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Multi-Dimensional Unsteady Characteristics
of the Standing Oblique Detonation

Akiko Matsuo




MULTI-DIMENSIONAL UNSTEADY CHARACTERISTICS
OF THE STANDING OBLIQUE DETONATION

ABSTRACT

The characteristics of the standing oblique detonation (SOD) around a two-
dimensional blunted wedge and an axisymmetric blunt body are studied by the
numerical simulations to clarify the underlying physics, based on the relations

among thermodynamic, chemical kinetics and fluid mechanical considerations.

In the study of SOD supported by the two-dimensional wedge, the existence
of the critical values for the establishment of SOD in a hypersonic premixed gas 18
confirmed by changing the wedge tip radius and the wedge angles. Whether a
coupled oblique detonation is obtained or not significantly depends on the scale of
the wedge tip radius and the angle of the wedge. The numerical results suggest
that there exist three different modes in SOD; (1) steady oblique coupled detonations,
(ii) steady oblique decoupled detonations, (iii) run-away detonations which are
unable to stand in front of a wedge. The mode change can be explained by the

limiting angle of the oblique shock wave.

In the study of SOD supported by the axisymmetric blunt body, the ballistic
range experiments for the combustible gas at hypervelocities are numerically simu-
lated. The simulations are mainly focused on the periodic unsteadiness observed
on the reaction boundary in the shock layer of a spherical projectile body. A series
of our simulations have clarified the detailed mechanism for the periodic unsteadi-
ness. First, the basic characteristics of the periodic unsteadiness in the shock-induced

combustion have been qualitatively studied, using a simplified chemical reaction

model, The dependency of the mechanism on the projectile velocity is also investi-




gated. Next, an enhanced chemical model to explain the mechanism for the periodic

unsteadiness is proposed, which proved to be appropriate to explain the unsteadiness
in various projectile velocities. Next, key parameters for the periodic unsteadiness
have been quantitatively studied by the parametric study, using a H,/Air gas
mixture: They are the induction time, the heat release and the rate of heat
release. The induction time is a key parameter to determine the frequency of
unsteadiness. The rate of heat release is important for the unsteadiness itself.
The amount of heat release is important because the total energy creating the

compression waves depends on it, The simulations reveal the underlaying physics

of the flowfields.
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CHAPTER ]

INTRODUCTION

In recent years, renewed interest in hypersonic air-breathing vehicles and
hypervelocity mass launchers has created needs to study characteristics of hypersonic
combustion in combustible gas mixtures. This type of combustion 18 present in
such hypersonic propulsion concepts as the supersonic combustion ramjet (SCRAM-
JET), the oblique detonation wave engine (ODWE), and the ram accelerator. Ob-
taining good understanding of this type of combustion is particularly important for

such hypersonic propulsions.

One design concept for a supersonic combustion ramjet (SCRAMJET) is
depicted in Fig. 1.1. In this design, air is decelerated in an inlet diffuser through a
series of oblique shocks to attain the temperature and pressure favorable for com-
bustion. The supersonic air enters the combustor where fuel 1s injected, mixed and
burned. The hot gas exits through the nozzle where it is expanded to provide
thrust for the vehicle. One of the biggest challenges related to this concept is how
the fuel and air can be quickly mixed without significant energy loss. Rapid
mixing is required because the residence time in the combustor is short, and high
efficiency is important because losses of just a few percent result in a erucial loss of

thrust.

Another design called the oblique detonation wave engine (ODWE) in Fig.
1.2 has recently been proposed as an alternative to the SCRAMJET. It is considered
to improve mixing by injecting the fuel at the upstream of the combustor where
temperatures are relatively low. The temperature behind the an oblique shock in

the combustor is high enough to cause ignition, so that the fuel-air mixture detonates.

Furthermore, an additional distance from the injection point to the combustor i1s




provided for mixing the fuel and air. The ODWE design could reduce combustor
length and lower engine weight because no mixing is required in the combustor.
However, questions have been raised concerning stability (flameholding) and degree
of thermodynamic irreversibility (total pressure loss) characteristics of the proposed
ODWE. Attempts to stabilize and analyze oblique detonation waves, performed in
the late 1950s and early 1960s, were inconclusive, as experimental limitations
permitted only low approach Mach numbers and correspondingly limited (sub-

stoichiometric) amounts of heat addition to the flow.

The ram accelerator is a hypervelocity mass launcher device in which a
shaped projectile can in principle be accelerated efficiently to the veloaities in
excess of 10 km/s by means of detonation waves or other shock-induced combustion
modes. This concept, developed at University of Washington’, can be scaled for
projectile masses ranging from grams to hundreds of kilograms and has the potential
for a number of applications, such as hypervelocity impact physies, direct launch to
the orbit of acceleration-insensitive payloads, and hypersonic testing. Although
several ram accelerator operation modes have been proposed, the analysis is centered
on the "oblique detonation" mode shown in Fig. 1.3. The gas dynamic principles of
the oblique detonation ram accelerator are similar to those of the ODWE conceplt;

however, the device is operated in a different manner.

In such combustion chambers, combustion would be performed in the mode
of interaction between (i) highly-turbulent diffusion flames and (ii) a number of
shock wavelets. Exothermic reactions occurring behind a leading shock wave 1n a
hypersonic premixed gas mixture generate the phenomena useful for studying the
flow-chemistry interaction features. This mode of combustion, i.e. a steadily-

maintained detonation in front of a blunted “holder”, has not been studied widely.

' See Hertzberg et al, (1988)




The author has been active in exploring the fundamental properties of a standing

oblique detonation (SOD) from both numerical and theoretical viewpoints.

[t is the purpose of this study to examine the characteristics of the standing
oblique detonation (SOD), in order to clarify the relations among thermodynamies,
chemical kinetics and fluid mechanies, because the underlying physics of SOD has
not been fully investigated. Study of the relation between fluid and chemistry
should determine the required parameters under which a stable SOD with acceptable

total pressure loss can be sustained.

In this dissertation, the basic physics of supersonic flows with combustion
chemistry is studied by numerical simulations. Focus is, at first, placed on the
basic characteristics of SOD supported by a two-dimensional blunted wedge. The
flow features of SOD are qualitatively studied by changing various parameters; the
scale of the wedge tip radius, the wedge angle, and the Mach number and temperature
of the incoming flow. A series of simulation reveals the underlying physics of SOD,
based on the simplified reaction mechanism and the H, - 0, reaction mechanism.
Second, one of the famous phenomena of shock-induced combustion, which has a
periodic “instability” around a hypersonic flying axisymmetric blunted projectile
body, is treated. The flow is worthy of investigation because it contains complex

interactions between combustion chemistry and fluid dynamics, and the flowfield

should be clarified for further research of SOD.




CHAPTER 11

NUMERICAL FORMULATION

The physical model for flowfield analysis is described by the Euler equations,
and the species continuity equations or the equations consisting of the simplified
two-step chemical reaction mechanism. The simplified chemical reaction mechanism
is used to qualitatively understand the phenomena, and the H, — O, reaction mech-
anism consisting of elementary reactions is used to quantitatively discuss and
verify the flowfield in detail. In Chapter II, the numerical scheme, the reaction

models and the numerical techniques used in the present study are described.

1.1 Simplified Two-Step Chemical Reaction Mechanism

In the present calculation, the following set of model reactions' is considered,
instead of handling a realistic chemical system undergoing a number of elementary
reactions. It has been proved that the following model is useful for the simulation

of a realistic oxyhydrogen mixture diluted by Argon/Helium;

2H, +0,+7Ar/ He.

The induction time and the other chemical parameters were carefully adjusted

to the existing shock tube data. Utilized assumptions are as follows:

(1) The gas is perfect with adiabatic index y =1.4, generating a constant exo-

thermicity.
(II) The gas is non-diffusive, i.e. the Euler equations are used.

(III) The chemical reaction consists of the following two stages:

! See Korobeinikov et al. (1972)




a)

The induction stage where no heat is released, while the progress
variable o varies monotonically from 1 to 0.

The exothermic reaction stage that 1s faster than the induction
reaction., This stage is triggered at the instant @ =0 when the
other progress variable f§ starts decreasing from 1 to its equilib-
rium value B, >0. The amount of heat release is proportional

to the change of the progress variable f3.

For an Argon/Helium-diluted stoichiometric oxyhydrogen mixture, the source terms

w, and @, are expressed as:

Induction;

Sl | S i RT )
Exothermic reaction;
| =0, a>0
df L (2.2)
e o 3 g -E-' 2 E + Q o< U
:—klf-"" “er ..._2]_ y s ex (_____J‘__] '
The above model is coupled with the following equations.
D(pa) D(pp) (2.3)
= pa,, = pW,.
pE - R 7 gl

Here the reaction parameters’ appearing in Eqgs. (2.1) and (2.2) are selected as

' The parameters of the simplified reaction model are selected from Taki and Fujiwara
(1978) and Wang and Fujiwara (1988)




k,=3.0x10"em’/ g/ sec,

k,=1875x10"em" /dyn” | sec,

E, /R = 9800K, (2.4)
k.l R=2000K,

Q=40x10"erg/g,

to fit the shock-tube data of 2H, + 0, + 7Ar/ He mixture, where the uniform flow
pressure and temperature are 0.1 atm and 288.64 K. Here, k&, and k&, are the
reaction rate constants, and E, and E, of Egs. (2.1) and (2.2) are the activation
energies. € 1s the exothermic energy per unit mass. The exothermic reaction
after the induction time is represented by the rapid decrease of f from 1 to an
equilibrium value f§_. The C-J Mach number M , and the equilibrium value f_

are given in this gas mixture as follows:
M.,=48, [ =0.2315.

The governing system of equations is written for inviscid flows and axisym-
metric geometry, under ideal (constant y) and adiabatic assumptions. Pressure is

described bellow:
P=(y—1)e—pBR-0.5p(u’+v*). (2.6)

The traveling distance L of a fluid particle during the induction time can
roughly be estimated, using the velocity u, immediately behind the shock wave, as
L =u,-1,,. Note that L, which is the induction length of the plane Chapman-
Jouguet detonation, is of very small size, e.g. 3.60 mm at P_=0.1 atm and

T = 288.64 K for the gas mixture diluted by Argon.

Our experience indicated that the grid resolution is important to describe

the wave interaction and the behavior of the reaction progress. The simplified




two-step chemical reaction mechanism does not require excessive computer time
and memory, which allows us to use very fine mesh distributions. This is another
reason to use the simplified mechanism. In Chapters III, V and VI, the simplified
reaction mechanism is used to clarify the mechanism of the periodic unsteadiness

gqualitatively.

[1.2 H,-O, Reaction Mechanism

The oxyhydrogen combustion mechanisms used in this study are taken from
the work of Drummond and Hassaini (1987) and Wilson and MacCormack (1990).
The former combustion mechanism consists of 7 reacting species (H, 0, H, O, OH,
H,0 and HO,) and 9 reactions, which are sited in Table 2.1 and used in Chapter
[II. The latter reaction set was developed for supersonic combustion, basically
consisting of 13 reacting species (H, O,, H, O, OH, H,0, HO, H 0, N, NO, NO,,
HNQO and N,) and 33 reactions, and was called the modified Jachimowski's combustion
mechanism." However, this study uses only 8 species (H,, 0,, H, O, OH, H.0,
HO, and H,0,) and 19 reactions, which are sited in Table 2.2, to describe the
combustion mechanism because the nitrogen reactions are not so important at
around Mach number 5. Therefore, all the nitrogen reactions are omitted in this
study, although the species N, NO and HNO become important at higher Mach
numbers. In Chapter VII, the H, — O, reaction mechanism is used to quantitatively
discuss and verify the oscillating mechanism of the flowfield, which is proposed in

Chapter V.

