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Preface

Compressible fluid dynamics captures interactions between pressure waves and
flow, which are accompanied by beautiful physical nature. It is based on the con-
servation relations of mass, momentum and energy over a control volume. The
readers are believed to master its basic principle in a short period by using only
simple mathematics. In many problems, we should consider how the flow reacts to
the variations of the flow passage area, and to force and heat exchanges. The readers
of this book can produce various flow functions in many applications, thereby
generating important values to the society.

Most of the contents of this book is the translation from a book Compressible
Fluid Dynamics and Shock Waves published in 2017 in Japanese from Corona
Publishing Co., Ltd., Tokyo, Japan, who kindly permitted me to publish this
English version. I am grateful for many illustrations provided by many colleagues
and institutions acknowledged in the respective parts. Also, I appreciate the
excellent editing support by Ms. Akiko Matsuda and many alumni of Shock Wave
and Space Propulsion Research Group, Department of Aerospace Engineering,
Nagoya University, Japan.

Nagoya, Japan Akihiro Sasoh
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Chapter 1 ®)
Propagation of Pressure Waves e

Gas and liquid are termed fluid because they can flow with changes to their shape.
Most flows occurring in our daily life are not significantly influenced by compress-
ibility. However, in high-speed flows and/or when velocity or pressure rapidly varies,
compressibility is significant. The compression and expansion of a fluid, which cor-
respond to variations of its density, lead to the propagation of pressure waves. In
compressible fluid dynamics, we study the relationship between pressure-wave prop-
agation and its impact on flow properties. In this chapter, we will learn the basic
concepts of pressure-wave propagation through several examples.

1.1 Propagation of Sound

Sound waves are the weakest pressure waves. When sound waves propagate through
a quiescent gas, the gas particles oscillate around a fixed location. A sound wave is
characterized by its amplitude and frequency spectra. Moreover, sound waves are
not accompanied by flow, which is the movement of the center of gravity, but by the
propagation of “information.”

Let us consider the example shown in Fig. 1.1. When a rubber balloon bursts
behind Mr. A, its information has not yet propagated to him in Fig. 1.1a at t = 1.
Later, at r = #; (Fig. 1.1b), the information has still not reached Mr. A. Mr. A hears
the “bun” sound only at ¢ = 1, (Fig. 1.1c), thereby getting to know about the event.

In the wave diagram of Fig. 1.1d, the regions in which the sound wave arrives
are bounded by the ray of the leading sound. Here, x is defined as the horizontal
coordinate, and its positive direction is from the balloon location toward Mr. A.
xa and xp are the locations of Mr. A and the balloon, respectively. Sound waves
propagate at the speed of sound. The gray, inverse rectangular region with an apex
at (xg, fo) is the domain of influence of the burst. In the region outside of it, the
information has not arrived yet. The domain of influence is bounded by the right-
and left-running rays. The magnitude of the speed of sound is equal to the reciprocal

© Springer Nature Singapore Pte Ltd. 2020 1
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Fig. 1.1 A balloon bursts C
behind Mr. A (%] %
@ t=t X
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Domain of
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i Ray of leading sound wave
t, X, X, =

(d) Wave diagram

of the slope of the rays, or the reciprocal of dt / dx. A smaller slope means that the
sound propagates faster.

If the speed of sound is constant, a sound cannot catch up with preceding ones.
In Fig. 1.2a, Mr. A says, “The answer is XX.” However, he found the answer wrong
shortly after, and in Fig. 1.2b, he says, “I cancel it!”” Unfortunately, he cannot cancel
the sound of his first answer because a propagating sound cannot catch up with
preceding ones.

In compressible fluid dynamics, pressure waves other than sound waves occur. A
“strong” pressure wave influences the flow behind it. The stronger the wave is, the
more the flow changes. Usually, the strength of a pressure wave is evaluated from the
increment of pressure. In high-speed flows and/or when the flow velocity suddenly
varies, a shock wave is generated. Pressure waves behind a shock wave can catch up
with it, as shown in Fig. 1.3. This is an important characteristic in compressible fluid
dynamics, the details of which we will learn step-by-step hereafter.

1.2 Sound Waves from Flying Object

Let us consider sound propagation from a flying object. The topology of sound
propagation depends on whether the flight speed is higher than the speed of sound.



1.2 Sound Waves from Flying Object

Fig. 1.2 A sound wave
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In subsonic flight, in which the object flies at a speed lower than the speed of
sound, sound waves from the object propagate around it in all directions, as shown in
Fig. 1.4. As shown in Fig. 1.2, a propagating wave does not catch up with a preceding
wave; therefore, the latter propagates ahead of the former. Although few waves are
shown in the figure, a large number of waves occur in reality; consequently, the
domain of influence expands toward a wide region.

