is shown
in Fig. 2. Optical shadowgraph pictures were
taken at an incident shock wave ot 4/, 2.2 The
nano-spark 1460 (Miyashiro et al..1992) was used
as light source for the optical system. Because the
flash time of the nano-spark is approximately 50
ns, it is appropriate for the present high-speed
phenomenon.

The initial pressure in the driven section was
sel to p=-6.5x10" Pa, and the driver scction
pressure was set to p- 3.0 10° Pa to produce
incident shock wuaves with A+~ 2.2 Incident
shock speeds have been measured by time of [light
between two the piezo electric pressure sensors
(PCB model 131A21), that distance is 239mm
close to the end of the low pressure tube. Signals
from each pressure tranducers input  to
storagescope(Tektronix Model 7623A) and then

saved in personal computer.
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Fig. 2 Expermmental setup

4. Results and Discussion

4.1 Unsteady staring process in a nozzle A

I'he present numerical calculations were con-
ducted for moving shock waves of /.-=2.2 and 3.
2 wraveling inttially in the Tow pressure section of
a shock tube with p;=6.5% 10" Pa. and 7= 288
K. The Reynolds number is 3.3 10*. For a two-
dimensional flow, the contrast of the optical
shadowgraphs is proportional to e(d: La-
plactan) . We calculated the quantities of Ao
from numerical data on all grid points for the
purpose ol computational visualization of un-
steady shock waves in the starting process. Thus
shadowgraphs were generated on a computer
based on the principle of the optical shadow-
graph. This may be referred to as computer shad-

Thus shadow-

produced

owgraph. computer

Fig. 3 Continued



100 Min-Gvoo Lee, Jong-Ho Park and Michio Nishida

Fig. 3 Computer shadowgraphs showing transient flows
in anozzle A, M,=22, () {"= 1.32(b) t'=1.42
(©) '=1.63(d) - 1.90(e) {'=221 () t'=2.32
(g) t'=2.62
graphs are presented in Fig. 3. Though optical
shadowgraphs and Schlieren pictures are usually
compared with density contours drawn from
numerical results, we consider that employment of
computer shadowgraphs would be more appropri-
ate for qualitative comparison with experimental
results. One can understand from the figure that
the dark side of the wave is facing the propaga-
tion direction, specifically it denotes the low
density side.

The time given in Fig. 3 is nondimensional.
namely t'={q,/[., where [ is the vertical length
of the shock tube measured from the centerline
and @, is the speed of sound in front of the
incident shock wave. The incident shock wave
propagates from the left side of the figure. One of
the present research objectives is to obtain the
fundamental knowledge of the shock wave propa-
gation behavior from the shock tube section to the
nozzle section; thus we do not consider a secon-
dary diaphragm that is usually mounted in actual
shock tunnels. At first ((a): '=1.32),
and lower portions of the incident shock wave are

the upper

partially reflected from the shock tube end wall

and the rest portion propagates into the nozzle.
The shock wave reflected from the nozzle throat
exhibits a Mach reflection. After some time, the
shock wave reflected from the upper throat and
that reflected from the lower throat intersect at the
central surface and propagate upstream. The blot
image in front of the reflected shock wave (R.S.)
is not physical and it is numerical, namely. it is
due to a decrease in numerical accuracy, because
the numerical accuracy at the boundary on the
axis is decreased to the first order and the grid
interval is relatively coarse compared to that of
the wall.

In Fig. 3(c), the front of the primary shock
wave (P.S.) propagating in the nozzle becomes a
curved, smooth front. At #'=1.90 (Fig. 3(d)), a
secondary shock wave (S.S.) is observed.

