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Flow Features of Shock-Induced Combustion Around Projectile
Traveling at Hypervelocities
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and

Toshi Fujiwara*
Nagoya University, Nagoya, Aichi 464-01, Japan

The shock-induced combustion with periodic unsteadiness around a projectile fired into hypersonic flows is
numerically studied. The mechanism of periodic unsteadiness is clarified using an x— diagram of the flow variable
on the stagnation streamline. The frequencies of the periodic unsteadiness obtained quantitatively agree with
the experimental observations. The key parameters which are responsible in triggering the instability and in
determining the frequency of the periodic unsteadiness are discussed by using the time integration of the species
equations. The result indicates that the key parameters are induction time, heat release, and concentration of the
heat release. The induction time is a key parameter for the frequency of the unsteadiness. The concentration of
heat release is important for the unsteadiness itself. Total energy creating the compression waves depends on the
amount of heat release itself. All of these features are recognized in a simple zero-dimensional analysis.

Introduction

HE computational approach is becoming widely used for many

engineering problems. For the last few years, simulation’ > of
hypersonic flows, including chemical reactions, has become one
of the most advanced research topics in computational fluid dy-
namics (CFD) because such flows are difficult to physically real-
ize in experimental apparatus such as wind tunnels. Many kinds
of numerical techniques, which include the chemical reaction in
high-temperature air, have been developed for the investigation of
re-entry problems for space vehicles. Flows inside air-breathing en-
gines have also been a target for study. For such internal flows,
chemical reactions between fuel and oxygen occur and, generally,
the stiffness of the reactions makes the simulation difficult. Some
techniques were developed to avoid such difficulty in numerical
simulations. Nowadays, the computational technique allows us to
discuss the flow physics based on the simulation results, and we can
find the detailed phenomena associated with the chemical reacting
flow using CFD. In the present paper, one of the famous phenomena
in shock-induced combustion is numerically investigated to clarify
the underlying physics in detail.

Previous Work for Periodic Unsteadiness
in Shock-Induced Combustion

Figures la and 1b are shadowgraph images of shock-induced
combustion with the periodic unsteadiness around the hemispherical
body taken by Lehr* in 1971. The projectile is flying at 1931 m/s in
Fig. 1a and 1685 m/s in Fig. 1b in a hydrogen/air mixture of 293 K
and 0.421 atm. The corrugated pattern on the reaction boundary is
generated in front of the projectile body. The frequencies are 712 and
148 KHz, respectively. Similar periodic unsteadiness is observed in
other experiments>~® where the projectiles are fired into premixed
gas mixtures.at Mach numbers around 4-6. A model of this periodic
instability mechanism was proposed by McVey and Toong® using
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the x—¢ diagram between the bow shock and reaction front on the
stagnation streamline on the basis of experimental observations and
one-dimensional wave interaction theory. According to their work,’
the generation mechanism is dominated by the wave interaction
along the stagnation streamline in front of the projectile.

The generation mechanism of the periodic unsteadiness was nu-
merically investigated by Matsuo and Fujiwara® in 1991. In the
investigation, a simplified two-step model'®!! is used to describe
the chemical reaction instead of the realisitic elementary reactions.
Based on the computed result, an improved model for the mecha-
nism of the periodic unsteadiness was proposed. Figure 2 is the x—¢
diagram proposed by the authors.” This model includes the whole
region between the stagnation point and the bow shock on the stag-
nation streamline. As in the proposed mechanism by McVey and
Toong® based on the experimental observation, compression waves
generated at a new reaction region have an important role for the
periodic mechanism. It is verified by the investigation, on the other
hand, that one of the generated compression waves propagates to-
ward the stagnation point on the body surface, in addition to the
compression waves toward the bow shock, which finally results in
a contact discontinuity for the wave interaction with the bow shock
wave. New reaction fronts are formed as a peninsula in the induc-
tion reaction region. Although this cyclic mechanism is generated
by the compression waves created at the new reaction region, the
compression waves are not always effective to produce the new reac-
tion, depending on the strength of the compression wave. It should
be noted that this improved model was proposed based on com-
puted results using the simplified chemical reaction model, and the
computed conditions are different from the experimental ones.