In supersonic flight in which the flight speed exceeds the speed of sound, the
sound waves from the flying object form an envelope, as shown in Fig. 1.5. Such
an envelope of sound waves is termed a “Mach wave.” Neglecting the size of the
object, the envelope forms a Mach cone. The domain of influence is the inside of the
Mach cone, as shown by the gray region in Fig. 1.5. If the size of the object is not
negligible, even stronger pressure waves, compression waves, or shock waves will
be generated. Further details will be presented in Chap. 4 and thereafter.

Fig. 1.4 Propagation of Sound waves
sound waves in subsonic i
flight. The gray region is the A
domain of influence / s

Flight velocity

~ Speed of sound
> Flying object

Domain of influence

Fig. 1.5 Propagation of
sound waves in supersonic
flight. The gray region is the
domain of influence

Mach wave

Sound waves

Flight velocity

Domain of
influence

Speed of sound



1.3 Motion of One-Dimensional Beads and Wave Propagation 5

1.3 Motion of One-Dimensional Beads and Wave
Propagation

Letus analyze wave propagation and the associated flow in a simple, one-dimensional
model [1]. Consider the beads on the wire model shown in Fig. 1.6. The beads are
aligned with a separation of / along the x-axis. Each bead has a mass of m. A piston
with a mass of m, collides against the leftmost bead at a constant speed of up.
my is assumed to be much larger than m. Even in such a simple system, important
characteristics of compressible fluid dynamics are evident.

1.3.1 Piston-Bead Collision

When the piston makes an “elastic” collision against a bead at rest, the following
relations hold.
Conservation of momentum:

Mplp = mpu;D + mu’, (1.1)
Conservation of energy:
1 1 , 1,
Empuﬁ = Empup2 + Emu 2, (1.2)

where quantities after the collision are denoted by a prime. From (1.1) and (1.2), and
using the assumption that m/m, << 1,

/ My o, (1.3)
— p> .
1+m/mp
1 —m/m,
! >~ u,. 14
P 1+m/mpup g 1.4

After the piston collides against the bead at rest, the bead recoils at a speed
of 2u,, while the speed of the piston remains unchanged. This important collision
dynamics, that is, the fact that a light object recoils from a heavy object after collision
with double the speed of the heavy object, is applied to high-speed launch.

Fig. 1.6 A model of beads Piston
u

on a wire 5 Bead
/ m X

m >
b
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1.3.2 Bead-Bead Collision

Consider that Bead 1 with a speed of u; = 2u, collides from left to right against
Bead 2 with a speed of u; = 0. By making the substitutions u, — u;, u — u,, and
mp — min (1.3) and (1.4),

), =0, (1.5)

Wy = uy. (1.6)

That is, the velocities are swapped after the collision such that the bead motion
continues to the right.

1.3.3 Motions of Piston and Beads

The motion of this system is expressed as shown in Fig. 1.7. Because the piston has a
constant velocity of up, its trajectory is a straight line. Let 7 denote the time interval
between successive piston—bead collisions:

T=—. (1.7)

Each bead repeats cycles in which it moves with a velocity of 2u,, for a period of
7/2 and stays still for the same period.

Fig. 1.7 Piston and bead f

trajectories. The gray region 1 |
is the. domain gf influence of ) D-f;main’of
the piston motion Piston ~# influence

i %

 J
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1.3.4 Characteristic Velocity

Up to where does the signal of the piston propagate? The velocity of the signal is
termed the characteristic velocity and is denoted by c. This signal is delivered by the
rightmost moving bead. Therefore,

¢ = 2up. (1.8)

The domain of influence, depicted as the gray region in Fig. 1.7, is formed
behind it.

1.3.5 Mean Bead Velocity

The time-averaged bead velocity, i, is expressed as

i = =u,. (1.9)

1.3.6 Mean Kinetic Energy

Let us obtain the mean kinetic energy of a bead after a long period when many beads
have started to move.

Mean kinetic energy obtained from bead motions, K.

At any moment, half of the beads propagate at a velocity of 2u,, and the other
half stay still. Therefore,

K= (uy)? 1+l 0? ! 2 (1.10)
= -—mQuy) X =+ -m-0" X = = mu. .
I LR ) 2 P
Mean kinetic energy obtained from input energy from piston, K,.

At the moment after a period 7’ as the piston first collided against the leftmost
bead,

(Number of beads in the domain of influence) = % = , (1.11)

(Number of collisions against the piston) = —, (1.12)
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1
(Kinetic energy acquired by the leftmost bead after each collision) = Em (2up)2 = 2mu%.