The molecular constants and thermochemical data used for the nine species
in H,/Air gas model are given in Appendix A, and general formulas to calculate

the chemical source term are given in Appendix B, in detail.

! See Jachimowski (1988)




TABLE 2.1 H, -0, Reaction Mechanism

k Reaction A n E
(1) | Hy+ 0,=0H + OH 1.70 x 10% | 0. | 48150
2 | H+0,=0H + 0 1.42 x 10% | 0. | 16400
(3) | OH + H,= H,0+H 3.16 x 10" | 1.8] 3030
(4) | O+ H,=0H +H 2.07 x 10| 0. | 13750
(5) | OH + OH =0 + H,0 5.50 x 10| 0. 7000
6) | H+OH+M=H,0+M |2.21 x 10| -2. 0
(7 | H+H+M=H,+ M 6.53 x 10° | -1. 0
8 | H+0y+ M=HO,+M 3.20 x 10" | -1. 0
(9) | HO, + OH = H,0 + O, 5.00 x 10| 0. | 1000

k, = AT™ exp(~E, / RT'); units are in seconds, moles, centimeters”, calories and

Kelvins.




TABLE 2.2 H,-0, Reaction Mechanism
k Reaction A n E
(1) | H,+ 0,=HO,+H 1.00 x 10| 0. | 56000
2) | H+0,=0H +0 2.60 x 10" | 0. | 16800
3) | O+H,=0H+H 1.80 x 10" | 1. 8900
(4) | OH + Hy= H + H,0 2.20x 10" | 0. | 5150
(5) | OH + OH =0 + H,0 6.30 x 10" | -2. 1090
6) | H+OH+M=H,0+M |2.20 x 10¥ | -1. 0
(7) | H+H+ M=H,+ M 6.40 x 10" | -0.6 0
8) | H+O+M=0H+M 6.00 x 10"° | 0. 0
9 | H+O0,+ M=HO,+M 2.10 x 10" | 0. | -1000
(10) | O+ 0+ M=0,+M 6.00 x 10" | 0. | -1800
(11) | HO,+ H = OH + OH 240 % 16" | 6 1080
(12) | HO,+ H=H,0 + O 1.00 x 10" | 0. 1080
(13) | HO,+ O = 0, + OH 1.50 x 10" | o. 950
(14) | HO,+ OH = H,0 + 0O, 8.00 x 10| 0. 0
(15) | HO, + HO,= H,0,+ 0, |2.00 x 10"| 0. 0
(16) | H + H,0,=H, + HO, 1.40 x 10%| 0. | 3600
(17) | O + H,0,=0H + HO, 1.40 x 10" | 0. | 6400
(18) | OH + H,0,= H,0 + HO, |6.10 x 10| 0. 1430
(19) | H,0,+ M =0H + OH + M | 1.20 x 10" | 0. | 45500

k, = AT™ exp(—E, /| RT); units are in seconds, moles, centimeters’, calories and

Kelvins,

Third body efficiencies relative to N

Reaction (6)
Reaction (7)
Reaction (8)

Reaction (9)

Reaction (19)

H,0 = 6.0.
H,0=6.0; H,=2.0.
H,0 = 5.0.
H,0 = 16.0; H,=2.0.

H,0 = 15.0.




[I.3 Governing Equations in Conservation Form

In the present study, a simplified form of equations is adopted under the
assumption of axisymmetric flow for Chapters V, VI and VII. The derivation from
the original three-dimensional form is described in Appendix C in detail, The final
form of the governing system of equations that is transformed to the general
curvilinear coordinate system is written below for inviscid flows over an axisymmetric

geometry:

oo “+ ﬂh + r:_}ff +AH = ‘h (2.7)
dt d& dn

where E and F are the inviscid flux vectors in &- and 77-directions respectively.
S 1s the chemical reaction source vector and H is the axisymmetric source term
vector. A is 0 for the two-dimensional governing equations, while A is 1 for the

axisymmetric governing equations.

The simplified two-step chemical reaction mechanism' is used to qualita-
tively understand the phenomena in Chapters III, V and VI. For the governing
equations consisting of Euler equations and the simplified reaction mechanism, the
inviscid flux vector, the axisymmetric source vector and the chemical source vector

dare

f ,E‘. 3 i pu p f pv \
pu pul + ¢, puV +n_P
A ol PY - puU+§JP S puV+nyP
W e | e (e+ P)U | o (e+P)V |’
pp pBU ppv
\po, el \ pa

! More details on the simplified reaction mechanism are found in Chapter 11.1




(2.8)
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where U and V are the contravariant velocities given as
U=8u+év, V=nu+np, (2.9)
and the metrics and the Jacobian .J are given as
'ﬁ: " JJ'.,I lf_-,- == _JI,,- s = J}".:: Ty = Jx,,
(2.10)

= XYy — X, Ye

where the variables « and f are the reaction progress variables, u and v are £&-
and n- component of the mass-averaged fluid velocity, e is the energy, P is the

pressure, and @, and @, are the mass rate of production due to chemical reaction,

In Chapters III and VII, the H, — O, reaction mechanism consisting of el-
ementary reactions is used to quantitatively discuss the flowfield. For the governing

equations, the inviscid flux vector, the axisymmetric source vector and the chemical

source vector are




§ e ( plU ) [ pV
! | pu ‘ | pulU +S P puV +nP
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where p; is the density of species i and o, is the mass rate of production of species

1 due to chemical reaction.

II.4 Solution Algorithm

These equations are solved by a finite difference method and the unsteady
solutions are obtained at each time step through the time marching procedure, A
non-MUSCL-type TVD upwind algorithm developed by Yee (1987) is used in the

present simulation. This algorighm is second-order accurate in time and in the

space for the system of equations.

The explicit difference scheme of Eq. (2.7) is used for the simplified two-step

chemical reaction mechanim, which is written as

¢ A+l L 4] "df - A _in "ﬂ't -"rrl -r'rr|. 3 i A1n f
U_;..I: =U"""-d_§(£"""r".z'*_ | -f-'l'.-'l)_“d_”(ﬁ,l,k-f.f;‘_ﬁ.r.* :,-',;?.}_‘ﬂ'ﬁ‘rf_f.h-k'ﬂr‘ ik ':21;3]

where all terms are evaluated at the time n.

The point-implicit finite difference scheme of Eq. (2.7) is used for the




H,— 0, reaction mechanim, which is written as

n ] ‘jr _"-'1 _"lrl ":u' ; A -."l-ll. : i :ll'l 5 L
Dj,AU =‘T(‘E.~uu—‘h; I-':fj)_J_[F:'_A-d.';_J_JFJ,I!_‘-I‘: —AtH ;, + ALS |, (2.13)
fd 1y ; An
( Y i
- At S 2.14)
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. . A (2.15)
U =Ug AU

where the approximations are referred as “point-implicit” because all convection
terms are evaluated at the time n, whereas the source term from chemical reaction

i1s evaluated at the time n+ 1.

The Jacobians of the chemical source term aS/dU in Eq. (2.14) both for the
simplified reaction mechanism and the H, -0, reaction mechanism are written in
Appendix D in detail.

The functions E,,,, and F/, ,, are the numerical fluxes in &- and 7-

¥
1

directions evaluated at (j+1/2,k) and (J,k+1/2), respectively. Typically, E,,,,,,
for a non-MUSCL TVD algorithm can be expressed as

(2.16)
@ )

I/~ -
Jeli 2.k = E .‘{"’_,u,.t + E’;-a‘,h Lo IE;-}."EJm;-I.-'E.*)*

where R,,,,, is the matrix whose columns are right eigenvectors of flux Jacobian

JE /U . The elements of the vector @,.,,2, can be written as

(2.17)

i i {
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where a ., is the [-th eigenvalue of JE [dU and ., 18 the difference vector of




the characteristic variables in the local £-direction denoted, for example, as

] (2.18)

: R, s and @, ., are described by Yee (1987) in detail. y(z) is an entropy

E;-t.-'.‘?? J

correction function that is expressed as

B 2|2 8, (2.19)
V) =\(,2 4 5%)/25, |d<8,’

and the functions o(z) and y|,,,, are expressed as

1 2
= = —,;Lz'" .
o(z) E[W{El | (2.20)
(&), —& e,y Chys#0
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8, is a function that defines the range of entropy correction, and should be a
function of the contravariant velocity and the corresponding sound speed for the

blunt body computations. The form of the function used here 1s

5, =$(|U[+|V|+cﬁf+§f+nfHﬁ), (2.21)
with a constant & set to 0.15.

Several types of the form of the limiter functions are suggested by Yee

(1987). In the present study, the following limiter functions are used:

] (2.22)
g' = minmod|c e el )




where the minmod function is given as

minmod(x,y) = _*.;gn{_]_'] . ,-,“_;_I{{;hl':_ﬂ‘_}, _ ngl{.t]”_ (2.23)

» Approximate Riemann Solvers (Generalized Roe’s Average)

Among the various approximate Riemann solvers for a perfect gas, the most

cOommon one

1s the Roe's average because of its simplicity and its ability to satisfy

the jump conditions. However, Roe's “property U conditions” cannot be uniquely

satisfied for nonperfect gases. Various alternatives were proposed for real gases.

Only the final solutions used in the present computations are described here; see

the original paper by Wada et al. (1989) in detail. For the two-dimensional and

axisymmetric equations, the Roe's average can be obtained as

=

u“ + Du® N ke i 7 - VA b D= E’ (2.24)
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and the generalized Roe averages, used in the cell-interface evaluation of B, R

and @, can be obtained as
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CHAPTER I11

STANDING OBLIQUE DETONATION SUPPORTED
BY TWO-DIMENSIONAL BLUNTED WEDGE

A study of standing oblique detonations can be useful in understanding
combustion problems as an extreme of premixed burning in contrast to diffusive
burning, since the actual combustion occurs in an intermediate regime. In 1960s
to 1970s, many experiments' on hypersonic flying projectiles have been reported
for understanding hypersonic combustion. During last few years, the numerical
investigations about the shock-induced combustion and oblique detonation have

been also reported®,

There are a number of guestions yet to be answered, where some of the
important ones are:

(I)  Whether a standing oblique detonation (SOD) is possible ?