Dependency of frequency on the flying speed was also investi-
gated by the present authors. !> The cyclic mechanism depends on the
relation between the shock stand-off distance and induction length,
so that a periodic unsteadiness may be observed when certain con-
ditions are satisfied. The computed result suggested that the relation
between the chemical induction length (ignition delay time) and the
shock stand-off distance was important in determining the frequency
of the periodic unsteadiness. It was explained that the mechanism

is basically dominated by the wave interaction and, thus, the same

type of unsteady phenomenon occurred in the other combustible gas
mixture.

Wilson and Sussman!® have investigated shock-induced combus-
tion with periodic unsteadiness by numerical simulation. They re-
produced the flow pattern observed in Lehr’s experiments using
the same gas mixture under the same flow conditions as in his
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b)

Fig. 1 - Shadowgraph of a spherical nose projectile moving into a pre-
mixed stoichiometric Ha/air mixture (courtesy of Lehr?): a) Vprojectile =
1931 m/s and b) Vprojectile = 1685 m/s.

experiment. They used the Euler equations with the logarithmic
form of the species conservation equations as the governing equa-
tions. All of the terms (convective and chemical) are time integrated
in a fully implicit manner. The mechanism of the unsteadiness on
the stagnation streamline simulated by their work!® shows a sim-
ilar wave interaction to that in Fig. 2. However, the frequency of
the periodic unsteadiness for the projectile speed of 1931 m/s was
reported to vary from 530 to 820 KHz. They concluded that the
uncertainties in the rate constants for the reaction mechanism could
explain the differences of the frequency between the experiment
and the computation because two kinds of the reaction rate constant
were used for the simulation. Their work indicated that the effect of
the characteristics of the selected rate constants is not negligible for
the computation of such a supersonic¢ combustion flowfield.

The mechanism of periodic unsteadiness in shock-induced com-
bustion observed in the experiments is becoming clear by these
recent works. However, the key parameters to trigger the instability
and the frequency of the periodic unsteadiness have not been de-
termined. To find the key parameters, Lehr’s experiments are first
simulated for the qualitative discussion of the mechanism in this
paper. Then, the reaction profiles under Lehr’s experimental condi-
tion are calculated by the zero-dimensional time integration of the
species equations to clarify the characteristics. Finally, the effect of
the ratio of the chemical scale with respect to the projectile body
scale is examined by changing the projectile body size.

Mathematical Formulation
Simulations are conducted using the Euler equations with the
species conservation equations under the axisymmetric assumption.
The equations are integrated explicitly, and the chemical reaction
source terms are treated in a linearly point-implicit manner. As a
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Fig. 2 Mechanism of the periodic unsteadiness by x—¢ diagram on the
stagnation streamline.

numerical scheme, Yee’s non-MUSCL type total variation dimin-
ishing (TVD) explicit scheme!* is used. A fine grid distribution,
such as 161 x 321 is used since the low amplitude and weak waves
in front of the projectile are important. Since the phenomenon is un-
stable after the bow shock wave, an equally spaced grid is adopted
along both directions:

The governing system of equations is written for inviscid flows
and axisymmetric geometry
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where  and F are the inviscid flux vectors in the £ and » directions,
respectively. § is the chemical reaction source vector, and H is the
axisymmetric term. The inviscid flux vector and the chemical source
vector are
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Reaction Mechanism

The oxyhydrogen combustion mechanism used in this study is
taken from the work of Wilson and MacCormack? and Wilson and
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Table 1 H/air combustion mechanism

i Reaction A n E
0)) Hy +0; =HO; +H 1.00 x 1014 0 56,000
¥)) H+0;=0H+0 2.60 x 1014 0 16,800
3) O+H,=OH+H 1.80 x 1010 1 8,900
© OH + Hy =H + H,0 2.20 x 1013 0 5,150
o) OH + OH=0 + H,0 6.30 x 1012 -2 1,090
(6) H+OH+M=H,0+M 2.20 x 10%? ~1 0
@) H+H+M=H; +M 6.40 x 107 —0.6 0
®) H+O+M=0OH+M 6.00 x 106 0 0
©) H+0;+M=HO; + M 2.10 x 103 0 —1,000