There is a difference in pressure, which is high
behind the primary shock wave and low in the
gas expanded through the nozzle throat. Thereby,
a secondary shock wave is generated by the
pressure difference. The left-hand side of the
secondary shock wave is dark, which indicates
that the secondary shock wave is upstream-facing
(left-facing). However, the secondary shock wave
is propagated by a supersonic flow expanded
from the nozzle throat. Therefore, as shown in
Figs. 3(e) to (g), the speed of the secondary shock
wave is low compared with that of the primary
shock wave. After the secondary shock wave
reaches the nozzle exit, a steady supersonic flow
can be obtained at the exit. The interaction
between the upstream-facing secondary shock
wave and the wall boundary layer results in the
flow separation from the wall, and a separation
shock wave(Sep.S.) is formed that is well resolved
in the numerical results (Fig. 3(d) to(g)).

Figure 4 shows the time course of the density
distribution on the nozzle axis. The nozzle throat
is placed at x /[ =2.98. The letters in the figure
denote a: t'=1.32, b: {'=1.63, ¢ t'=2.02, d: t/
=232, e t'=2.62. At t'=1.32, the flow prop-
erties on the axis is not affected by the reflected
shock wave and are determined by the jump
condition of the incident shock wave (primary
shock wave). Therefore, the density behind the
primary shock wave in the nozzle is the same as
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dary shock wave, M, 2.2, 3.2

that behind the incident shock wave (sec big.
3(a4)). We can identify the secondary shock wave
(S.S.) from the density distribution at ¢ --2.02.
Because the gas behind the retlected shock wave is
expanded into the nozzle. it can be understood
from the density distribution that the density
behind the retlected shock wave decreases with
time.

The calculation using unother shock Mach
number was also carried out to investigate the
effect of the incident shock strength on the shock
wave propagation behavior within the noszle.
The incident shock Mach number of M, 3.2 s
used for this investigation. The trujectories of the

Fig. 6 Compurison between computational and experi-

mental shadowgraphs, o /7 1500 upper:
computattonal, lower experimental by 7 [ X2

upper: compatational, lower: experimental

primury {P.S.) uand secondary shock waves (S.5.)
are plotted in Fig. 8. The primary and secondary
shock wuaves propagate at nearly constant veloce-
itv. As expected. the propagatton velocity of the
primary and secondary shock waves increases
with an increase in the incident shock strength.
Furthermore, the propagation velocny ot the
secondury shock wave is shightly more sensitive to
the strength of the incident shock wave compared
with that ol the primary shock wise.

in Fig. 6, the comparisons between the
computational and experimental shadowgraphs
are shown, The times given i the figure are those
in the numerical simulation. Satisfuctory agree-
ment between the numerical and experimental
results 15 obtained. Hence the numerical simula-
tion successtully predicts the shock wave propaga-
tion behuavior in an unsteady starting process. The
physical time interval between Fig. 6(a) and Fig.

6th) 15 0.2 3msec. The time in a computational
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Fig. 7
1.34 (b} ¢’

plane between the two instants is 4 ¢'=0.32,
which is equivalent to 4 t=0.021 msec in a
physical plane. From this comparison, the present
numerical results simulated the wave propagation
velocity fairly well.

4.2 Unsteady shock waves in nozzle B

The computational results for nozzle B(Fig.
1{b)) are shown in Fig. 7. The geometry of the
nozzle £3 is: throat radius=17mm, throat length
= 10mm, half angle=15", nozzle length=180
mm. The incident shock Mach number is M=2.
3 and the Reynolds number is 2.5 > 10°. Since the
normalized throat length of the nozzle B is consid-
erably narrow compared to the nozzle A, the
computational domain 1s divided into two regions

[sopycnics showing transient nozzle flows induced by shock wave, Ms=2.3, Re—2.5 xX10° (a) {'=

1.60 (c) #'==1.92 (d) {'==2.24 (e) I'=2.56 (1) £'=2.87 (g) +'=3.19

to avoid the potential numerical error due to
excessive grid skewness. The two regions are the
region near the stde wall of the shock tube section
and the remaining region, respectively. As the
numerical grid system, the two-block grid with
12090 and 300 x 30 grid points is generated.
Figure 7 represents the time evolution of un-
steady flowfield induced by shock waves. The
flowfields are shown as the series of isopycnics.
the shock wave structures are essentially same to
those in the nozzle A. At {'=1.34, The incident
shock reflects from the nozzle throat and shows
regular reflection. The upstream-facing reflected
shock (R.S.) represents regular reflection at ¢ == 1.
60 and transits to Mach reflection at t'=1.92. In