(II) What are the critical parameters for SOD to exist 7 Incident
Mach number, size of the holder, blunted or pointed cone or a
two-dimensional wedge, exothermicity and chemical reaction
rates 7

(III) Whether the well-known triple shock structure always existing
in a Chapman-Jouguet detonation persists in a standing oblique

detonation 7

To answer the above questions, the characteristics of a standing oblique

detonation over a two-dimensional blunted wedge are investigated in the following

' See Lehr (1972), McVey and Toong (1971), Alpert and Toong (1972), Behrens et al. (1965),
Ruegg and Dorsey (1962)

“ See Lee and Deiwert (1990), Wilson and MacCormack (1990), Yungster et al. (1991),
Matsuo and Fujiwara (1988), Matsuo and Fujiwara (1991)




computations. First, the flow features of SOD are studied by changing the scale of
the wedge tip radius, using the simplified two-step chemical reaction mechanism.
Second, the characteristies of SOD are tested by a series of simulations, changing
the parameters, which are the wedge tip radius, the wedge angle and the Mach

number and temperature of the incoming flow, using the H, — 0, reaction mechanism.
I11.1 Computational Domain and Grid Distributions

Figure 3.1 is the schematic picture showing the computational aspect of the
present simulation. The solution is obtained on the grid system, consisting of 71
points in &-direction and 51 points in 7-direction. In &-direction, 15 points are
distributed on the blunted tip portion with equal spacings, while 55 points are
distributed on the straight wedge part also with equal spacings. In n-direction,
the grid spacing becomes exponentially smaller near the body surface. A technigque
of locally adaptive grids is used to capture the sharp leading bow shock and to

resolve the rapid chemical reaction behind the shock wave.
I11.2 Boundary and Initial Conditions

The boundary conditions on each boundary of the computational domain

(see in Fig. 3.1) are described as follows:
The variables at the inflow boundary AB are fixed to the freestream ones as

f{nh.....z’rl-’ (3.1)

where f denotes the dependent variables. On the outflow boundary AD, the

variables are given by the zero-th order extrapolation from the internal grid points




as

Variables on the body surface CD are given by the slip and adiabatic wall

conditions as

Ul = EUL. y —U'|*_J.

Viea =0 (3.3)
'P.t ! = Pﬁr z’

TA ::Th-;r'

In addition, non-catalyticity do/dn = dfi/dn = 0 1s assumed.
On the axis of symmetry BC, zero-th order extrapolation is used since the

condition represents no-flux across the axis:

M = Fly (3.4)

As the initial condition for the computation of reacting flows, the solution of

non-reacting flows (the chemical source term S =0) is used.

[11.3 Numerical Study Using Simplified Reaction Mechanism

The characteristics of a standing oblique detonation over a two-dimensional

blunted wedge are studied by changing the holder radius.

Calculations are performed using the following parameters:
(I) Incident Mach number is 6, while the Chapman-Jouguet Mach

number ( M.. ,) of the premixed gas is 4.8.

(I1) Wedge tip radii of curvatureare L = L' and 3 L.




The geometry of the calculated holder is kept unchanged throughout the simulation

even though the scales are different.

Wedge tip radius L

First, the result for the wedge tip radius L’ is presented. Figure 3.2 gives
the temperature contour plots of the non-reacting gas; this was used as an initial
condition to the reacting flow. Figure 3.3 is the temperature contour plots of the
reacting gas, for which a schematic picture is given in Fig. 4 to help understand
the flowfield of Fig. 3.3. Important is the separation between the bow shock and
the reaction front: The reaction front is clearly observed between the oblique shock
wave and the body surface in Fig. 3.3. In particular, the separation becomes

linearly wider in the downstream direction.

Comparison between the temperature contour plots in Figs. 3.2 and 3.3
indicates that the heat release pushes the bow shock away from the body surface,
giving a longer shock standoff distance; the tendency to increase the pressure by
heat release is compensated by the increased shock standoff distance, therehy
keeping the balance of momentum across the bow shock. Concerning the shock
angle, the value of the straight portion in Fig. 3.2 1s 42 degrees, while the angle in
Fig. 3.3 is 50 degrees. Because the flow is inviscid, the flow behind the straight
oblique shock wave must be parallel to the wedge angle (30 degrees),. In addition,
the flow must satisfy the shock relation of the shock angle 50 degrees, where the
normal component of the Mach number is 4.6, as shown in Fig. 3.5, The temperature
behind the oblique shock is about five times (1443.2 K) that of the incoming flow
(288.64 K). The temperature behind the straight oblique shock is uniform, so that
the induction time for the exothermic reaction must be uniform behind the entire

straight portion of the oblique shock. As drawn in Figs. 3.4 and 3.5, the angles of




the oblique shock, the reaction front and the wedge angle are all different, although
the induction time and length must be the same at any portion of the flowfield

except for the nose region. The explanation of this discrepancy is given below.

Figure 3.6 shows the normal shock relation (for y = 1.4), i.e. the incident
Mach number M_ versus the temperature ratio 7, /7. and the induction length
|(T,)/ L. Theinduction length [ is given by multiplying the velocity u, immediately
behind the normal shock and the induction time 7,,,, which can be derived from
Eq. (2.1) using the flow variables behind the normal shock. The induction length is
about 1.5 L' for the normal Mach number M_ = 4.6. The temperature behind the
oblique shock is uniform, so that the exothermic reaction should occur uniformly
1.5 L downstream normal to the oblique shock, as seen in Fig. 3.7. However, the
large velocity component parallel to the oblique shock exists, and therefore the
particle path is not normal to the oblique shock, as seen schematically in Fig. 3.8;
this necessitates a long straight oblique shock before the shock and reaction front
become parallel. If the larger calculated domain was used in the present study, the
solution must have been the steady and coupled (ZND-type) SOD, where the position
of the reaction front can be estimated by the ZND detonation theory. Since the
shock on the stagnation streamline in front of the blunted portion is much stronger
than the oblique shock, influence of the flowfield in front of the blunted portion has

to be considered for the discussion of SOD structure.

Wedge tip radius 3 L

Figure 3.9 gives the temperature contour plots for the wedge tip radius 3 Lis
As seen in Fig. 3.9, the bow shock and the reaction front are completely coupled: A

typical detonation front, which consists of the coupled shock and reaction front, is

established; it gradually moves forward with an almost constant speed, as seen in




Figs. 3.10 (a) and (b). The shock standoff distance 1s greatly changed during this

short time 1interval.

Note that the difference between Fig. 3.3 and Fig. 3.9 is only the curvature
of the wedge tip. What caused the sudden change? The shock angle in Fig. 3.9 is
55 degrees, and it locally exceeds 70 degrees. The shock angle in Fig. 3.10 (a) is 65
degrees, and is more than 70 degrees in Fig. 3.10 (b). Assume that the angle of the
oblique shock is 50 degrees for the case of wedge tip radius 3 I, The flow conditions
behind the oblique shock are the same as those in the wedge tip radius L, so that
the similar detonation structure would be established. However, the relative induc-
tion length (to the shock standoff distance) is shorter in this case because the
induction length is unchanged and yet the shock standoll distance is three times
longer. Thus, the burnt gas region is relatively much wider behind the bow shock
around the increased wedge tip radius. Therefore, the oblique shock is pushed
further away from the body surface by the exothermicity, and the shock angle is
changed. Finally, the shock angle is increased to 70 degrees, the Mach number
normal to the oblique shock becomes 5.64, which is higher than the C-J value 4.8 of
the premixed gas; the oblique shock created by the wedge is stronger than that of
the C-J detonation., Considering the oblique shock relation, the relations among
the incident Mach number, deflection angle and shock angle can determine the
existence limit of the attached oblique shock. Figure 3.11 gives the shock polar
curve in terms of the 6 —f (deflection angle and wave angle) relation for the
incident Mach number 6, where the limiting angle of the weak shock is 67 degrees.
If the shock angle is higher than 67 degrees, the Mach number behind the shock

becomes subsonic, making it impossible to obtain the steady solution.

Discussion




The characteristies of SOD supported by the two-dimensional wedge were

studied. When the radius is L, the reaction front is stationary and completely
decoupled from the leading bow shock. The reaction front gets coupled with the
bow shock in the case of the wedge tip radius 3L°. In addition, the coupled
shock-flame (detonation) gradually moves forward. This phenomenon can be ex-
plained by the limiting angle of the oblique shock wave, The heat release changes
the shock angle and, as a result, we run into the regime where there 1s no stationary
solution, i.e. the shock angle exceeds the limit for the given incoming Mach number
and the wedge angle. The present study confirms that there are critical values for
the incident Mach number and the wedge tip radius for the establishment of SOD

in a hypersonic premixed gas.

III1. 4 Characteristics of SOD Using H,-O, Mechanism

In this section, a numerical analysis based on the H,0O, Mechanism is
performed. The incoming hypersonic flow consists of a uniformly-premixed stoichio-
metric oxyhydrogen mixture diluted by 70% of Argon at a Mach number higher
than its Chapman-Jouguet value 4.8. The effect of the wedge angle for the estab-
lishment of SOD is investigated by a series of the simulations. Calculations are

performed in the following parameter range: 6= 30, 35 and 40 degrees for the

incoming Mach number 6.0, the temeprature 298 K and the pressure 0.1 atm.

When the wedge angle is increased, the angle of the oblique shock wave 1s
also increased and the distance between the bow shock wave and the flame becomes
shorter. Finally, the shock-deflagration system is changed to the coupled SOD
from the decoupled one. The computed result in Fig. 3.14 shows the unsteady

phenomenon. During the time evolution of the computation, the coupled shock-flame

(detonation) gradually moves forward, as shown by the result in Figs. 3.9 and 3.10.




The bow shock proceeds forward never to give a stationary position, whereas a
steady oblique shock in front of the blunted wedge was obtained in a non-reacting
flow. As1s mentioned in the last section, this phenomenon can be explained by the
limiting angle of the oblique shock wave. After several attempts, the critical wedge
angle 18 found to be § = 37-40 degrees. This type of criterion is also suggested by
Pratt, Humphrey and Glenn (1987), where existence of solution can not be explained

easily without performing the numerical calculation,

III. 5 Secaling Effect of SOD around Axisymmetric Body

In this section, scaling effect of SOD around an axisymmetric blunted body
is studied. The incoming hypersonic flow consists of a uniformly-premixed stoichio-
metric oxyhydrogen mixture diluted by 70% Argon at a Mach number higher than

its Chapman-Jouguet value 4.8.

Calculations are performed in the following parameter range:
(i) Incident Mach number M_=6, temperature 7. = 288,65 and
pressure £, =0.1 atm.,

(1) Tip radius of curvature L =225 and 22.5 mm.

As shown in Figs. 3.15 and 3.16, a completely coupled SOD has been obtained
by increasing the tip radius of sphere (attached to the downstream cylinder) from
2.25 mm to 22.5 mm (by a factor 10), in a M_ =6 incident oxyhydrogen mixture,

The scaling effect of SOD is clearly observed in the computations, and the effect in

the two-dimensional blunted wedge in Chapter I11.3 has been confirmed.




CHAPTER IV

BALLISTIC RANGE EXPERIMENTS
AND PREVIOUSLY-PROPOSED MECHANISM

One of the famous phenomena of shock-induced combustion is a periodic
“instability” around a hypersonic flying projectile body, There were many reports
about such a periodic instability in physical experiments' from 1960s to early
1970s. Excellent data for studying supersonic combustion/detonation were provided
by ballistic range experiments conducted in 1960s and 1970s. In these experiments,
projectiles were fired in different kinds of premixed fuel/air mixtures and shock/de-

flagration or detonation structures around the projectiles were observed.

Ruegg and Dorsey (1962) investigated the effects of stabilizing combustion
and detonation against hypersonic flows by 20 mm diameter spherical missiles in a
stoichiometric hydrogen-air mixture. The oscillations with the frequency 0.1 MHz
were observed in front of the sphere, when the Mach number was less than 6 at 0.5

atm pressure level, and less than 5 at 0.25 atm pressure level.