(1.13)
Therefore, the mean kinetic energy is
Zmugu",—rl 5
KZZTPT,:I’I’!MPZKI. (114)
T
Kinetic energy of center of gravity, K.
When the mean kinetic energy is estimated from the mean velocity, i,
K Loni? = Lo (1.15)
= —mu° = —mu,. .
) 2P
Therefore,
K, = K, =2K;. (1.16)

What is the physical meaning of these relations? Because the mean velocity u is
equal to the velocity of the center of gravity, K3 is equal to the kinetic energy of
the system divided by the number of beads. Yet, in the frame of reference fixed to
the center of gravity, no bead stays still: they exhibit “isotropic” motions; half of the
beads move at a velocity of u;, to the right, while the other half move at —u,, to the
left. These motions are equivalent to thermal motion. This thermal energy, which is
equivalent to the translational energy of a gas,' yields

1 1 > 11 2 1,
Ky = 5 Em(_“P) + 7" Em("'up) = My (1.17)
It follows from these results that
K| = K, = K3+ K4 (K3 = Ky). (1.18)

1.3.7 Compression Ratio

Let p denote the “density,” which is the mass of beads in a unit length in this case.
The length of the system decreases after piston—-bead and bead-bead collisions.

ISee Chap. 2.



1.3 Motion of One-Dimensional Beads and Wave Propagation 9

That is, the system becomes “compressed.” Let us obtain the compression ratio,
that is, the ratio of densities before and after the compression’:
Before the compression,

m
po = T (1.19)
After the compression,
2u,t’ m  2m
1= L = (1.20)
2upt’ —upt’ 1 l
Therefore,
Py, (121)
£0

1.3.8 Force on the Piston

The force exerted on the piston is obtained as the time average of impulse input onto
the leftmost bead:

F) = (impulse by single collision) x (collision frequency)
u, m
=m-2up~7=7- Up -2 Up = PolipC. (1.22)
F is obtained from another consideration. The length of the domain of influence
at T’ (>> 1) after the first piston—bead collision equals ct’. The velocity of the center
of gravity of this domain equals u. The force is equivalent to the momentum that the
system acquires in unit time; that is,

F, = T’/ = poiic. (1.23)

Asu = up, Fi = F, = F. Therefore, the same physical quantity is obtained
from different evaluation processes. Equation (1.23) gives an impulsive force during
collision, F, which is the product of the intact density, particle velocity, and wave-
propagation speed.

In the above analyses, we have obtained the following fluid-dynamics quantities
in this “elastic” system:

2Usually, in fluid dynamics, “density” refers to the mass per unit volume. Here, the unit of density
is different from the usual one.
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— Speed of the wave (characteristic speed): ¢

— Speed of the center of mass (flow speed): u

— Average energy per bead in the laboratory frame: K| (= K3 + K4)

— Average energy per bead of the center of gravity: K3

— Average energy per bead around the center of gravity (internal energy): Ky
— Compression ratio: %

— Impulsive force: F = pyuc

If the collisions are inelastic, the energy is distributed not only to kinetic ener-
gies but also to “thermal” energy, which changes the temperature of the piston and
beads. In a real fluid, the energy is distributed even to the rotational, vibrational, and
electronic excitation energies of atoms and/or molecules.

1.4 Pressure-Wave Propagation After Solid—Solid Collision

Usually, a solid is not regarded as a fluid. However, the processes and behavior of
their mutual collision are equivalent to the processes of compressible-flow dynamics.
When we push a book on a desk or hit a golf ball with a club, the object starts moving.
Even in these cases, “waves” should propagate so that the “propulsive” force is
transferred to other sections. In real life, the propagation period is so short that we
cannot sense this propagation; the object seems to start moving instantaneously.
However, in a physical sense, it should take a finite time for the waves to propagate
through the object before it starts moving. Here, let us consider such processes.
Figure 1.8a shows a wave diagram of solid—solid collision. The two solid objects,
A and B, which have the same thickness and are made of the same material, experience
a normal collision. Here, we neglect shearing forces. Object A moves at a speed of
u; to the right (state A1) and collides against Object B, which is at rest. Here, the

—— Compression wave
————— Expansion wave

|
! s
; ; [ :
——- Particle trajectory | ¥ ~ B3
= Contact surface il ’éz

el !
A2/ /
: |
JSALs | Bl % fapereeven B2
B \\
1, A3 Al B3
A 4= B & - @
i, u, u
(a) Schematic wave diagram (b) Pressure—velocity lines

