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Numerical Investigation of Oscillatory Instability in
Shock-Induced Combustion Around a Blunt Body

Akiko Matsuo* and Toshi Fujiwarat
Nagoya University, Nagoya 464-01, Japan

The basic characteristics of oscillatory instabilities of shock-induced combustion around a spherical projectile
flying at hypersonic speed is investigated on the basis of numerical simulation using a two-step chemical reaction
model. A series of simulations is conducted to understand the mechanism of these oscillatory instabilities. The
oscillatory instabilities are clearly observed when the projectile radius is about 7.5-10 times the induction length.
Examination of the computed result shows that the oscillatory instability is created by the wave interaction
between the bow shock wave and the stagnation point of the body surface. It is clarified that the oscillatory
period is closely related to the balance between a shock stand-off distance and an induction reaction length; i.e.,
the instabilities are caused not only by the wave interaction between the bow shock and the reaction front but
also by the compression wave reflected from the stagnation point of the projectile surface toward the bow shock.

Introduction

HE shock-induced combustion around a blunt body has

been studied for a long time. Especially during the last
few years, many papers have reported on the research for the
eventual use of shock-induced combustion for hypersonic air-
breathing engines. With the advances in computational fluid
dynamics, some of the recent studies!-> have employed a nu-
merical approach, where the chemically reacting flowfields
were simulated and the results were compared with the previ-
ous experiments. However, the accuracy and reliability of the
software were their only emphasis, and flow characteristics
were not investigated. Besides, the projectile velocity was
much higher than the Chapman-Jouguet (C-J) detonation
speed of the test gas mixture, and only steady-state solutions
with no instability were mainly discussed.

One of the famous phenomena of shock-induced combus-
tion is a periodic instability around a hypersonic flying body.
There were many reports about the observation of such peri-
odic instability in physical experiments in the 1970s. Figure 1
has been well known for a long time as the typical case of such
a periodic instability. This experiment was done by Lehr* in
1971. In this experiment, the projectile body has a 15-mm-
diam hemispherical projectile and cylindrical afterbody. The
projectile is flying at Mach 5.04, which is nearly equal to the
C-J detonation speed of the gas mixture, into the test gas of a
stoichiometric hydrogen-air mixture at an initial pressure of
0.421 atm. In Fig. 1, some notable features in the flowfield can
be deduced. The first is separation between the bow shock and
the reaction front. The second is the corrugated reaction
boundary, and the third is the striations in the reaction region,
which are connected with the corrugated reaction boundary.
The fourth is the existence of many waves between the bow
shock wave and the reaction boundary, and they are connected
with the corrugated reaction boundary. In this flowfield, high
frequency oscillations are observed in front of a spherical pro-
jectile, and the frequency of the oscillation was reported to be
1.04 MHz. However, these periodic phenomena appear only
under certain conditions. Although these phenomena have in-
teresting features, their mechanism is not well understood.
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Previous Works

Basically the periodic instability phenomenon is rare in a
detonable gas and the three-dimensional mode appears to be
preferred. However, Refs. 5 and 6 discussed the generation
mechanism of the cyclic combustion oscillations with one-
dimensional longitudinal movement based on physical experi-
ments. In particular, the periodic mechanism was discussed
using the history of physical variables on the stagnation
streamline where a one-dimensional mode is dominant. Their
works give an idea of the cyclic mechanism in longitudinal
instability. Figure 2 is an x-t diagram between the bow shock
wave and the reaction front on the stagnation streamline to
explain the wave interaction model proposed by McVey? et al.

Fig.1 Shadowgraph of a spherical nose projectile moving at Mach
5.04 into a premixed stoichiometric hydrogen-air mixture by Lehr
(from Ref. 4).
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Model of Instability Cycle: In their model (see x-t diagram
in Fig. 2), the instability originates in the induction zone that
separates the bow shock and the exothermic reaction front in
the nose region of the flowfield.

The compression wave is generated at the reaction front and
propagates to the bow shock. The contact discontinuity (en-
tropy wave) is created by the interaction of the compression
wave with the bow shock. The hot gas after the contact discon-
tinuity begins to react earlier than the gas before the contact
discontinuity does. The compression wave is generated as a
result of the time-varying reaction rate, depending on the reac-
tant’s temperature after the bow shock wave. At a somewhat
later time, the contact discontinuity reaches the position of the
original reaction front, where there is no more reaction, and a
rarefaction wave is generated. The periodic instability comes
from the effect on the chemical induction time.