Behrens et al. (1965) conducted the ballistic range experiment by firing 9
mm diameter plastic spheres into stoichiometric hydrogen-air and hydrogen-oxygen
mixtures at the velocities 1500-3000 m/sec. By firing them at velocities higher
than the detonation velocity 1950 m/sec at 0.55 atm, a steady combustion front was

established. However, instability appeared at lower projectile velocities.

IV.1 Shadowgraphs of Lehr

! See Lehr (1972), McVey and Toong (1971), Alpert and Toong (1972), Behrens et al. (1965),
Ruegg and Dorsey (1962)




Experimental shadowgraphs revealed the behavior of density profile in the

flowfield of shock induced combustion. The density increase is noticed by the
exposure change from light to dark across the bow shock. Across the reaction
boundary, on the other hand, the exposure changes from dark to light, indicating a
decrease in density. This density decrease is due to the heat release by the
exothermic reaction; the gas is self-ignited behind the bow shock, since the tem-
perature increases at the reaction boundary but the pressure remains relatively

constant, and therefore the density must decrease,

Figures 4.1-4.5 are the shadowgraph outputs of Lehr's experiment. In his
experiment, the projectile body has a 15-mm-diameter hemispherical nose and a
cylindrical afterbody. The projectile is flying at Mach number 4.18 to 6.46 (1685
m/sec — 2605 m/sec, see Table 4.1), into a stoichiometric H,/Air mixture at the
initial pressure 0.421 atm (320 torr) and the sound velocity 403 m/s. Projectile
Mach numbers are 4.18 (82% of C-J) in Fig. 4.1, 4.79 (94% of C-J) in Fig. 4.2, 5.04
(99% of C-J) in Fig. 4.3, 5.11 (100% of C-J) in Fig. 4.4 and 6.46 (127% of C-J) in Fig.

4.9.

Figures 4.2 and 4.3 have been well known for a long time as typical cases of
periodic instablities with high frequency. There are some notable features in the
flowfield. The first is the separation between the bow shock and reaction boundary.,
The second is the corrugated reaction boundary, while the third is the striations in
the reaction region which are connected to the corrugated reaction boundary. The
fourth is the numerous waves emanating from the corrugated reaction boundary
between the bow shock wave and the reaction boundary. The high frequency
oscillation, reported to be about 1 MHz, is created in front of the spherical projectile,

whereas the lower frequency oscillation (0.16MHz) is observed in Fig. 4.1. The

schematic picture of the flowfield structure observed in the shadowgraphs of Lehr's




experiments is shown in Fig. 4.6. The periodic phenomena appear only under

certain conditions. Although these phenomena have interesting features, their

mechanism 18 not well understood.

Table 4.1 Lehr's Experimental Data

Figure u (m/sec) f(MHz)
. 1.1 1685 0.82
1.2 1931 (.94
1.3 2029 0.99
1.4 2058 1.00
1.5 2605 I 1.27 —

IV.2 X-t Diagram by McVey and Toong

Based on the experimental observations and one-dimensional wave interaction
theory, a model on the mechanism of periodic unsteadiness was proposed by McVey
and Toong (1971), using the x-t diagram of the wave interaction on the stagnation
streamline in front of the projectile body (see Fig. 4.7). Basically the one-dimensional
galloping mechanism is rare in a detonable gas and the three-dimensional mode
appears to be preferred’. However, McVey and Toong (1971) and Alpert and
Toong (1972) discussed the generation mechanism of the cyclic combustion oscilla-
tions having one-dimensional longitudinal movement®, based on the experimental
results of shock-induced combustion and one-dimensional wave interaction theory.

In their experimental works, two different unsteady regimes, regular and large-

! See Urtiew and Oppenheim (1967), Strehlow and Cohen (1962), Strehlow et al. (1972),
Lee (1972), Lee (1977)

* One-dimensional instability has been numerically investigated by Fickett and Wood
(1966), Abouseif and Toong (1981), Abouseif and Toong (1982)




disturbance regimes, were considered carefully, The regular regime corresponds to

the periodic instability which will be discussed in this dissertation. 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 on the cyclic mechanism on longitudinal instability. Figure 4.7 is an
x-t diagram between the bow shock wave and the reaction front on the stagnation
streamline that explains the wave interaction model proposed by McVey and Toong

(1971).

In their model, the instability originates in the induction zone which separates
the bow shock from the exothermic reaction front in the nose region of the flowfield.
It arises from the varying chemical induction time along the contact discontinuities
(entropy waves) which are generated by the interaction of compression waves with
the bow shock. The compression waves are generated at the reaction front as a
result of spatially-varying reaction rates. The hot gas behind the contact discontinuity
begins to react earlier than the gas in front of the contact discontinuity, At a
somewhat later time, the contact discontinuity reaches the position of the original
reaction front, where there is no more reaction and then a rarefaction wave is
generated. According to this model, the wavelength and period are calculated from
the flow variables behind the bow shock. Suppose this model represents the real
mechanism on the periodic unsteadiness, the observed phenomena in the experiments
should be universal, and the same periodic instability must occur in other gas

mixtures if the gas is under a satisfied condition.

The term “instability” recalls an unexpected and irregular phenomenon, but
the oscillation in the flowfield around the projectile body is very eyelie and the

frequency of oscillation is constant. Therefore, not the term “instability” but the

term “unsteadiness” will be used in this dissertation to deseribe such periodic




phenomena on the reaction boundary behind the bow shock in Figs. 4.1-4.4.

IV.3 DMotivation of Present Study

Computational approach is becoming widely used for many engineering prob-
lems. For the last few years, simulation of hypersonic flows including chemical
reactions has become one of the most advanced research topics in the computational
fluid dynamics (CFD), because such flows are difficult to physiecally realize in the
experimental apparatus such as wind tunnels or ballistic ranges. Many kinds of
numerical techniques which include chemical reactions in high-temperature air
have been developed for the study of re-entering space vehicles. Flows inside
air-breathing engines have also been a target for study. For such internal flows,
chemical reactions between fuel and oxygen occur, and generally the relevant stiffness
makes the simulation difficult. Some techniques were developed to avoid such
difficulty in the numerical simulations. Nowadays, the computational technique
allows us to discuss the flow physics based on the simulated results, and we can

find the detailed phenomena associated with chemically reacting flows using CFD.

The shock-induced combustion around a blunt body has been studied for a
long time experimentally and analytically, as has been described above. During
the last few years, many papers were reported about the research for the eventual
use of shock-induced combustion for hypersonic air-breathing engines. With the
recent advances in computational fluid dynamics, some studies' have been nu-
merical, where the chemically-reacting flowfields were simulated and the results
were compared with previous experiments. However, the accuracy and reliability
of the software were their only emphasis and flow characteristics were not investi-

gated. Besides, the projectile velocity was much higher than the C-J detonation

' See Lee and Deiwert (1990), Wilson and MacCormack (1990), Yungster et al, (1991)
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speed of the test gas mixture and mainly steady-state solutions with no unsteadiness
were only discussed. In this dissertation, the periodic unsteadiness in the shock-
induced combustion is numerically investigated to clarify the underlying physics in

detail.

Before studying the periodic unsteadiness of the shock-induced combustion
numerically, the axisymmetric phenomenon of the periodic unsteadiness is assumed.
Figure 4.8 is the off-axis-view shadowgraph of the ballistic-range output of Fig. 4.3.
Figure 4.8 reveals that the vertical lines in the reaction region give the effect of
reducing the axisymmetric pulsing structure at the reaction boundary to the vertical

lines of two-dimensional shadowgraph output. Therefore, all the calculations are

done under the axisymmetric assumption.




CHAPTER V

NUMERICAL STUDIES BASED ON A SIMPLIFIED TWO-STEP
CHEMICAL REACTION MECHANISM

The experiment with the projectile provides us accurate experimental data,
but does not provide the time evolving data (especially on the stagnation streamline)
to explain the detailed mechanism for instability. The work in the present chapter
qualitatively investigates the physics of the shock-induced combustion by the nu-
merical simulations based on the simplified reaction model, with the focus on the
mechanism of the periodic unsteadiness. A fine grid distribution such as 4561 x 451
1s used, so that the low amplitude and weak waves around the projectile are

reproduced in the numerical simulations.

V.1 Computational Domain and Grid Distributions

The periodic unsteadiness of the flowfield is created in front of the projectile
body and the phenomenon is assumed to be axisymmetric based on the experimental
observations. In this study, the computational domain is limited to the region in
front of the hemispherical nose of the blunt body. The physical domain for the
present computation is shown in Fig. 5.1. One of the grid distributions for the
computations is shown in Fig, 5 2. Only every 4th points are plotted so that grid
distributions can be easily seen. As observed in Fig. 5.2, the grid spacing for both
£- and n-directions is equal because the unsteady wave interaction is expected to
dominate the periodic phenomena in the entire region behind the bow shock. The
final grid distribution is created by changing the grid system that adapts to the

location of the bow shock during the computations for non-reacting flow, This

reduces the unnecessary grid points in the upstream of the bow shock.,




V.2 Boundary and Initial Conditions

The boundary conditions on each boundary of the computational domain

(see 1n Fig. 5.1) are described as follows:
The variables at the inflow boundary AB are fixed to the freestream ones as

fl, ™ il (25)

where f denotes the dependent variables. On the outflow boundary AD, the

variables are given by the zero-th order extrapolation from the internal grid points

ds

fl.;. =fl (26)

4 A -

Variables on the body surface CD are given by the slip and adiabatic wall conditions

ds

UL-J :EUL'.‘.{ _UI-'r--'I

Vi = (27)
Pl-]‘ =PL-2

T1 k=1 ~ Tﬂl]#-‘ﬂ'

On the axis of symmetry BC, zero-th order extrapolation is used since the condition

represents no-flux across the axis as

f|_‘|j:f|32 {28-}

As the initial condition for the computation of the reacting flow, the solution

of the non-reacting flow is used.




V.3 Numerical Study for Various Projectile Body Sizes

As observed in the physical experiment done by Lehr (1972) (see Fig, 4.1-4.4),
the reaction boundary is separated from the bow shock wave and the periodic
unsteadiness occurs. The a-f§ two-step chemical reaction model used in this
study does not exactly describe the behavior of each species of the gas mixture,
luspecially the treated gas mixture is not same as used by Lehr (1972). However,
the basic characteristic of the oscillatory mechanism in the shock-induced combustion
1s considered to be a more universal phenomenon if the oscillatory mechanism is

caused by the wave interaction as is proposed by McVey and Toong (1971).

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 examples, Lehr's experiment in Fig. 4.3 gives 0.99 for
the projectile velocity over the C-J value. In our calculations we have two important
parameters, one 1s the spherical projectile radius and the other is the incoming
Mach number. A series of simulations were conducted for various projectile radii
and the computed results for three projectile radii, 5L', 7.5 L' and 10 L', are discussed
in the following section. In order to understand the flowfield, the density and the
pw, contour plots are used. The pw, is the chemical source term of equation (2.3).

This plot shows the progress of the exothermic reaction.

(a)5L: Figures 5.1 shows (a): the density contour plots and (b): the pw, of
the projectile radius 5 L 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 pw, contour plots indicate the region progressing

the exothermic reaction. No oscillations are observed along the reaction boundary




and the reaction progresses smoothly. The projectile radius 5 L" can be understood

as the case of a nearly steady solution, because the density residual COnverges

gradually in time during the computation.