Fig. 1.8 Collision process between two solid objects
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collision and associated wave propagation are assumed to be one-dimensional. A
wave resulting in a density increase is termed as a compression wave, whereas a
wave resulting in a density decrease is termed as an expansion wave or a rarefaction
wave. The pressure also increases behind a compression wave and decreases behind
an expansion wave. Immediately after A collides against B, the contact surface,
that is, the leftmost surface of B contacting A, first starts to move because of the
compression stress, which is equivalent to a pressure p,. Subsequently, acompression
wave propagates to the right. Behind the compression wave, in B2, a particle velocity
u, is induced to the right with a pressure increase to p,, as shown in Fig. 1.8b.> Up
to the moment when the wave completes a round trip across Object B, this particle
velocity and pressure remain constant. When the compression wave arrives at the
right free surface of B, an expansion wave propagates as the reflected wave.* Behind
the expansion wave (B3), the particle velocity to the right is further increased to
uy, whereas the pressure becomes restored to the ambient one, which vanishes in
the figure. By contrast, a left-propagating compression wave in A propagates with
a pressure increase to p, and a velocity decrease to u,. Note here that, across the
contact surface, both the particle velocity and pressure are continuous. At the free
surface of A on the left, the compression wave is reflected as an expansion wave.
Behind the expansion wave (A3), the particle velocity is further decreased, and the
pressure is restored to the ambient one. In the case of Fig. 1.8, in state A3, the particle
velocity vanishes because the objects are made of the same material.

When A collides with a velocity of u; against B, after all the wave-propagation
processes, A becomes still and B starts moving at a velocity of u;. These results are
consistent with the macroscopic behavior of the elastic collision.

As presented in this chapter, the characteristics of compressible flow are closely
related to those of pressure-wave propagation. In this book, we will study compress-
ible fluid dynamics while capturing wave generation induced by object motions, its
impact on flow, and the mutual interactions of waves.

Reference

1. Asay JR, Shahinpoor M (eds) (1993) Beads on a wire model: high-pressure shock compression
of solids. Springer, New York, pp 12-14

3In fluid dynamics, a pressure usually has a positive value, whereas in solid mechanics, a tensile
stress is defined to be positive.

“For simplicity, the expansion wave is drawn as a single ray.
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Motion of Gas Particles Guca i
and Thermodynamics

The static characteristics of a gas are described by thermodynamics. Thermodynam-
ics starts with the formulation of experimentally observed phenomena, following
which the formulae are related as results of the behavior of a group of gas particles.
Compressible fluid dynamics is also based on thermodynamics. The local motion
of gas particles is decomposed into that of the center of gravity and that around it.
Flow is the motion of the center of gravity, while flow velocity is the velocity of such
motion. Pressure, temperature, and other thermodynamic properties are determined
from the motion around the center of gravity, that is, the thermal motion. The flow
changes when it experiences a force and/or exchange energy. In this chapter, we will
derive the relations between gas-particle motions and thermodynamic properties.

2.1 Basics of Thermodynamics

In thermodynamics, we study how the behavior of a gas changes with force and/or
heat. A quantity that expresses a thermodynamic condition is termed a property
or state variable. Examples are the temperature 7, pressure p, density p, internal
energy e, enthalpy A, and entropy s. A dependent property is given as a function of
two independent properties. For example, e is expressed as a function of 7" and p:

e=-¢e(T, p). 2.1

This relation becomes particularly important for differentiation

d <ae>dT+(ae> d 2.2)
e=|— — ] dp. .
aT /, /)1
An equation of state is a representative equation that relates properties. A gas
with negligible molecule sizes and intermolecular forces is termed an ideal gas. The
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pressure of an ideal gas is determined only from thermal molecular motions, and it
is given by the following equation of state:

p = pRT or pv = RT. (2.3)

We must be mindful of which unit each property is evaluated in. The unit may
be different depending on the field of study. In fluid dynamics, many quantities are
evaluated for a unit mass. Such a quantity is called specific.' For example, a volume
per unit mass, v, is termed as specific volume, which has an international system of
units (SI unit) of [m3/kg]. Furthermore, a gas constant, R, is a quantity per unit mass.
By using a molecular mass, mmole, R is related to the universal gas constant, i, by

J i1 [t
R[k ] = [m‘ﬂf] , % =8.3144. (2.4)
g K mmole[m_(g)l]

Letus consider a gas element that expands on heating. In Fig. 2.1a, the gas expands
at the same location without flow. The expanding gas element pushes the surround-
ing gas against the ambient pressure, thereby exerting work on the surroundings.
Furthermore, the energy of the gas element is decreased by the amount of work. If
heat is extracted from the gas element, that is, if it is cooled down, the element is
shrunk, thereby receiving work from the surroundings. Such processes follow the
first law of thermodynamics, which is equivalent to the conservation of energy:

8q = de + Sw. (2.5)

Here, é¢q, de, and w represent the heat input per unit mass, increment of internal
energy, and work done by the gas per unit mass, respectively. Because the internal
energy is a thermodynamic property, its variation is expressed by “d.” The variation
of other quantities is expressed by “§”” because the variation depends on processes.