(10) 0+0+M=0;+M 6.00 x 1013 0 —1,800

an HO, + H= OH + OH 1.40 x 104 0 1,080

12 HO; +H=H0+ 0O 1.00 x 1013 0 1,080

13) HO, + 0=0, + OH 1.50 x 1013 0 950

(14) HO, + OH=H;0 4+ 0, 8.00 x 1012 0 0

(15) HO; + HO; =H30; + 0, 2.00 x 1012 0 0

(16) H+ H,0, =H, + HO; 1.40 x 1012, 0 3,600

an’ O + H,0, = OH + HO, 1.40 x 1013 0 6,400

@as) OH + H,03 = H,0 + HO, 6.10 x 1012 0 1,430

19) Hy0, + M=OH+OH+M 1.20 x 1017 0 45,500

k; = AT" exp(—E/RTY); units are in seconds, moles, centimeters>, calories, and kelvins.
Third body efficiencies relative to Ny: Reaction (6) HyO = 6.0, Reaction (7) Hy0 = 6.0; Hy = 2.0,
Reaction (8) HyO = 5.0, Reaction (9) H,O = 16.0; Hy = 2.0, Reaction (19) H0 = 15.0.

Sussman.!3 This reaction set was developed for supersonic combus-
tion, and it basically consists of 13 reacting species (H,, O, H, O,
OH, H,0,HO,, H,0,, N, NO, NO,, HNO, and N,) and 33 reactions
and is a modified Jachimowski’s combustion mechanism.!> How-
ever, this study uses only 8 species (H,, O,, H, O, OH, H,0, HO,,
and H,0,) and 19 reactions, which are given in Table 1, to describe
the combustion mechanism because the nitrogen reactions are not
important around Mach 5. Therefore, all of the nitrogen reactions
are omitted in this study, although the species N, NO, and HNO
become important at-higher Mach numbers.

For the calculation of species-specific heat, the thermodynamics
data and their curve fit coefficients developed at the NASA Ther-
mochemical Polynomials'® are used.

Simulations of Lehr’s Experiments

A flow condition for the first computation was selected to be
the same as that of Fig. 1. The pressure and temperature in the gas
mixture are set to be 0.421 atm and 293 K. Both 1931- and 1685-m/s
projectile speeds are simulated using the Euler equations with the
species conservation equations under the axisymmetric assumption.

Projectile Velocity 1931 M/S

Figure 3a shows the instantaneous density contour plots of the
computed result under the same conditions as the experiment of
Ref. 4 in Fig. 1a. Periodic unsteadiness along the reaction bound-
ary is observed. The interaction of compression waves in front of
the projectile body is clearly observed in the instantaneous pressure
contour plots in Fig. 3b. At this instance, the compression waves,
created by the new reaction which has just occurred around the
stagnation streamline, move both toward the bow shock and the
projectile body. Strong energy is released at the reaction boundary
in front of the projectile body. However, no compression waves are
observed in the downstream of the flowfield so that there should
be no reaction progressing region. In order to confirm the reaction
progressing region, the source term of water is plotted in Fig. 3c.
Reaction mainly progresses along the reaction boundary and, espe-
cially, high reaction progress is observed in front of the projectile.
The reaction progressing region is thought to create the compression
waves and would be the trigger for the periodic unsteadiness.

To understand the mechanism of the periodic unsteadiness; it is
useful to study the history of the variables on the stagnation stream-
line. Figure 4a is the history of the density distribution on the stag-
nation streamline. The wave interaction occurs not only between the
bow shock and the reaction front but also between the reaction front
and the projectile surface. The creation of the corrugated reaction