(a) 7.6 L ; Figures 5.2 are the contour plots of the projectile radius 7.5L" case.
The corrugated reaction boundary along the whole projectile body behind the bow
shock are observed in the density contour of Fig. 5.2 (a). The pw, contour plots in
ig. 5.2 (b) also shows the corrugated reaction region progressing only in front of
the spherical projectile. The oscillation is almost periodic and the frequency is
high, and the amplitude is relatively low. Comparing Fig. 5.2 (a) and Fig. 5.2 (b),
the corrugated reaction boundary in the downstream is regarded as the pattern of

the exothermic reaction.

(a) IOL': Figures 5.3 show the contour plots of the projectile radius 10 L case.
The corrugated reaction boundary is observed behind the bow shock and the phe-
nomenon is periodic, as similar to the density contour plots in the case of 7.5 L.
However, the frequency in the case of 10 L" is lower relative to the projectile radius
than that in the case of 7.5 L'. The waves between the bow shock and the reaction
boundary are similar to the waves seen in Fig. 4.2. It seems that the phenomenon
in the experiment by Lehr (1972) is reproduced in the present simulations although
the gas mixture considered is defferent. The pw, is generated only in front of the
spherical body also in Fig. 5.3 (b), and the region of pw, forms the corrugated
pattern that corresponds to the corrugated reaction boundary observed in the density
contour plots. Although the corrugated reaction boundary is seen around the
whole body surface, the pw, is not observed at the downstream of the flowfield.
This indicates the termination of the exothermic chemical reaction in the downstream

and also evidences that the reaction boundary moves with the fluid. These simulated

results show that the tendency in the flowfield of shock-induced combustion in the




cases of 7.5 L and 10 L’ is the same.

The striations in the reaction region seen in Fig. 4.3 are not observed in
Figs. 5.2 (a) and 5.3 (a). The post processor by Tamura and Fujii (1990), which
simulates the three-dimensional shadowgraph system and generates an output
similar to the experiment from the computational result, is used to produce the
real three-dimensional computational shadowgraph pattern. The vertical lines or

the striations in the reaction region are now observed as is shown in Fig. 5.4,

The relation between the projectile radii and the instabilities were studied
and it seems that the instabilities strongly depend on the relation between the
shock stand-off distance and the induction length. Compare the induction length
on the stagnation streamline in the 3 cases above. The geometry of the projectile is
the same, but the physical length is different. It brings the difference of the
induction length on the stagnation streamline for the shock stand-off distance. In
a chemically reacting flowfield, two types of length scale exist; the body length and
the reaction length. Although the projectile radius changes, the chemical reaction
induction length does not change but becomes relatively small in comparison with
the shock stand-off distance. Since the basic length scale is not unique, both

length scales are important for the features of the flow.

V.4 Detailed Mechanism on Periodic Unsteadiness

* Time Evolution of Oscillatory Cycle

Figure 5.5 is the close-up view of the time evolving contour plots of pw, in

the nose region of the spherical projectile showing one cycle from an initiation to a

termination of the reaction progress in the corrugated region in the case of projectile




radius 10 L', The cycle is described as:

(1) at the time 2, a new reaction region is generated in front of an
original reaction front around the stagnation streamline.

(2) from the time 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 the time 6 to 9, the corrugated pattern is moving along the
original reaction front.

(5) After the time 10, a new cycle is started and the same cycle is

repeated.

The corrugated pattern is moving with the fluid along the projectile body and
disappears further from the projectile, where the exothermic chemical reaction

does not occur any more.

A series of the time evolving contour plots gives us the unstable phenomenon
which is observed in the experiment. Although the oscillatory instabilities are
reproduced, the instability mechanism is not well understood in detail from Fig.
5.5. In order to understand the basic phenomenon, the physics on the stagnation

streamline 1s discussed in the next section.

» Wave Interaction

The mechanism for the periodic unsteadiness is discussed using the numerical

result of the 10 L in Fig. 5.3. The history (x-t diagram) of the densitybetween the

stagnation point of the body surface and the bow shock wave on the stagnation

streamline is shown in Figs. 5.6. Figure 5.6 (a) is the history of the density level




plots on the stagnation streamline. Each horizontal line shows the instantaneous
density profile. Figure 5.6 (b) is the schematic representation of the Fig. 5.6 (a) in

order to help understanding the wave interactions.

Some remarkable features are observed between the reaction front and the
stagnation point, In the wave interaction model in Fig. 4.7, the waves propagating
toward the stagnation point were neglected and thus the region between the reaction
front and the stagnation point was not discussed. However, our numerical result
indicates that the new reaction front generates compression waves not only toward
the bow shock wave but also toward the stagnation point. The shock stand-off
distance is approximately 0.24 % (radius) = 2.4 L in this case. The induction
length L’ can be 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 stagnation streamline behind the normal segment of the bow shock. The
result says, only about 40% of the shock stand-off distance 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 Figs. 5.6 show the induction zone whose length is approximately
L. Our proposed mechanism is based on the whole region between the bow shock

and the stagnation point on the stagnation streamline.

All kinds of waves and changes of physical variables are observed in the
density history profile. In Fig. 5.6 (a) the trace of the bow shock is noticed as a
sudden density increase of an incoming uniform flow and the reaction front 1s
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 induction time (see equation (2.1)), The higher
temperature fluid has the shorter induction time since the fluid velocity across the
contact discontinuity is basically the same speed. 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 disconti-
nuity like the former, These two cyclic motions are basically repeated but do not

have an exact periodicity,

* Oeccurrence and Extinguishment of New Reaction Front

The strength of the compression waves has an important role to determine
the position and the strength of a new reaction front. The strength depends on the
strength of the explosive reaction. The mass production rate, pw,, 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 compression waves are generated. Figure 5.7 (a) shows
the history plot of the mass production rate on the stagnation streamline for the
same result of Fig, 5.6, Figure 5.7 (b) is the schematic representation of the Fig.
5.7 (a) in order to specify the progress along the reaction front. The exothermic

reaction progressing region can be recognized in Fig. 5.7 (a). The reaction hardly

progresses behind the reaction front, which means that the condition reaches chemical




equilibrium. Also there is a notable difference between the original reaction front

(1) and the region (2, 3) in which the compression waves are generated.

The extinguishment of the reaction front is observed in Figs. 5.6 and 5.7,
where it is specified as (4) in Fig. 5.7 (b). As seen in Fig. 5.7 (a), reaction progress
is observed at (4) but it is not very strong so that new waves are not generated

there.

» Cycle of Oscillation

As observed in Figs. 5.2 (a) and 5.3 (a), the frequency relative to the projectile
radius in the case of 7.5L is higher than that in case of 10 L" even though the
induction length of 7.5 L projectile is longer. If the flow variables behind the bow
shock are assumed to be the same, the 10 L' case should have a higher frequency
than 7.5 L case. However, as shown in the density history on the stagnation
streamline of 7.5 L in Fig. 5.8, there are two cycles creating the wave interaction
so that the frequency of 7.5 L is two times higher than the result of the one cycle

case.

V.5 Enhanced Model Based on Present Simulations

Figure 5.9 1s the x-t diagram of an enhanced model proposed here based on
our calculations. It shows the whole region between the stagnation point and the
bow shock on the stagnation streamline. In this proposed diagram, compression
waves generated at a new reaction region have an important role to sustain the
oscillatory mechanism. One of the generated compression waves goes to the bow

shock and the other to the stagnation point on the body surface, 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. 5.9.

Although this cyclic mechanism is generated by compression waves created
at the new reaction region, the compression waves are not always effective to make
the new reaction, depending on the strength of the compression wave. The basic
pattern of the cyclic mechanism repeats itself in Fig. 5.9, but the features are not

exactly the same in detail.

V.6 Summary

The basic characteristics of shock-induced combustion around an axisym-
metric blunt body have been qualitatively clarified by the numerical simulations.
The cyclic mechanism for the generation of periodic unsteadiness is caused by the
wave interactions between the stagnation point and the bow shock wave on the
stagnation streamline and the enhanced model to explain the mechanism for the
periodic unsteadiness was proposed. The periodic unsteadiness in the shock-induced

combustion obtained is numerically reproduced even though the gas mixture is

different from H,/Air, so that the cyclic mechanism is considered as universal.




CHAPTER VI

PARAMETRIC STUDIES FOR VARIOUS PROJECTILE VELOCITIES

A computational study on the mechanisms of the periodic unsteadiness for
projectiles in detonable gas mixtures was reported in Chapter V. The enhanced
model of mechanism of the periodic unsteadiness is newly proposed by the x-t
diagram of the wave interactions. In Chapter VI, the projectile velocity is para-
metrically changed for further understanding of the mechanism of the periodic
unsteadiness, since the Lehr's experimental results shows various flow features
when the projectile velocity is changed. A fine grid distribution such as 301 x 301
1s used, because the complicated wave interactions among the low-amplitude weak

wave in front of the projectile is important and should be resolved.

VI.1 Numerical Study on Effect of Projectile Speed

According to the Lehr's experiments, a high frequency oscillation occurs at
the projectile velocity around the detonation velocity (D). A lower frequency is
observed at a lower projectile velocity. This indicates that the frequency depends
on the projectile velocity. The dependency of the peojectile speed is investigated
and the key parameter for the frequency of the oscillations is conducted in this

study.

» 82% of D

The exothermic reaction does not occur after the bow shock in the case of

82% of detonation velocity. It means that the temperature compressed by the bow

shock is not high enough to induce the exothermic reaction in this case. Therefore,

the flow features does not change from the non-reacting flow,




* 90% of D in Figs. 6. 1

The corrugated reaction boundary with the low frequency and amplitude is
observed at a velocity 10% below the detonation velocity shown in Figs. 6.1. The
flow features relative to the projectile scale is similar to the experimental result in
Fig. 4.1; the contact discontinuities emanating from the corrugated reaction fronts
and compression waves reflecting from the bow shock wave. The schematic picture
of the flowfields behind the bow shock is shown in Fig. 6.1 (¢). However, the
projectile scale is not the same as the experimental one, so that the frequency of

the oscillations is different.

* 100% of D in Figs. 6.2

The projectile body f{lies at the detonation velocity. A corrugated reaction
front is clearly observed with the constant interval along the reaction boundary.
The phenomenon is nearly periodic with the two families of waves, compression
waves and contact discontinuities, in the region between the bow shock wave and
the reaction boundary. In the pressure contour plots of Fig. 6.2 (b), the spherical
compression wave in front of the projectile body is observed and goes forward and
backward on the stagnation streamline. The compression wave reflected at the
projectile body is also observed. The schematic picture of the pressure contour

plots is seen in Fig. 6.2 (c).

* 110% of D in Figs. 6.3

Figure 6.3 is the case for 110% of detonation velocity. Here, the constant

and high frequency appears on the reaction boundary as well as Figs. 4.2 and 4.3.