Such heating/cooling and expansion/shrinkage can occur even with the flow, as
shown in Fig. 2.1b. In this case, the processes are observed by tracing a gas element
with a flow velocity of u.

Here, it is necessary to note the difference between a reversible process and an
irreversible process. If a gas element is slowly heated while it gradually expands and
then slowly cooled down to be restored to its initial volume, each thermodynamic
property is also restored to the initial value. Such a process is termed a reversible
process. On the other hand, if the element is rapidly heated up and cooled down to
its initial volume, other properties would not be restored to their initial values. Such
processes are accompanied by the so-called dissipative processes, such as diffusion,
friction, and heat conduction, and are thereby called irreversible processes. As will
be shown later, if this element is made to expand rapidly, the pressure variation
becomes different from that during a slow expansion.

Un this book, if understood from context, “specific” is omitted for simplicity.
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(a) without flow

(b) with flow

Fig. 2.1 Expansion of a gas element. The gas element is inside the broken line before expansion
and inside the solid line after expansion

An (specific) entropy, s, is an important thermodynamic property that is indicative
of how thermodynamic processes proceed. It is defined by

o SQrev

ds

(2.6)

Here, the subscript “rev” indicates that the heat is input through a reversible pro-
cess. The STunitof s is [J/(kg-K)]. In areversible process, when a gas element slowly
expands by du, it exerts work equal to pdv toward the surroundings. Therefore, for
reversible processes,

Wiy = pdu. 2.7
By applying (2.5)—(2.7) to reversible processes,

Tds = de + pdv. (2.8)
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This is an equation common in fluid dynamics, and it expresses the first law of
thermodynamics by using only thermodynamic properties.

The first law of thermodynamics, expressed as (2.8), does not give the direction
of energy transfer. For example, when a hot gas and cold gas are in contact with
each other, (2.8) does not prohibit heat transfer from the cold gas to the hot one,
which would not occur in reality. This process is ruled out by the second law of
thermodynamics. There are many ways to express this law. A typical statement is
“the entropy of a system that is irreversibly heated becomes greater than that of
relevant, reversible processes.”

qurrev

+ dsirrev = T ) dsirrev = 0. (29)

Sirrv
ds = 2Girrev
T

Here, the subscript “irrev” represents an irreversible process. In (2.9), the quality
is applied only to reversible processes.

A process without heat exchange (§¢g = 0) is termed an adiabatic process. From
(2.6), the following equation holds for a reversible, adiabatic process:

ds = 0. (2.10)

Therefore, such a process is isentropic.2
Enthalpy is defined as

hEe+£=e+pv. 2.11)
P

The second term on the rightmost side of (2.11), pv, corresponds to the energy
“saved” in a volume v at a pressure p. In order to let an infinitesimally small element
expand slowly from zero volume to v, the element needs to exert a work of pv on
the surroundings. On the other hand, if an element with volume v slowly shrinks to
an infinitesimally small volume, it experiences a work of puv from the surroundings.
In fluid dynamics, it is often convenient to use enthalpy for modeling flows involving
such energy exchanges.

The thermodynamic properties of a gaseous mixture of various chemically react-
ing species depend on the mixture ratios of the components, which in turn depend on
the temperature and pressure. However, if a gas is composed only of a single species
and the intermolecular force is negligible, the internal energy, e, and enthalpy, £, can
be modeled as a function of T alone:

e =e(T), (2.12)

h = h(T). (2.13)

2Note the differences between reversible, adiabatic, and isentropic processes.
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Such a gasis termed a thermally perfect gas. Without volume variation, the internal
energy increases by the amount of input heat, as expressed in (2.8). Furthermore,
from (2.8) and (2.11),

Tds =d(h — pv) + pdv = dh — vdp. (2.14)

Therefore, at a constant pressure, the enthalpy increases by the amount of input
heat. Differentiating (2.12) and (2.13) yields

de = C,(T)dT, (2.15)

dh = C,(T)dT. (2.16)

Here, C, and C), are the specific heat at constant volume and specific heat at
constant pressure, respectively. For a thermally perfect gas, they are functions of T
alone. Moreover, if they are constant,

e=C,T (C, =const.), 2.17)

h=C,T (C,=const.). (2.18)

A gas satisfying (2.17) and (2.18) is termed a calorically perfect gas. For air with
temperature and pressure around their standard values, this simplified treatment is
effective to evaluate flow properties. In this case, the specific heat ratio,

Cp
C,’

v (2.19)

is also constant. Consequently, variables such as flow properties and shock-wave
relations can be expressed in explicit forms.