peninsula is dominated by the wave interaction between the bow
shock and the reaction front, although the compression wave re-
flected on the projectile surface also contributes in strengthening
the compression wave released at the reaction front. Figure 4b is
the history of the pressure distribution on the stagnation stream-
line. Only the compression waves are clearly observed. The new
reaction zone in Fig. 4a obviously creates the compression waves
both upstream and downstream, and the compression waves toward
the projectile body is reflected at the body surface. The phenomena
observed in Figs. 4 are exactly periodic. According to the experi-
mental result of Lehr,* the period and the frequency of the oscillation
are 1.405 us and 712 KHz, respectively. In the present study, the
period and the frequency are 1.38 us and 725 KHz and the dis-
crepancy of the period is less than 2%. Thus, the frequency of the
periodic unsteadiness agrees well with the experimental observa-
tion. Although Wilson and Sussman!® reported the frequency of the
oscillation to be 820 KHz in their work, Wilson and Sussman'” later
obtained a frequency very close to the present result after continuing
the computation for a longer time.

To compare it exactly with the experimental output of the shad-
owgraph image, the postprocessor'® which simulates the three-
dimensional shadowgraph system is used, and an output similar
to the experiment is generated from the computational result. The
result is shown in Fig. 5. Striations are observed in the reaction re-
gion, whereas no striations are observed in the density contour plots
in Fig. 3a. This suggests that the striations in the reaction region in
Fig. 1a are the three-dimensional images of the corrugated reaction
boundary, and it is necessary to create the same output image as the
experiment by integrating the light path. Because the striations in the
reaction region was generated as observed in Fig. 1a by integrating
the light path, it was confirmed that the axisymmetric assumption
is acceptable.

Projectile Velocity 1685 M/S

As seen in Fig. 1b, the small amplitude oscillations with constant
and low frequency along the reaction boundary are extremely weak.
Figure 6a is the density contour plots of the simulated result under
the experimental condition of Fig. 1b at the same speed. The calcu-
lated result in Fig. 6a also shows the weak wave interaction in front
of the projectile body, and the extremely small corrugated pattern is
observed on the reaction boundary. To clarify the phenomenon, the
density gradient is plotted in Fig. 6b. The weak wave interaction,
which is generated by the contact discontinuity, and the compres-
sion waves between the bow shock and reaction boundary and the
corrugated pattern on the reaction boundary are clearly observed.
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Figures 7a and 7b show the history of the density and the pressure
distribution on the stagnation streamline. The density. distribution
shows the bow shock, the reaction front, the compression wave, and
the contact discontinuity as are shown in Fig. 4a. The wave inter-
action in Fig. 7a can also be explained by the mechanism in Fig. 2
although reaction occurs much closer to the body in this case. The
compression waves released at the new reaction region propagate to
the upstream and downstream, and both compression waves interact
with the bow shock and make the contact discontinuity. Basically
two contact discontinuities are generated after the interaction. How-
ever, these contact discontinuities are closely and parallelly located
and make one new reaction peninsula. One cycle of the periodic
unsteadiness corresponds to 6.256 pus in this calculation, and the
frequency is 159.8 KHz. Since the experimental result indicates
that the frequency is 148 KHz, the agreement is also quite good in
this case.

Discussion

From the plots of the numerical results in the preceding sec-
tion, the mechanism of periodic unsteadiness in the shock-induced
combustion of Lehr’s experiments is now better understood. In ad-
dition, it suggested that such periodic unsteadiness is a universal
phenomenon in shock-induced combustions and could occur in any
gas mixture under appropriate conditions because the fluid dynamic
wave interaction on the stagnation streamline is the cause for the
unsteadiness. The periodic unsteadiness observed for the different
gas mixtures in the authors’ previous work is now considered to be
of the same type of phenomenon as Lehr’s experiment.*

Thus far, the key parameters for the periodic unsteadiness are as
follows:

1).induction time (ignition delay time) on the stagnation stream-
line and the corresponding induction length, which determines fre-
quency; o

2) the compression wave reflected on the projectile surface, which
may smear periodicity; and

3) the relative scale of the induction length and the shock stand-off
distance, which determines the wave interaction pattern. .

However, the effect of the characteristics of the chemical kinetics
of gas-phase hydrogen-air combustion has not been discussed. The
reaction profiles will be discussed in the next section.