According to this model, the instability wavelength and pe-
riod only depend on the flow variables behind the bow shock.
Suppose this model represents the instability mechanism, the
observed phenomena in the experiments should be universal,
and this type of oscillatory instability may be observed in the
other gas mixture if the gas is under a satisfied condition.

Numerical Approach

The Zel’dovich-von Neumann-Déring (ZND) wave struc-
ture model is useful for understanding the C-J detonation. The
ZND model consists of a shock discontinuity followed by a
zone of chemical reaction after a certain ignition delay. A
simplified model’”-# to describe the detonation wave, which is
based on the ZND wave structure, is used in the present study
to analyze shock-induced combustion with the periodic in-
stability. The model consists of a two-step chemical reaction,
with the induction and exothermic chemical reaction, instead
of all of the elementary chemical reactions occurring behind a
leading shock wave. Two reaction progress variables oc and 3
are used, and the reacting flowfields around an axisymmetric
blunt body is numerically simulated. The specific reaction rate
of the induction reaction is given by
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and for the exothermic reaction is given by
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The previous model is coupled by the féllowing equations.

Do) _ D(8)

D JIEM D = Pus (3)

Here the reaction parameters appearing in Egs. (1) and (2) are
selected as

K, =3.0x10" cm?/g/s
K, = 1.875x 108 cm*/dyn?/s
E,/R =9800K
E,/R =2000K
QO =4.0x10"erg/g
to fit the shock-tube data of 2H, + O, + 7Ar mixture. Here, K

and K, are reaction rate constants, and E; and E, are activa-
tion energies. Q is the exothermic energy per unit gram.
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Fig.2 x~t diagram on the stagnation streamline proposed by McVey
and Toong (from Ref. 5).

The governing system of equations is written as follows for
inviscid flows and axisyminetric geometry under ideal and adi-
abatic assumptions:
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where E and F are the inviscid flux vectors in £ and n direc-
tions, respectively; § is the chemical reaction source vector;
and H is the axisymmetric source term. The inviscid flux vector
and the chemical source vector are
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Where P and T are the pressure and temperature, respectively,
and
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a) '|

b)

Fig. 3 Contour plots of projectile radius 5L*: a) density and b) pwg.

a)

b)

Fig. 4 Contour plots of projectile radius 7.5L*: a) density and b)
pWB.

Our experience indicated that the grid resolution is critically
important to describe the wave interaction. The present chem-
ical reaction model does not require excessive computer time
and memory, which allows us to use very fine mesh distribu-
tions. This is another reason we used this simplified model.

In the present simulation, a TVD formulation® with explicit

‘time integration is used. A locally adaptive grid is used to

reduce the mesh size behind the bow shock wave and to resolve
the wave interactions. The length L*, which is the induction
length of the plane C-J detonation corresponding to the in-
coming gas mixture, is used to nondimensionalize the length
scale. The length L* is 3.654 mm in this case.

Numerical Results

Ballistic range experiments with the projectile provide us
with accurate data of the flowfield, but do not provide the time
evolving data on the stagnation streamline to explain the de-
tailed mechanism for instability. The present work investigates
the physics of the shock-induced combustion by the numerical
simulations, with the focus on the mechanism of the oscilla-
tory instability.

As observed in the physical experiment done by Lehr* (see
Fig. 1), the reaction boundary is separated from the bow shock
wave, and the periodic instability occurs. The o8 two-step
chemical reaction model used in this study does not exactly
describe the behavior of each species of the gas mixture. In
addition, the treated gas mixture is different from that used by
Lehr. However, the basic characteristic of the oscillatory in-
stabilities in the shock-induced combustion is considered to
be a more universal phenomenon if the oscillatory mecha-
nism is caused by the wave interaction, which is proposed by
McVey and Toong.> Thus, verifying and improving the pro-
posed mechanism may be possible by the present simulations,
although an -8 two-step reaction model for the different gas
mixture is used.