2.2 Thermal Speed and Flow Velocity

Particles in a gas move in a random manner with collisions at a finite rate. Here, we
will consider particle motions and the resulting macroscopic quantities, such as flow
velocity and thermodynamic properties.

Consider a group of gas particles with a mass of m with its center of gravity
moving at a velocity of u, as shown in Fig. 2.2. The velocity vector of each particle,
V, is equal to the sum of u and its relative velocity vector, v:

V=ud+tyv. (2.20)
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T 5

b ol

(a) Location and velocity of particles (b) Velocity decomposition

Fig. 2.2 Particle motions with a flow velocity of u

Let an upper bar — denote an ensemble average in the group at a moment.
Generally, for functions f and g, the following relations hold:

f9#73
f=r _ 2.21)
[+9=7+7_
g=r-9=r-9
By applying (2.21) to (2.20),
V=u+v=u=u v=0, (2.22)

where v is equivalent to the thermal velocity. Here, v is isotropically distributed
because the velocity of the center of mass (hereafter flow velocity), u, is constant.

2.3 Pressure

A pressure p is a compressive force exerted in the direction normal to a unit surface.
As per

(mass) x (velocity) — (momentum)
(time) T (time)
(2.23)

(force) = (mass) x (acceleration) =

a force in a physical sense is equal to the momentum produced per unit time. Based
on these relations, we will derive the pressure due to the particle motions.

Now, we set a control volume, which is the virtual domain enclosed by the cube of
broken lines in Fig. 2.3a, and analyze particle motions across the control surface A.
Let us evaluate the number of particles and the value of the corresponding momentum
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Fig. 2.3 Particle motions across a control surface A

across A. In the side view of Fig. 2.3b, for particles 1 and 3, V, > 0. That is, when
particles 1 and 3 enter the control volume through the control surface A, the momen-
tum in the x -direction of the control volume is increased if they enter the control
volume from the left. Particles 2 and 4 have a negative component of the velocity,
that is, V, < 0. If they exit from the control volume to the surroundings through the
control surface A, the “negative” momentum decreases, that is, the momentum in the
x-direction increases here as well. It follows from these results that the momentum
in the x-direction is increased irrespective of the direction of particle motions.

A flux is a physical quantity that quantifies penetration through a control surface
per unit time and area. A particle with V,, > 0 at the control surface A enters the
control volume from the left domain L. The particles passing through the control
surface A stayed in a column with a unit cross-sectional area and a length of V, a
unit time ago. The mass flux across the control surface A is equal to the mass in the
column,

oV, . (2.24)

Since the momentum of a unit mass is equal to V,, the momentum flux in the

x-direction, I, is
I, = pV2, (2.25)
which has a positive value for V, # 0 (Fig. 2.4).

In the same manner, particles with V, < 0 on the control surface A only leave
the control volume to the region L. Their mass flux is also given by (2.24), but they
have a negative value of mass flux. The momentum flux is obtained by multiplying
the mass flux and V,, yielding (2.25). In conclusion, irrespective to the sign of V.,
the momentum flux of (2.25) has a positive value. By using (2.21) and (2.22), we
take the ensemble average of the momentum flux:
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Fig. 2.4 Particles passing
through a control surface A
with a unit cross-sectional
area during a unit time
stayed in the column with a
length of V,

»|  Unit area

V.
= pVZ = plue + 07 = p(1 + 20,7 +2) = p(u2 +27).  (226)

The first term on the rightmost side of (2.26) corresponds to the contribution of the
motion of the center of gravity,® and the second one corresponds to that of thermal
motions. For isotropic, three-dimensional particle motions,

VP =02 =02 + 02 + 12, 2.27)

I P

v =0 =vl= gvz. (2.28)
By substituting (2.26) in (2.27) and (2.28),

1 —
p= gpvz, (2.29)

where p corresponds to a force due to the thermal motion of the particles, that is, a
pressure.*

2.3.1 Column: Thrust of a Rocket Engine’

By applying the results in Sect. 2.3, we can derive the thrust of a rocket engine, F.
When the engine is not in operation, the pressure inside and outside of the engine is
uniform at the ambient value of py, and F = 0. When the engine is in operation as
shown in Fig. 2.5, exhaust gas is ejected from the exit at a speed of u.. F is equal
to the difference between the momentum ejected per unit time and the force due to

[IP%2]

the pressure on the front projection surface. By adding a subscript “e” to quantities

3In this book, we do not use the term “dynamic pressure” because it may cause confusion with
incompressible fluid dynamics.