Again, two families of waves (contact discontinuity and compression waves) can be




seen. Contact discontinuities are especially clear in the density contour plots in

Fig. 6.3 (a). Most of the main flow features drawn in Fig. 4.6 are captured in the
computation. Only one missing feature in the density contour plots when compared
with Figs. 6.2 and 6.3 is the "striation" which is vertical line between the body
surface and the corrugated reaction front. As mentioned in the explanation of Fig.
4.8, it would appear when three-dimensional image is created based on the simulation
result. The corrugated patitern surprisingly resembles the experimental result
although the computational condition is not the same as the experiment. Since the
flow feature is governed by the wave interaction at the stagnation streamline,
similar flow pattern could be obtained for different mixture of gases. The basic
mechanism of the peirodic unsteadiness in shock-induced combustion is an universal

phenomenon based on the wave interaction mechanism.

The pressure contour plots of the 110% case i1s additionally shown in Fig. 6.3
(b) to clarify the behavior of the spherical pressure wave created at the reaction
front in front of the projectile. Since the pressure contour plots do not show the
contact discontinuity and the reaction front, they simply represent forward and
backward waves, The schematic picture of the pressure contour plots is drawn in

Fig. 6.3 (c),

e 120% of D in Fig. 6.4

The flow features in both the denstiy and the pressure contour plots drastically
changed. The periodic unsteadiness disappeared on the reaction boundary and the
reaction boundary becomes nearly smooth, as seen in Fig. 6.4 (a). The spherical

compression wave and their interactions in front of the projectile body disappear in

the pressure contour plots in Fig. 6.4 (b).




* 140% of D in Fig. 6.5

The smooth reaction boundary is obtained in the density contour plots of
40% above the detonation velocity as is shown in Fig. 6.5 (a). As seen in Fig. 4.5,
the higher projectile velocity case does not shows any instabilities in the flowfield.
Here again, the computational result shows the same tendency as in the experimental

results.

V1.2 X-t Diagram of Stagnation Streamline

For understanding of the transition of the frequency by changing the projectile
velocity, the history (x-t diagram) of the density and pressure distribution between
the body surface and the bow shock wave on the stagnation streamline is plotted as

follows: (a) level plots at each time and (b) contour plots of history profile.

Before discussing the histories of the flow variable, the characteristics of the
induction length are reported. The induction length, which is the distance between
the bow shock wave and the reaction front, corresponds to the induction time. The
induction time depends on the temperature behind the bow shock (see equation
(2.1)). At the lower projectile velocity, the temperature increase is smaller than
the higher case, so that the induction length is longer. See the case of 82% of D,
the exothermic reaction does not occur behind the bow shock because the temperature

behind the bow shock i1s lower than the ignition temperature.

* 90% of D in Figs. 6.6 and 6.7

Figures 6.6 and 6.7 are the history of the density and the pressure distributions

in the case of 90% of D, respectively. The mechanism of the periodic unsteadiness




is the same as the enhanced model in Fig. 5.9. The new reaction region generates
the compression waves forward to the body surface and backward to the bow shock.
The reflected compression wave also makes a contact discontinuity by the interaction
with the bow shock. However, the reflected compression wave is weak so that the
backward compression wave only contributes the cyclic mechanism. Then, the
constant frequency of the oscillations is observed. The interval period of oscillation

is about 20.0 ( gsec) in this case.

* 100% of D in Figs. 6.8 and 6.9

Figures 6.8 and 6.9 show the density and pressure history, respectively.
The periodic unsteadiness is observed in the density history in Fig. 6.8. The
regular compression wave interaction is also observed in the pressure history in
Fig. 6.9. The frequency is mainly determined by the cycle of the backward compression

wave. The interval period of each pulsation is about 6.9 ( ysec) in this case.

* 110% of D in Figs. 6.10 and 6.11

The periodic and high frequency oscillation on the stagnation streamline 1s
observed in Figures 6.10 and 6.11. The frequency is determined by the cycle of the
backward compression wave, and the reflected compression wave goes through the
new reaction region after two cycles. The induction length is shorter, and the
frequency is higher than the above cases. The interval period of oscillation is about

3.7 ( usec).

In Figs. 6.6 - 6.11, the same type of wave interaction proposed in Fig. 5.9 is

observed. The slowest projectile velocity has the lowest frequency, and the frequency

becomes higher gradually with an increase of the projectile velocity. As the projectile




velocity becomes faster, the compressed temperature behind the bow shock becomes
higher. Therefore, the induction length becomes shorter and shorter as the projectiel

velocity is increased. It would be a main reason for the various frequencies.

* 120% of D in Figs. 6.12 and 6.13

As observed in Fig. 6.4, the flow feature in the axisymmetric plane changed
drastically. The mechanism of the wave interaction is also changed from that of
the cases above. The reason for the drastic change is that the induction length is
too short to repeat the cyclic wave interaction consisting of the backward compression
waves, because the frequecy is mainly determined by the wave interactin of the
backward compression wave in the cases above. However, the cyclic wave interaction
is slightly observed in the Figs. 6.12 and 6.13. However, the mechanism of the

periodic unsteadiness in Fig. 5.9 is not applicable in this wave interaction.

* 140% of D in Figs. 6.14 and 6.15

In Figs. 6.14 and 6.15, the wave interaction between the bow shock and the
reaction front is not observed because of short inuction length. As observed in
Figs. 6.5, the bow shock and the reaction front are almost coupled in front of the
projectile body so that the assumption of the logitudial wave interaction on the
stagnation streamline is not appropriate for explaining the mechanism in Fig. 6.14

and 6.15.

VI.3 Summary

Hypersonic reacting flows over an axisymmetric blunt body traveling at

various speeds have been computationally simulated. A series of simulations revealed




dependency of the mechanism of periodic unsteadiness on the projectile velocity.
The enhanced mechanism in Fig. 5.9 is basically adequate to explain the periodic
or nearly periodic unsteadiness. The periodic unsteadiness appears in the flowfield
when the projectile velocity is around the detonation velocity and the projectile
diameter is 10 L . In this condition, the reaction mainly progresses near the stag-
nation streamline and thus the flow feature can be discussed based on the x-t
diagram on stagnation streamline. The frequency of the oscillation becomes higher
as the projectile velocity is increased mainly because the induciton length becomes

shorter.

As mentioned earlier, the basic mechanism of the periodic unsteadiness 1s
believed to be universal, and thus the proposed mechanism can explain Lehr's

experiment. However, the quantitative discussion compared with the experimental

results would be required to validate the wave interaction model in Fig. 5.9.




CHAPTER VII

FLOW FEATURES OF SHOCK-INDUCED COMBUSTION
BASED ON REALISTIC H,-O, REACTION MECHANISM

The generation mechanism of the periodic unsteadiness was numerically
investigated using the simplified two-step chemical reaction mechanism for the gas
diluted by argon in Chapter V and V1. Based on the computed result, the enhanced
model in Fig. 5.9 for the mechanism of the periodic unsteadiness was proposed in
Chapter V. This model includes the whole region between the stagnation point
and the bow shock on the stagnation streamline, and the model extended the
mechanism proposed by McVey and Toong (1971) in Fig. 4.7. It should be noted
that the enhanced model was proposed based on the numerical simulations in a
difference gas mixture. To confirm that the periodic unsteadiness observed in the
tow-step reaction mechanism for the different gas mixture is the same phenomena.
As the Lehr's experiments, the same gas mixture as the Lehr's experiment 18 used
for the further analysis in this chapter. Use of the same gas mixture' also allow
the quantitative discussion. In addition, the discussion on the key parameters

supporting the periodic unsteadiness is presented.

VII.1 Recent Works

Wilson and Sussman (1993) has investigated the shock-induced combustion
with the periodic unsteadiness by the numerical simulation. He reproduced the
flow pattern observed in Lehr's experiments using the same gas mixture under the
same flow conditions as the experiment. He used the Euler equations with the

logarithmic form of the species conservation equations as the governing equations.

! Recently, numerical studies for the periodic unsteadiness are seen in Singh et al. (1992),
Ahuja et al. (1992), Ahuja and Tiwari (1993), Willson and Sussman (1993) and Sussman (1993)




The mechanism of the unsteadiness on the stagnation streamline simulated by his
work also shows the similar wave interaction as that in Fig. 5.9. However, the
frequency of the periodic unsteadiness for the projectile speed of 1,931 m/sec was
reported to vary from 530 to 820 KHz. He has 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. His work has indicated that
the effect of the characteristics of the selected rate constants is not negligible for

the computation of such supersonic combustion flowfield.

The mechanism of the periodic unsteadiness in shock-induced combustion
observed in the experiments is becoming clear by these recent works. However, it
has not been found what are the key parameters to trigger the instability and to
determine the frequency of the periodic unsteadiness. To discuss the mechanism
quantitatively and find out the key parameters, Lehr's experiments are simulated.
The time-evolving data of the temperature profiles under Lehr's experimental con-
dition 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.

VII. 2 Simulations of Lehr's Experiments

A flow condition for the first computation was selected to be the same as
Lehr's experimental conditions. The pressure and the temperature in the gas
mixture are set to be 0.421 atm and 292 K. Both 1,931 m/sec (in Fig. 4.2) and

1,685 m/sec (in Fig. 4.1) projectile speeds are simulated using the Euler equations

with the species conservation equations under the axisymmetric assumption. A




fine grid distribution, especially normal to the body surface, such as 161x 321 18
used in the present study, since the low amplitude and weak waves in front of the

projectile 1s important.

» The Projectile Velocity 1,931 m/sec (case of Fig. 4.2)

Figure 7.1 shows the instantaneous density contour plots under the same
conditions as the experiment in Fig, 4.2, Periodic unsteadiness along the reaction
boundary is observed. The interaction of compression waves in front of the projectile
body is clearly observed in the instantaneous pressure contour plots in Fig, 7.2, At
this time 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 down-
stream of the flowfield, which suggests that there is no reaction progressing region.
In order to confirm the reaction progressing region, the source term of the water, 18
plotted in Fig. 7.3. Reaction mainly progresses along the reaction boundary, and
especially the strong reaction progresses in front of the projectile. The reaction
progressing region is considered to create the compression waves and would be the

trigger for the periodic unsteadiness.

Figure 7.4 (a) is the history of the density distribution on the stagnation
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

reflected on the projectile surface contributes to strengthen the compression wave

released at the reaction front. Figure 7.4 (b)is the history of the pressure distribution




on the stagnation streamline, where only the compression waves are clearly observed.
The new reaction zone in Fig. 7.4 (a) 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. 7.4 are exactly

periodic.

According to the experimental result obtained by Lehr (1972), the frequency
is 712 KHz. One cycle of the periodic unsteadiness is 1.38 psec in Figs. 7.4, so the
frequency is 725 KHz. The frequency of the periodic unsteadiness agrees well with
the experimental observation. However, Wilson and Sussman (1993) have reported
that the interaction of the reflected waves makes the flow not to be exactly periodic.
A nearly periodic unsteadiness was reported and the frequency in their result was
approximately 820 KHz. The present simulation uses the same reaction model and
rate constants although the nitrogen reactions were omitted from their model,
There are several differences in the numerical aspects between the present simulation
and their work where the logarithmic transformation of the species conservation
equations are adopted for the point-implicit integration. However, the numerical
aspects should not cause the difference under the same reaction mechamsm. After
the discussion about this problem with Wilson and Sussman, they continued running
the program code, and eventually the pattern of oscillations became much regular
like our computation. The frequency became about 725 KHz, as we reported in the
present simulations. They simply did not run th ecode long enough in their original
report. According to the experiment in Fig. 4.2, the clear periodic striations in the
reaction region are observed, so the physics in the experiment may be accurately

simulated in the current computation.