Throughout our simulations we chose a Mach number of 4.8
as the incoming flow speed, because the C-J detonation Mach
number of the present gas mixture is 4.8. It is known that the
behavior of shock-induced combustion firing around the C-J
velocity is unstable; for example, Lehr’s experiment gives 0.99
for the projectile velocity over the C-J value. In our simula-
tions we have two important parameters: one is the spherical
projectile radius and the other is the incoming Mach number.
A series of simulations was conducted for various projectile
radii, and the computed results for three projectile radii, SL*,
7.5L% and 10L*, are discussed in the following section.

Parametric Studies: To understand the qualitative differ-
ence of the flowfield, the density and the pwg contours are
plotted for the three cases. The pw; is the source term (mass
production rate) of Eq. (3) and shows the progress of the
exothermic reaction.

1) 5L*: Figure 3a shows the density contour plots, and
Fig. 3b shows the pws of the projectile radius SL* case. The
sudden density change in the region between the bow shock
and the body surface indicates the reaction boundary of the
burned gas by the exothermic reaction. The pwg contour plots
indicate the region progressing the exothermic reaction. No
oscillations are observed along the reaction boundary, and the
reaction progresses smoothly. The density residual converges
gradually during the computation, and the solution can be
understood as the case of a nearly steady-state solution.

2) 7.5L*: Figures 4a and 4b are the contour plots of the
projectile radius 7.5L* case. The corrugated reaction bound-
ary is observed along the entire projectile body behind the bow
shock in the density contours of Fig. 4a. The pwjg contour plots
in Fig. 4b correspond to the reaction boundary in Fig. 4a and
show that the corrugated reaction-progressing region is re-
stricted only in the region near the axis of the spherical projec-
tile. The phenomenon is almost periodic with high frequency
and small amplitude. Since the reaction-progressing region is
not seen in the downstream in Fig. 4b, the corrugated reaction
boundary moves with the fluid with no reaction progress.
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3) 10L*: Figures S5a and 5b show the contour plots of the
projectile radius 10L* case. The corrugated reaction boundary
is observed behind the bow shock, and the phenomenon is
periodic, similar to the density contour plots in the case of
7.5L*. However, the frequency relative to the projectile radius
in the case of 10L* is lower than that in the case of 7.5L*. An
instability pattern similar to the experiment in Ref. 4 (shown in
Fig. 1) appeared in the present numerical simulation. The re-
gion of pwg that corresponds to the corrugated reaction
boundary observed in the density contour plots also forms the
corrugated pattern, but only in front of the spherical body as
is seen in Fig. 5b. The pws is not observed downstream of
the flowfield. This result indicates that the exothermic chemi-
cal reaction terminates and that the reaction boundary moves
with the fluid.

The striations in the reaction region seen in Fig. 1 are not
observed in either Figs. 4a or Sa, although all the other fea-
tures are observed. The postprocessor,!? which simulates the
three-dimensional shadowgraph system and generates an out-
put similar to the experiment from the computational result, is
used to produce the computational shadowgraph pattern. The
result is shown in Fig. 6, where the vertical lines or the stria-
tions in the reaction region are now clearly observed. The
result suggests that the striations in the reaction region in
Fig. 1 are the three-dimensional image of the corrugated reac-
tion boundary.

The relation between the projectile radii and the instabilities
were studied. It seems that the instabilities strongly depend on
the relation between the shock stand-off distance and the in-
duction length. Compare the induction length on the stagna-
tion streamline in the three previous cases. The geometry of the
projectile is the same, but the physical length is different. In a
chemically reacting flowfield, two types of length scale exist:
the body length and the reaction length. Although the projec-
tile radius changes, the chemical reaction induction length
does not change and becomes relatively small compared with
the shock stand-off distance. Since the basic length scale is not
unique, both length scales are important for the flow features.

Instability Mechanism

Time Evolution of Oscillatory Cycle

Figure 7 is the close-up view of the time evolving contour
plots of pwg in the nose region of the spherical projectile show-
ing one cycle from the initiation to the termination of the
oscillatory instability in the case of projectile radius 10L*, The
instability cycle is as follows:

1) At the time 2, a new reaction region is generated in front
of the original reaction front around the stagnation stream-
line.

2) From times 2 to 5, the new reaction region grows up in
front of the original reaction front.