4Depending on necessity, it is also termed as static pressure, to be distinguished from fotal pressure,
which will appear later.

3See also Sect. 11.1.3.
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Fig. 2.5 Pressure Control surface
distribution of a rocket ——
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at the engine exit, we obtain

F

(pett? + pe)Ae — poAe. (2.30)

Here, A, is the cross-sectional area at the exit. The mass flow rate of the exhaust
gas, m, is given by

m = PelteAe, (2.31)

F =mue + (pe — po)Ac. (2.32)

The first term on the right-hand side of (2.32) is the momentum thrust, which is
caused by the momentum of the center of gravity, and the second one is the pressure
thrust caused by the pressure difference between the engine exit and the surroundings.
Usually, in a rocket for space transportation, the engine exit pressure is designed to
be balanced with the ambient pressure at an appropriate altitude. This implies that,
in the beginning of launch near the ground, the pressure thrust has a negative value,
corresponding to pressure loss in rocket engineering.

2.4 Internal Energy and Temperature

Let us take the ensemble average of kinetic energy of a particle group, ex.

l— 11— 1/ — 1 1—
e =3IV = Sju+v] = §<|u|2 +2u-+[vP) = S+ 20 (233)
The first term on the rightmost side of (2.33) corresponds to the kinetic energy
of the center of gravity, and the second one corresponds to the kinetic energy due to
thermal motion, which is equivalent to the translational energy, ey, and is a part of
the internal energy of molecules, as shown in Fig. 2.6.

e = 507, (2.34)
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Fig. 2.6 Translational V.
motion of a diatomic
molecule
From (2.29) and (2.34),
3
er =22, (2.35)
2p

Temperature is a physical quantity defined based on the proportion of energy of a
molecule. In this book, we introduce the following results obtained from statistical
physics [1]:

An energy of %kT is distributed to a single degree of freedom in a molecule.

Here, k = 1.38 x 1072*[J/K] is the Boltzmann constant. In a single degree of
freedom, the energy is expressed by

1
5oexz (o = const.). (2.36)

The total energy of a molecule having ¢ degrees of freedom is equal to

¢

—kT. 2.37
> (2.37)
By quantifying it for a unit mass,
e= ?RT, (2.38)
2
k
R=—. (2.39)
m

Here, R and m are the gas constant and molecular mass, respectively, as described
in Sect. 2.1.
The translational energy, e, has three degrees of freedom (¢ = 3):

1
= Smu? = SkT. (2.40)
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Fig. 2.7 Rotation of a
diatomic molecule

D
0—0 00

Fig. 2.8 Vibration of a
diatomic molecule
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Fig. 2.9 Electronic
excitation

Nucleus Electron

From (2.28), (2.34), and (2.40),

3k 3
= —-—T = —RT. 241
Cir o m ) ( )
The internal energy is the sum of the translational energy (Fig. 2.6), rotational
energy (Fig. 2.7), vibrational energy (Fig. 2.8), and electronic excitation energy
(Fig. 2.9):

€ = ey + erot + evib T+ €el- (2.42)

The molecular internal modes are excited by collisions. The higher the transla-
tional energy, the higher is the rate of excitation. This implies that the higher the
temperature, the larger is the degree of freedom. A diatomic molecule has two axes
of rotation perpendicular to the internuclear axis, thereby having two degrees of
freedom, as shown in Fig. 2.7. In molecule, the rotational energy, e, is excited at
several tens of kelvins and higher. At several hundreds of kelvins and higher, the
effects of vibrational energy, ey, gradually increases with increasing temperature.
The threshold value of temperature depends on the chemical species. In air, it is of the
order of 600 K. In diatomic molecules, as shown in Fig. 2.8, the vibrational energy
has two degrees of freedom, corresponding to the kinetic and potential energy. With



24 2 Motion of Gas Particles and Thermodynamics

further increase in the temperature up to several thousands of kelvins and higher, the
electronic excitation energy, e, is added, as shown in Fig. 2.9.

The internal-energy distribution in gas can be changed by the flow, energy input,
etc. However, after a sufficient period for the respective energy modes to con-
duct mutual energy exchanges by collisions, the local condition asymptotically
approaches a state called local thermodynamic equilibrium (LTE). In this book,
unless otherwise mentioned, we assume LTE. In monoatomic gases, air, and many
other gases, we can assume

6= 3 (monoatimic gas) = 3(translational) (2.43)
~ | 5 (diatomic gas) = 3 (translational) + 2 (rotational) ’ ’

at a room temperature up to approximately 1,000 K.