Characteristics of Chemical Kinetics

The time integration of species equations in zero dimension in
space under a constant volume mode is carried out in order to clarify
the characteristics of the reaction profile in Table 1. We assume
that all of the flow variables are given for the conditions after the
bow shock on the stagnation streamline and that the flow speed
corresponds to the projectile speed. The integration procedure is as
follows.

1) Flow variables downstream of the normal shock wave are
given as an initial condition by the Rankin-Hugoniot relation of
the real gas. )

2) All of the species equations are time integrated. During the
reaction progress, total density change is not allowed under the con-
stant volume mode.

For the calculation of the species-specific heat, the thermody-
namics data and their curve fit coefficients developed at the NASA
Thermochemical Polynomials!'® are used. This procedure provides
accurate data for the characteristics of a nonequilibrium reaction
under the constant volume mode. If the fluid velocity after the bow
shock wave on the stagnation streamline is constant (without isen-
tropic compressions), the induction reaction length is given. Con-
sequently, the relation between the shock stand-off distance and the
induction length is roughly estimated.

Two projectile speeds of 1685 and 1931 my/s, which were used
in the present simulations, are tested. The conditions of the gas
mixture are selected to fit Lehr’s experiments.* As the exothermic
reaction occurs after the ignition delay and causes a sudden temper-
ature increase, the time-evolving temperature profiles are plotted in
Fig. 8. The time period required for the temperature increase due
to the exothermic reaction, called the reaction time, is almost the
same for both cases. However, the induction times are 1.0 us for
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Fig.9 _Schematic picture showing the induction time and length in the
history of the density distribution.

1931 m/s and 8.8 us for 1685 m/s and a significant difference exists.
The flow velocities after the bow shock computed by the Rankin—
Hugoniot relation are 361.26 m/s for the 1931 m/s projectile speed
and 340.35 m/s for the 1685-m/s projectile speed. The induction
length is roughly calculated by multiplying the flow velocity x the
induction time, if the isentropic compression is negligible. They are
0.36126 mm and 2.995 mm, respectively. The induction times and
lengths in the actual simulations can be measured in the manner
shown in Fig. 9. Comparing Figs. 4a and 7a, the induction time and
length in the real simulations are 1.0 ms and 0.36 mm for 1931 m/s,
and 5.7 ms and 1.2 mm for 1685 mv/s. The induction time and length
of the projectile speed 1931 m/s in Fig. 4a exactly agree with those
in the reaction profile in Fig. 8. As the induction length in Fig. 4a
is only é of the shock stand-off distance and contact discontinu-
ities are straight, the effect of the isentropic compression can be
neglected. However, the induction time and length of the projectile
speed 1685 m/s in Fig. 7a do not agree with the reaction profile in
Fig. 8.

As seen in Fig. 7a, the contact discontinuities, which indicate the
particle path line, are not straight but curved due to the deceleration,
isentropic compressions after the bow shock wave has to be consid-
ered in this case. Thus, the discrepancy may come from the effect
of isentropic compression during the induction length that occupies

: % of the shock stand-off distance.

This observation suggests that the induction time is one of the
important key parameters that determines the frequency of the peri-
odic unsteadiness. In addition, it was shown that frequency may be
predicted from analysis of the zero-dimensional time integration of
species equations without simulating the flowfield.
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Projectile Diameter 2.5 mm

The mechanism of the periodic unsteadiness in the shock-induced
combustion is much better understood through systematic simula-
tion. In previous work® with the simplified two-step reaction model,
the periodic unsteadiness was reported when the projectile radius
is 10L* (where L* is the induction length of the plane C—-J deto-
nation). However, when a smaller projectile radius (5L*) was used
in the simulations, the unsteadiness disappeared from the flowfield.
The absence of the unsteadiness has not been clarified so far. There-
fore, the case for the smaller projectile body is simulated using a
hydrogen/air gas mixture under the same condition of the projec-
tile speed 1931 my/s for the quantitative discussion. The projectile
diameter is selected to be 2.5 mm.