3) At the time 6, the original reaction front is coupled with
the new reaction region.

4) From times 6 to 9, the corrugated pattern moves along
the original reaction front.

5) After the time 10, another cycle begins and the process is
repeated.

The corrugated pattern moves with the fluid along the projec-
tile body and disappears further from the projectile, where the
exothermic chemical reaction does not occur anymore.

A series of the time evolving contour plots gives us the
unstable phenomenon observed in the experiment. Although
the oscillatory instabilities are reproduced, the instability
mechanism is not well understood in detail only from Fig. 7.
To understand the basic phenomenon, the physics on the stag-
nation streamline is discussed in the next section.

Wave Interaction

The generation mechanism of the oscillatory instability is
discussed using the numerical result of the 10L* projectile ra-
dius (Fig. 5). The density history of the physical values (x-t
diagram) between the stagnation point of the body surface and

a)

b)

Fig. 5 Contour plots of projectile radius 10L*: a) density and b) pwg.

Fig. 6 Three-dimensional shadowgraph image of projectile radius
10L*10
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Fig. 7 Close-up time evolving contour plots of pwg of projectile radius 10L*.
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the bow shock wave on the stagnation streamline is shown in
Figs. 8a and 8b. Figure 8a is the history of density level plots
on the stagnation streamline. Each line shows the instanta-
neous density profile. Figure 8b is the schematic representation
of Fig. 8a to help in understanding the wave interactions.
Some remarkable features are observed between the reaction
front and the stagnation point in comparison with the x~t dia-
gram shown in Fig. 2. In the wave interaction model in Fig. 2,
the waves propagating toward the stagnation point were ne-
glected, and thus only the region between the bow shock wave
and the reaction front was discussed. However, our numerical
result indicates that the new reaction front generates compres-
sion waves not only toward the bow shock wave but also
toward the stagnation point. The shock stand-off distance is
approximately 0.24 X (radius)=2.4L* in this case. Since the
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Fig. 9 pwg history (x~t diagram) on the stagnation streamline of 10L*
projectile radius: a) level plots and b) schematic representation of
reaction front.

induction length L* is obtained from the experimental result at
the C-J velocity where the steady ZND wave structure model
holds, the induction zone must be theoretically L* on the stag-
nation streamline behind the normal segment of the bow
shock. Therefore, only about 40% of the shock stand-off dis-
tance is the induction zone region. The region between the
reaction front and the stagnation point is about 60% of the
shock stand-off distance and may not be negligible in the wave
interaction model. Actually Fig. 8a shows the induction zone
whose length is approximately L*. Our mechanism is based on
the whole region between the bow shock and the stagnation
point on the stagnation streamline. If the induction length is
shorter in comparison with the shock stand-off distance, the
wave propagating toward the stagnation point may be ne-
glected.
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All kinds of waves and changes of physical variables are
observed in the density history profile. In Fig. 8a the trace of
the bow shock is noticed as a sudden density increase of an
incoming uniform flow, and the reaction front is indicated by
a sudden density decrease after the bow shock. There are new
reaction zones between the original reaction front and the bow
shock. Some of them are generated as an isolated area in front
of the original reaction surface, connected with the original
one and formed as a peninsula. Also, many wave interactions
between the bow shock wave and the stagnation point are
observed. There are two kinds of cyclic mechanisms. Basically
the compression waves are generated at the new reaction front.
One wave goes backward (to the bow shock) and the other
forward (to the projectile body). The former interacts with the
bow shock and generates a contact discontinuity. In general,
the temperature on one side of a contact discontinuity is higher
than that on the other side. The formation is more like a one-
dimensional shock-tube problem. The induction length is
highly dependent on the temperature determining the induc-
tion time [see Eq. (1)]. The higher temperature fluid has the
shorter induction time, since the fluid velocity across the con-
tact discontinuity is basically the same. On the other hand, the
latter wave propagates toward the projectile body and reflects
on the stagnation point. The reflected wave eventually hits the
bow shock and generates a contact discontinuity like the for-
mer. These two cyclic wave propagations are basically re-
peated but do not have an exact periodicity.