Fig. 7(d). the secondary shock wave (S.S.) is
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observed. The shape of the upstream-facing secon-
dary shock 1s shghtly difterent from those shown

in Fig. 3. The {ront of the secondary shock s

convex toward the nosrzle throat (Fhg7(e) o rg)).
This is due to the interaction of secondary shock
with the boundary Taver developed i the nezzie
wall. The secondary shock system. theretore,
becomes the structure with the front-leg and 1ear-
limb shocks, Thiy shock strocture is similar 10
that of the biturcated shock retlected trom the end
wall of shock tube The biturcated shock (B.S)
shown in rhe side wall region of the shock tube

section(Fig 7{e) 1o (g

4.3 Transient flows around an aerodynamic-
model

We have also conducted some numerical culcu-

lations to examine the transient flow  process

around an airfort model installed inside the noz-

zle. Thus the flow establishment process and

Fig. 8 Computer shadowpraphs showing transient Hows
araund geradsnamie modet M. 3.2t/ 166
thy +* 197y 7 3 2 udy &7 2,39

shock wave propagation behavior around the
aerodynamic model are numerically investigated.
The two-dimensional airfoil of NACA 0012 is
used as the aerodynamic model. The calculation
conditions i this case are 1, - 3.2 and Re =5 X
10°. The leading edge of the airfoil is placed at
X /f.+=5.04 and the normalized cord length is ¢’
=050 = ¢ /L) . The airtoil installed has a zero
angle of attack.

In Fig. ¥, the time course of flowtields are
shown as computer shadowgraphs. In Fig. 8(a).
the primary shock wave (P.S.) has just passed
over the airfoil model and a new shock wave is
formed at the leading edge. In addition, a secon-
dary shock wave (S.8)) is clearly identified and is
found to be approaching the model. At +'=1.97
(Fig.8(b)). the model is Jocated between the
primary and secondary shock waves, so that the
low around the model is not yet steady. Then the
secondary shock ware reaches the model and
merges with the shock wave at the leading edge,
as shown in Fig. 8(c). A recompression shock
wave 18 observed in the vicinity of the trailing
edge (indicated as arrow in Fig. &(c)). Figure 8(d)
indicates that a steady nozzle tlow has been
established. It can be seen that the flow is greatly
separated from the wall. and a separation shock
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wave is generated. This separation shock
wave interacts with the shock generated from the
leading edge of the airfoil. A simple theory assum-
ing an isentropic expansion predicts the flow
Mach
number of M,=2.39 at the nozzle exit.

The time variations of a static pressure on the
model surface are presented in Fig9. The num-
bers in the figure mean 1: leading edge (x/L=S5.
04), 2: upper surface (x/L=5.29), and 3: trai-
ling edge (x/L=5.54). At t'=1.56, the jump of
the pressure monitored at the leading edge
denotes the passing of a primary shock wave.
After the transient variation, the pressure at the
leading edge (1) approaches a steady value at ¢’
=2.16. The first pressure jumps at the model
surface (2) and the trailing edge (3) also indi-
cates the passing of the primary shock wave. The
quasi-steady flows around the airfoil are estab-
lished at {'=2.52.

5. Conclusions

The unsteady starting process of nozzles in-
stalled in a shock tube has been investigated
numerically and experimentally. Computer shad-
owgraphs have been developed for the purpose of
understanding the transient flow structure in the
nozzle. Satisfactory agreement between numerical
and experimental results was obtained. In addi-
tion. numerical simulations were conducted to
examine the steady flow establishment process
around an airfoil model installed inside the noz-
zle. The simulated results successfully revealed the
unsteady viscous flow structure around the model.
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