Figure 10a is the density contour plots of the aforementioned
case of projectile diameter 2.5 mm and projectile speed 1931 m/s.
The ratio of the shock stand-off distance with respect to the re-
gion of the burned gas on the stagnation streamline is almost the
same as that in the case of the projectile speed 1685 m/s in Fig. 6a.
However, no wave interaction on the stagnation streamline is ob-
served in this case. Figure 10b is the pressure contour plot which
only shows the smooth contour lines in the entire flowfield, even

Fig.10 Contour plots for the projeétile diameter 2.5 mm and the speed
1931 m/s: a) density, contour range min = 0.2, max=2.1,inc=0.03 kg/m>;
and b) pressure 0.01, 1.3, and 0.02 MPa.

in front of the projectile. The steady solution is obtained in this
simulation.

The relative location of the reaction boundary in Fig. 10a is almost
the same as that in Fig. 6a. But one shows the periodic unsteadiness,
and the other does not show it. This indicates that induction time is
not solely the key parameter for the periodic unsteadiness. What is
an important key parameter for the unsteadiness?

Profiles of the Stagnation Line
Case A
Case a with speed of 1931 m/s and diameter of 15.0 mm shows the

periodic unsteadiness around the projectile body in the experimental

(Fig. 1a) and computational results (Figs. 3-5). Figure 11a shows

the temperature profile and the local temperature increase (d7/dx),

which is the ratio of the local temperature increase with respect to

the projectile scale, on the stagnation streamline. According to the-
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preceding section, the induction length is estimated by multiplying
the flow velocity x the induction time. The induction length in
Fig. 11a agrees with the estimation of the preceding section. In the
local temperature increase, the peaks appear at the bow shock and
the reaction front.

Case B

Case b with speed of 1685 m/s and diameter of 15.0 mm also
shows the periodic unsteadiness in Figs: 1b, 6, and 7. As discussed
in the preceding section, the induction length in this case can not be
estimated by the characteristics of the chemical kinetics because of
the isentropic compression. In Fig. 11b, the peaks of the local tem-
perature increase (d7/dx) appear at the bow shock and the reaction
front as well as in case a.

Case C

In case c, with speed of 1931 m/s and diameter of 2.5 mm, the
simulated results are shown in Fig. 10 and unsteadiness is not ob-
served. The flow features in Fig. 10a is similar to those in Fig. 6a.
Figures 11b and 11c indicate the same ratio of the shock stand-
off distance to the burned gas region. However, the profiles of the
temperature increase (d7/dx) at the reaction front show different
behavior. The local temperature increase corresponds to the nondi-
mensionalized energy release by the fluid scale, then the value indi-
cates the strength of the created wave. The profiles indicate that the
energy release at the reaction front in case b is much stronger than
that in case c. Therefore, the compression waves are created at the
reaction front. These results suggest that the strength of the energy
release changes the unsteadiness of the flowfield.

Key Parameters for Unsteadiness

We now examine the ratio of the reaction period, which is the
length for the temperature increase, to the shock stand-off distance.
It corresponds to the intensity of the concentration of the energy
release by the exothermic reaction. Here, the term concentration of
heat release indicates the ratio of the reaction period, which is the
length or time for the temperature increase, to the shock stand-off
distance. It does not mean heat release rate. The ratio of the reaction
period to the shock stand-off distance in case ¢ is much larger than
that of cases a and b. Therefore, compression waves are created at
the reaction front gradually rather than abruptly.

The key parameters are summarized in the following.

1) The first parameter is induction time (ignition delay time),
which determines the frequency of the periodic unsteadiness.

2) Next is heat release, which is the temperature increase in the
reaction period. In the simulation of the flowfield, the location of
the bow shock is changed due to the heat release so that the path of
the reflected compression waves is changed.

3) Concentration of heat release, which is given by the ratio of
the reaction period to the shock stand-off distance, is an important
parameter for unsteadiness.

Conclusion

A series of simulations clarified the key parameters of the peri-
odic unsteadiness around the projectile traveling at hypervelocity.
They are considered to be the induction time, the heat release, and
the concentration of the heat release. The induction time is a key
parameter for the frequency of unsteadiness. The concentration of

the heat release is important for the unsteadiness itself. The amount
of the heat release is important because the total energy creating the
compression waves depends on it. Simple zero-dimensional analy-
sis is useful because all these features can be recognized in such an
analysis.
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