To exactly compare it with the experimental output of the shadowgraph

image, the post processor by Tamura and Fujii (1990) which simulates the three-




dimensional shadowgraph system is used and an output similar to the experiment
from the computational result is generated. The result is shown in Fig. 7.5. All
the main features can be seen in this picture including the striations that can not

be observed in the two-dimensional plots in Fig. 7.1,

» The Projectile Velocity 1,685 m /sec (case of Fig. 4.1)

As seen in Fig. 4.1, the small amplitude oscillations with the constant and
low frequency along the reaction boundary are extremely weak. Figure 7.6 is the
density contour plots of the simulated result under the experimental condition in
Fig. 4.1 at the same speed. The calculated result in Fig, 7.6 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 make the phenomenon clear, the
density gradient are plotted in Fig. 7.7. Contact discontinuities and compression
waves between the bow shock and reaction boundary are clearly observed just like

the experimental output in Fig, 4.1.

Figures 7.8 (a) and (b) 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. 7.4 (a). The wave interaction in Fig. 7.8 (a) can also be explained
by the mechanism in Fig. 5.9 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 the compression waves interact with the bow
shock and make the contact discontinuity. Basically two contact discontinuities
are generated after the interaction. However, these contact discontinuities are

closely and parallelly located and make one new reaction peninsula. One cycle of

the periodic unsteadiness corresponds to 6.256 usec in this calculation and the
p !




frequency is 159.8 KHz. The experimental result says that the frequency 1s 150

KHz, and the agreement is quite good also in this case.

» Discussion

From the plots of the numerical results in the previous section, the mechanism
of periodic unsteadiness in the shock-induced combustion of Lehr's experiments
was much better understood. In addition, it suggested that such periodic unsteadiness
is universal phenomena in the shock-induced combustions and could occur 1n any
gas mixture under certain 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 mixture in Chapter V is now considered

to be the same type of phenomenon as Lehr's experiment.

So far, the key parameters for the periodic unsteadiness are the followings:
1. induction time (ignition delay time) on the stagnation streamline

and the corresponding induction length, which determines fre-

quency.

2. compression wave reflected on projectile surface, which may smear
periodicity.

3. 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 using the

time-evolving temperature profile will be discussed in the next section.

VII.3 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 4.1. We assume that all the flow variables are given at
the conditions after the bow shock on the stagnation streamline and the flow speed
corresponds to the projectile speed. The integration procedure is the following;
¥ flow variables after the normal shock wave are given as a initial
condition by the Rankin-Hugoniot relation of the real gas.
2. all the species equations are time-integrated. During the reaction
progress, no total density change is allowed under the constant

volume mode.

For the calculation of species-specific heat, the thermodynamics data and
their curve fit coefficients developed at the NASA Thermochemical Polynomials
(see Appendix A) are used. This procedure provides an accurate data for the
characteristics of a non-equilibrium reaction under the constant volume mode, 1f
the fluid velocity after the bow shock wave on the stagnation streamline is constant
(without gradual isentropic compressions toward the body surface), the induction
reaction length is given. So, the relation between the shock stand-off distance and

the induction length is roughly estimated.

Two projectile speeds of 1,685 and 1,931 m/sec, which were simulated in this
chapter, are tested. The conditions of the gas mixture are selected to fit the Lehr's
experiments. Since the exothermic reaction occurs after the ignition delay and
causes a sudden temperature increase, the time-evolving temperature profiles are
plotted in Fig. 7.9. 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 usec for 1,931 m/sec and 8.8 usec for 1,685

m/sec and significant difference exists. The flow velocities after the bow shock by




the Rankin-Hugoniot relation are 361.26 m/sec for the projectile speed 1,931 m/sec
and 340.35 m/sec for the projectile speed 1,685 m/sec. The induction length is
roughly calculated by (the flow velocity) x (the induction time). They are 0.36126
mm and 2.995 mm, respectively. The induction times and lengths in the real
simulations can be measured in the manner shown in Fig. 5.10. See Fig. 7.4 (a)
and 7.8 (a), the induction time and length in the real simulations are 1.0 usec and
0.36 mm for 1,931 m/seec, and 5.7 usec and 1.2 mm for 1,685 m/sec. The induction
time and length of the projectile speed 1,931 m/sec in Fig. 7.4 (a) exactly agree wilh
those in the reaction profile in Fig. 7.9. As the induction length in Fig. 7.4 (a) 18
only 1/6 of the shock stand-off distance and contact discontinuities, which indicate
the particle path line, are straight, the effect of the isentropic compression can be

neglected.

On the other hand, the induction time and length of the projectile speed
1,685 m/sec in Fig. 7.8 (a) do not agree with the reaction profile in Iig. 7.9. As seen
in Fig. 7.8 (a), the contact discontinuitiesare not straight but curved due to the
deceleration, isentropic compressions after the bow shock wave has to be considered
in this case. The discrepancy may come from the effect of isentropic compression

during the induction length that cccupies 2/3 of the shock stand-off distance.

The observation above suggested that the induction time is one of the impor-
tant key parameters that determines the frequency of the periodic unsteadiness.
In addition, it was shown that frequency may be predicted from the analysis of the
zero-dimensional time-integration of species equations without simulating the flow-

field.

VII.4 Smaller Projectile Cases




In the simulations of the simplified two-step reaction mechanism, the periodic
unsteadiness was reported when the projectile radius is 10L. (The L is the
induction length of the plane C-J detonation.) However, when the smaller projectile
radius (5 L) was used for the simulation, the unsteadiness disappeared from the
flowfield. The absence of the unsteadiness has not been clarified. The study to
identify why the unsteadiness disappeared may reveal another key parameters for
the unsteadiness. Therefore, the case for the smaller projectile body is simulated
using hydrogen/air gas mixture under the same condition of the projectile speed
1,931 m/sec for the quantitative discussion. The projectile diameter is selected to

be 2.5 mm.

* Projectile Diameter 2.5 mm

Figure 7.11 is the density contour plots in the case of projectile diameter 2.5
mm and the speed 1,931 m/sec. The relative length of the shock stand-off distance
to the region of the burned gas on the stagnation streamline is almost the same as
that in the case of projectile speed 1,685 m/sec in Fig. 7.6. However, no wave
interaction on the stagnation streamline is observed in this case. Figure 7.12 is
the pressure contour plots, which only show the smooth contour lines in the whole
flowfield even in front of the projectile. The steady solution is obtained in this

simulation.

e Another Key Parameters for the Periodic Unsteadiness

The location of the reaction boundary in Fig. 7.11 is almost the same as that

in Fig. 7.6, but one shows the periodic unsteadiness, the other does not show it. It

indicates that relative scale of the induction length and the shock stand-off distance

is not solely the key parameter for the periodic unsteadiness. What is additional




important key parameters for the unsteadiness?

Based on the previous discussion about Fig. 7.9, the induction time determines
the frequency of the periodic unsteadiness. The reaction times due to the exothermic
reaction are almost the same for both cases in Fig. 7.9. Let's compare the two
cases of the diamtr 15.0 mm and 2.5 mm at the speed 1,931 m/sec. The projectile
speeds are the same and therefore the physical induction lengths are the same.
The reaction times are also the same. The difference is a relative scale of the

induetion length and the shock stand-off distance.

To help understanding the complicated comparisons, the schematic picture
showing the difference is proposed in Fig. 7.13. The relation between the reaction
period and the shock stand-off distance is shown for the three cases. Let's pay
attention to the reaction period relative to the shock stand-off distance. It corresponds
to the relative concentration of the energy release by the exothermic reaction.
Reaction period relative to the shock stand-off distance is much larger in the case 3
compared to cases 1 and 2. Thus, in the case 3, when physical (or fluid dynamic)
length scale is small, reaction period is relatively large and temperature increase
rather gradually within that small physical scale. Therefore, compression waves
are created gradually rather than abruptly. This is the reason for the disappearance

of unsteadiness.

The key parameters are the followings;

1. induction time (ignition delay time), which determines the fre-
quency of the periodic unsteadiness.

2, heat release, which is considered the temperature rise in the reac-

tion profile. In the simulations of the flowfield, the location of

the bow shock wave, which is caused by the change of the reaction




region, 1s changed by the heat release, then the path of the reflected
compression waves 1s changed.
3. concentration of heat release, which is given by the ratio of the

reaction period with respect to the shock stand-off distance, is an

important parameter for unsteadiness. It also change the location

of the bow shock.

VII.5 Summary

A series of the simulations clarified the key parameters of the periodic

i unsteadiness around the projectile travelling at hypervelocity. They are considered
to be the induction time, heat release and concentration of the heat release. Induction
time is a key parameter for the frequency of unsteadiness. The concentration of
heat release is important for the unsteadiness itself. Amount of heat release is

important because the total energy creating the compression waves depends on it.

Simple zero-dimensional analysis is useful because all these features can be recog-

nized in such an analysis.




CHAPTER VI1II

CONCLUSIONS

The characteristics of the standing oblique detonation (SOD) around a two-
dimensional blunted wedge and an axisymmetric blunt body have been investigated
by the numerical simulations to clarify the relations between thermodynamic, chem-
1ical kinetics and fluid mechanical considerations because the underlying physics of

the SOD has not been fully investigated.

Three different modes in the SOD supported by the two-dimensional wedge
are obtained by changing the wedge tip radius and the angle of half wedge; the
steady oblique coupled detonations, the steady oblique decoupled detonation and
run-away detonations which are unable to stand in front of a wedge. Whether a
coupled oblique detonation is obtained or not significantly depends on the scale of
the wedge tip radius. The mode change can be explained by the limiting angle of
the oblique shock wave. The present study confirms that there are critical values
for the incident Mach number, the wedge tip radius and the wedge angle for the

establishment of the SOD in a hypersonic premixed gas.

The ballistic range experiments for the combustible gas at hypervelocities
have been numerically simulated for the study of the SOD supported by the axisym-
metric blunt body, A series of the simulations have clarified the detailed mechanism
of the periodic unsteadiness observed in the experiments. First, using the simplified
chemical reaction mechanism, the basie characteristics of the periodic unsteadiness
in the shock-induced combustion around an axisymmetric blunt body have been
qualitatively studied, and the enhanced model to explain the mechanism for the

periodic unsteadiness has been proposed. The dependency of the mechanism on

the projectile velocity has also been investigated, and the enhanced model is consid-




ered to be basically appropriate to explain the periodic unsteadiness in the various
projectile velocities, Though the gas mixture is different from the experimental
conditions, the periodic unsteadiness in the shock-induced combustion was repro-
duced in the computed results. It indicated that the detailed mechanism of the
periodic unsteadiness is mainly dominated by the fluid dynamics coupled with the
energy release by the exothermic reactions, and therefore the phenomenon is uni-

versal for any gas mixtures.

Secondly, the key parameters for the periodic unsteadiness have been quan-
titatively studied by the parametric study using the H,/Air gas mixture. They
are considered to be the induction time, heat release and concentration of the heat
release. The induction time is a key parameter to determine the frequency of the
unsteadiness. Concentration of the heat release is important for the unsteadiness
itself. Amount of the heat release is important because the total energy creating

the compression waves depend on it.