Creation of New Reaction Front

The strength of a compression wave has an important role in
determining the position and the strength of a new reaction
front. The strength depends on the strength of the explosive
reaction. The mass production rate pwg is useful as a parameter
to measure the strength of the reaction and to know where the
exothermic reaction progresses. Suppose the mass production
per unit time is high. A strong energy release occurs and com-
pression waves are generated. Figure 9a shows the history of
the mass-production rate-level plots on the stagnation stream-
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line for the same result as Fig. 8. The schematic representation
of Fig. 9ais shown in Fig. 9b to specify the progress along the
reaction front. The exothermic reaction progressing region can
be recognized in Fig. 9a. The reaction hardly progresses be-
hind the reaction front, which means that the condition
reaches chemical equilibrium. Also, there is a notable differ-
ence between the original reaction front indicated as (1) in
Fig. 9b and the region indicated as (2, 3). Along the original
reaction front, the area of high mass production rate is re-
stricted in a very narrow region just after the reaction front.
On the other hand, the mass production rate keeps the high
level for a certain distance in the peninsula region shown as
(2, 3). The length of the high peak is an important factor in
determining the strength of the released energy and thus the
strength of the compression waves.

The extinguishing of the reaction front specified as (4) in
Fig. 9b is observed in Figs. 8 and 9. Reaction progress is ob-
served at (4), but it is not so strong as to generate there.

Feature of Oscillation

As observed in Figs. 4a and 5a, the frequency relative to
the projectile radius in the case of 7.5L* is higher than that
in the case of 10L*, even though the induction length relative
to the shock stand-off distance is longer in the case of the
7.5L* projectile. As shown in Fig. 10, two oscillatory cycles
regularly exist on the stagnation streamline. Since one cycle
starts when the other cycle passes the half period, the fre-
quency is doubled. This kind of wave interaction makes the
frequency higher, and the transition of the frequency could be
observed in the experiments.

Oscillatory Mechanism Based on the Simulations

Figure 11 is the x-t diagram proposed in the present paper
based on our calculations in comparison with Fig. 2. It shows
the whole region between the stagnation point and the bow
shock on the stagnation streamline. As in the proposed mech-
anism by McVey and Toong? based on the experimental obser-
vation, compression waves generated at a new reaction region
have an important role for the oscillatory mechanism in this
proposed mechanism also. In this proposed mechanism, on the
other hand, one of the generated compression waves goes to
the stagnation point on the body surface in addition to the
compression waves toward the bow shock, finally resulting in
a contact discontinuity for the wave interaction with the bow
shock wave. The new reaction fronts are formed as a peninsula
in the induction reaction region or an additional region of the
original reaction front, as seen in Fig. 11.
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Although this cyclic mechanism is generated by the com-
pression waves created at the new reaction region, the com-
pression waves are not always effective in making the new
reaction, depending on the strength of the compression wave.
The basic pattern of the cyclic mechanism repeats itself in
Fig. 11, but the features are not exactly the same in detail.

The cyclic mechanism depends on the relation between the
shock stand-off distance and induction length, so that a peri-
odic oscillation should be observed when certain conditions
are satisfied.

Conclusions

The basic characteristics of shock-induced combustion
around an axisymmetric blunt body have been qualitatively
clarified on the basis of numerical simulations. The cyclic
mechanism for the generation of oscillatory instability is
caused by the wave interactions between the stagnation point
and the bow shock wave on the stagnation streamline. The
intensive reaction progress accompanied by energy release
creates the compression waves that move toward the bow
shock. A contact discontinuity is created by the interaction of
these compression waves and the bow shock, and a new reac-
tion occurs earlier than the original reaction front due to the
higher temperature after the contact discontinuity. The present
numerical simulation justified that the model proposed by
McVey and Toong can basically explain the oscillatory insta-
bilities observed in shock-induced combustion of previous
works>%!! At the same time, the simulation result suggested
the existence of the other cycle orignated by the compression
wave toward the projectile body. As a periodic instability pat-
tern is observed in the gas mixture diluted by Argon, and the
wave interactions are the key factor for the instability, this
periodic instability can occur in other gas mixtures under the
satisfied conditions.

Since the previous works are based on experimental results
and a simplified one-dimensional wave interaction theory, the

exact time evolving data on the stagnation streamline was not
available. A numerical approach, on the other hand, supplies
it and was confirmed as a useful probing technique for such
complex and detailed phenomena.
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