In this dissertation, the numerical simulations revealed the underlaying
physics of the flowfields of the shock-induced combustion. Recent computational
fluid dynamics techniques give us a new experimental apparatus (numerical wind

tunnel/ballistic range), which provides the complete time evolving data of the entire

flowfields that would never be available in the physical experiments.
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APPENDIX A

MOLECULAR CONSTANTS

This appendix gives the molecular constants and thermochemical data used
for the nine species in hydrogen-ari gas model. The source of thermochemical data
is NASA polynomicals from Appendix A of Wilson (1991) which have the following

form for each species

h'—" nrd s T 4ok Tr.:*.' o] -;n.'? o JT.I +ﬂ£
BT W 5 ' m
Sh . = T'.‘f T'\.'I T.I
_:flr!’.nj +{1:__,f +0y~——+ 0, +a.,—+a;
R 2 3 4

where the superscript on the enthalpy H® and the entropy S° are for a reference
state of one stmosphere. The coefficients for these curve fits are found in Table
D.1. There is one set of coefficents for the temperature range 300K to 1000K and
the another for the temperature range 1000K to 5000K. The enthalpy H® includes

the found in Table D.2.

Molecular Weight of Species (Kg/Kmole)

2.016] 32.000] 1.008] 16.000 ] 17.008 ] 18.016] 34.016 | 28.016
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APPENDIX B

CHEMICAL SOURCE TERM FOR THE EQUATIONS OF SPECIES
The general form of each chemical reaction can be written as

N N
g o
2.Vind; & 2 Vi,
=1 =1
where A represents species and v” and v’ are the stoichiometric coefficients of the
reactant and products for each chemical reaction k. Then the source terms for the
different species equations ¢ can be written

K

w; =W, 2 (Vii — Vi )Ry
k=]

N
Note that Y w; = 0 satisfying overall mass conservation. The R, indicates the rate
=1

of progress variable of chemical reaction & and is given as

L4

W B

W

“ iy
=Ml [crﬂ-)
i=1

N :
R, = kr l_! {EPJ

where ¢, is mole concentration of species i, and k, , and &, , are the forward and
backward rate constant of reaction k. The forward rate constants k, , for each

reaction k are given by the extended Arrhenius expression
ky = A" exp(-E, /RT)

where T is the temperature and A,. n,, and E, are constants found in reaction

mechanism in Table. The backward rate constants k&, , are calculated using the

equilibrium constant K,, , for each reaction and the relation




The equilibrium constant K, , is related with the pressure equilibrium constant

as
p\LWVi-v)
- alm =
Kw;,ﬂr 2 K.F*‘q'q,k[ IT;T1 ]
where P, = I{(atm) and R is the universal gas constant. The pressure equilibrium

constant K, , are calculated using the enthalpy and the standard state entropy

I-‘I',|"1.Jd

as

N , ' S:']

Kpor= E‘Iﬂ|:z_4l (Viz — Vik) 5

=] |

If the third-body efficiency is considered in chemical reaction, the rate of progress

variable is given as

Vo
[T

N ¥,

R, = {i(”mcerkr.#‘_l:!(ﬂ'xr) ; = "%,s.-f!(ﬁ'z.)

i=1 J
The @, is the third efficiency factor for reaction k and is described in Table 1. The

equations of state for pressure is given by the Dalton's law for a mixture of thermally

perfect gases,

N
i
i LR T
;‘r‘r{ ;

where R, is the universal gas constant, W, is the molecular weight of species i and

the sum is over all N species present.




APPENDIX C

AXISYMMETRIC EULER EQUATIONS

The Cartesian coordinated three-dimensional Euler equations in non-

dimensional and strong conservation law form are written as

JU F}P: cl" 0 oy I

S i W} = —_— =

ol dr oy o
where

o) { s " opy T
pu pu” + P puv puw
U=|pv|, E=| pw | F=|pfi+P | GC=| pow
pL puw pUw pw* + P
\E ) \(E+ P)u \(E+ P)u) \(E+ P)w)

Three original equations are firstly transformed to the cylindrical coordinates
(x’,r,0,t") in order to establish the final axisymmetric form. The relationship

between the Cartesian and cylindrical coordinates are

=X
y=rcost
z=rsnd
=1

and partial derivatives in the Cartesian coordinate are also transformed as

i_ d

gr ox’

o d sinf d
— =080 — —

ay ar r dJdo
i -y d +r:osﬁ d
& o r do
d d

a o




As a result, the cylindrical velocity components (u’,v",w’) are expressed as

u=u'
v=uv'cos—w'rsing
w=v'sinld+wrcosd
and for example, the partial derivative of v respect with y can be transformed to a

slightly complex form as

# ]
1 ]

e N U Mt

! {

v, =v,c05" 0+ | 2w —rw, - -"[-'-JHH’J.-‘:}{JUHH - [— +w, ]Huf o0
w F' ;' &

Once all terms in the original equations are transformed, we can obtain the

cylindrical coordinated Euler equations. Under the following assumptions

resulting Euler equations are

: —+—+H=0
o dx odr
where
7 pu e ou*+P e ,Lim: | i - 1 ,r:rui,s
pu puu pu-+ P ri pu
(S (E+P)u) \(E+ P)u) \(E+ P)u

The above Cartesian coordinated Euler equations are usually transformed

to the general curvilinear coordinates before the computations. The final expressions

have been presented in Chapter II.




APPENDIX D

JACOBIAN OF CHEMICAL SOURCE TERM
FOR THE EQUATIONS OF SPECIES

The chemical reaction source term vector S that described in Appendix B

indetail is described as

0\
0
0
0

\ 0 J

o
Il

The aS/dU (= aS/dU) in equation (2.14) for the equations of species is written

in the followings.

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

= daw ' i f Ja) | A ] ) = daw ' r}[’f},
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dp dpu) dlpv) E dp, P,  dps
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where the elements of the matrix are given as
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' The derivatives of the temperature and the reaction rate constant in the

elements of the matrix are written as
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Oblique Shock TS =¥ g M>1

Figure 1.1 Schematic picture of propulsion concept for a hypersonic vehicle as the
supersonic combustion ramjet (SCRAMJET), where fuel is injected, mixed, and burned
in the combustor section.

Nozzle

&
Oblique Shock . - P M>1

Oblique Detonation Wave

Figure 1.2 Schematic picture of propulsion concept for a hypersonic vehicle as the
oblique detonation wave engine (ODWE), where fuel is injected on the forebody and
detonation occurs later due to oblique shocks (little or no combustor length is needed).

Shock-Induced Combustion

or
Ram Accelerator Tub ' '
* ator Lube Obligue Detonation Wave
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Projectile

*q‘
+ I""-\ f‘. hi}i
- #
e

Oblique Shock Waves

Figure 1.3 Schematic picture of propulsion concept for a hypersonic vehicle as the
ram accelerator in a tube concept: A projectile inside a tube filled with a combustible

mixture is self propelled to high velocities by burning of the mixture around and behind
the projectile.




\ Simulated region

Blunted wedge holder

Blunted holder radius

£=1

Figure 3.1 Schematic pisture showing the computational flowfield

Figure 3.2 Temperature contour plots of a Figure 3.3 Temperature contour plots of a
non-reacting flow; the incident Mach number Ms=6 reacting flow; the incident Mach number Me=6
and the wedge tip radius=L* and the wedge tip radius=L*




Bow Shock

Reaction Front

Figure 3.4 Schematic picture of the temperature contour plots to explain the flow features of Fig. 3.3

o
Oblique Shock

To=288.64 K T=1443.2 K

30°

Flow Direction I

Reaction Front

40°

Figure 3.5 Schematic picture showing the relation between the oblique shock and the reaction front




I L* - =TT
2.0 9.0
1.5 8.0
1.0 7.0
0.5 6.0
0.0 5.0

4.5 5.0 55 6.0

Normal Mach Number

Figure 38 Shock-relation]l Mach number M _ versus the temperature ratio T/T_ and the induction length I(T',)
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Figure 3.7 Schematic picture showing the flowfield behind a stationary oblique shock
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Figure 3.8 Schematic picture showing the particle path behind an oblique shock and the ignition point




Figure 3.9 Temperature contour plots of a reacting flow; the incident Mach number
Me==6 and the wedge tip radius=3L* , at time t=44

(a) (b)

Figure 3.10 Temperature contour plots of a reacting flow: the incident Mach number
Me=6 and the wedge tip radius=3L* , (a) at time t=111, (b) at time t=522
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Figure 3.11 Shock polar curve represented by 8- (deflection angle and shock angle)
plot for the incident Mach number M
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Figure 4,6 Schematic of the flow fields structures seen in shadowgraphs of periodic
ballistie-range experiments
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Figure 4.7 X-t diagram of the wave interaction model proposed by McVey and Toong (1971)
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Figure 5.3 Contour plots for the projectile radius 5L with the simplified chemical
reaction mechanism: (a) density contour plots, (b) pa» contour plots




(a)

(b)

Figure 5.4 Contour plots for the projectile radius 7.5L- with the simplified chemical
reaction mechanism: (a) density contour plots, (b) pa» contour plots




(a)

(b)

Figure 5.5 Contour plots for the projectile radius 10L- with the simplified chemical
reaction mechanism: (a) density contour plots, (b) paw contour plots
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Figure 5.6 Computed shadowgraph image for the projectile radius 10L7
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Figure 5.8 History (x-t diagram) of density between the stagnation point and
the bow shock wave on the stagnation streamline for the projectile radius 10L* ;

(a) level plots, (b) schematic picture
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Figure 5.10 History (x-t diagram) of density between the stagnation point and
the bow shock wave on the stagnation streamline for the projectile radius 7.5L* :

(a) level plots, (b) schematic picture
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Figure 6.6 History (x-t diagram) of density between the stagnation point and the bow shock wave on the stagnation streamline for the

projectile velocity 90% of D: (a) level plots, (b) contour plots
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Figure 6. 10 History (x-t diagram) of density between the stagnation point and the bow shock wave on the stagnation streamline for the

projectile velocity 110 of D: (a) level plots, (b) contour plots
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Figure 6. 13 History (x-t diagram) of pressure between the stagnation point and the bow shock wave on the stagnation streamline for

the projectile velocity 120 of D: (a) level plots, (b) contour plots
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(b)

Figure 6. 15 History (x-t diagram) of pressure between the stagnation point and the bow shock wave on the stagnation streamline for

the projectile velocity 140 of D: (a) level plots, (b) contour plots
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Figure 7.5 Computed shadowgraph image for the projectile veloecity 1,931 m/sec
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Figure 7. 6 Density contour plots for the projectile velocity 1,685 m/sec

Figure 7.7 Density pradient for the projectile velocity 1,685 m/sec
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History (x-t diagram) of flow fields between the stagnation point and the bow shock wave on the stagnation streamline for

the projectile velocity 1,685 m/sec: (a) density, (b) pressure
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Figure 7.9 Time-evolving temperature profiles: a) 1,931 m/sec; b) 1,685 m/sec
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Figure 7. 10 Schematic picture showing the inductione time
and length in the history of the density distribution

Figure 7. 11 Density contour plots for the
projectile diameter 2.5 mm and the velocity
1,931 m/sec.
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Figure 7. 12 Pressure contour plots for the
projectile diameter 2.5 mm and the velocity

1,931 m/sec.
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Figure 7. 13 Schematic picture showing the relative scale of the shock stand-off
distance, the induction length and the reaction period
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