The total energy of a fluid, e, is the sum of the kinetic energy of the center of
mass and the internal energy:

1
e = E|u|2 +e. (2.44)

2.4.1 Column: Velocity Distribution Function
and Thermodynamic Properties in LTE

According to gas kinetics, the distribution of thermal velocity, v, follows a Maxwell
distribution, as shown in Fig. 2.10 [2]:

m \3/2 m
fr, vy, v) = (m) CXP[—m(vf + vi + vzz)] (2.45)

Fig. 2.10 Maxwell
distribution of thermal
velocity
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Here, f is a velocity distribution function, which is defined such that the probability
of velocity components in the range of v, ~ v, +dv,, vy ~ v,+dv,,and v, ~ v,+dv,
is given by

fx, vy, v)dvedvydo, = f(ve)dox f(vy)doy f(v,)dv,. (2.46)

From statistical physics,

m 172 m
Fl) = <—2nkT) exp(—mvx>, (2.47)
with the normalized condition of
o0
/ fu)du, =1, (2.48)
Vy=—00

[

/ ” exp(—a&?)dE = \/: , (2.49)

* VT
[ N £% exp(—a&’)dE = S (2.50)

Using these equations, the following relations are confirmed:

P=/ / / pv? f (v, vy, v2)dv doydv. = pRT, 2.51)
—00 J—00 J -0
o0 o0 o0
L, 2 2 3kT 3
fr = (v + v +07) f(vx, vy, v )dvedoydo, = =— = = RT.
. </—00/—oo/—002( y z) vy Yz ydv, > m 3
2.52)

Let us obtain the ensemble average of thermal speed. The result depends on the
type of averaging. The ensemble average of the absolute value of thermal speed, v,

is given by
[ olNe o lNe ]
b= / f / [v] f (vy, vy, v;)dvedv,do,, (2.53)
—00 —00 —OQ

with the spherical symmetry,

dv,dv,dv, = 4rv’do, (2.54)

vt = Uf + v)z, + vf. (2.55)
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From (2.45), (2.53) to (2.55),

) 3/2]0 \ a 8kT 256
v E v — —U v = —_—. .
27rkT 2kT Tm
0
From (2.50), the root mean square, v E is obtained as
— 3kT
Vo =,—1. (2.57)
m
The value of v that maximizes
m 3/2 m
—4 ( ) 2 (__ 2) 2.58
fr=an(507) w5t (2.58)
is obtained when its derivative is O:
2kT
Uy = 4/ ——. (2.59)
m
These three averages have the following relation:
om < 0 < V2. (2.60)

2.5 Equation of State of Ideal Gas

Up to this point, we have ignored the size of molecules and intermolecular forces.
Let us confirm how these assumptions are applicable to reality.

Let us denote the number density by n. The value of n under the standard condition
of po = 1.013 x 10°[Pa] and Ty = 273.15[K] is known as the Loschmidt constant,
which is ny = 2.687 x 10% ~ 2.7 x 10[m~3]. It follows that the average inter-
molecular distance is approximately equal to n 3 = (1/3) x 1078 = 3[nm]. The
frequency and travel distance for molecular collisions are dependent on the collision
cross section, o. The effective diameter of nitrogen, which is the largest constituent
of air, equals d = 3.8 x 107!°[m] = 0.38[nm]; for oxygen, it is 0.36 [nm]. By using
this value, we obtain ¢ = wd? = 4.5 x 10~'°[m?]. The mean free path, A, is the travel
distance between successive collisions: A = 1/(\/§on0) = 6 x 1078[m] = 60[nm].
In summary, in air under standard conditions, the intermolecular distance and mean
free path are one and two orders of magnitude larger than the molecular size, respec-
tively. The volume occupied by the molecules is three orders of magnitude larger
than the volume of molecules. Under such conditions, we can reasonably adopt an
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Fig. 2.11 Typical
dimensions in air under
standard conditions

ideal gas model in which the effects of molecular size and intermolecular forces are
neglected (Fig. 2.11).
The equation of state of an ideal gas is obtained by combining (2.35) and (2.41):

p = pRT. (2.61)

By substituting
p =mn (2.62)

and (2.39) in (2.61), we obtain
p = nkT. (2.63)
Since
N

n= v N, number of molecules;V, volume, (2.64)
pV = NkT. (2.65)

By using the universal gas constant, R[J/(mol x K)], and Avogadro’s number,
Nj = 6.022 x 10%[mol '], we obtain

N —~
pV = —kNAT = MRT, (2.66)
Na
R =kNy, (2.67)
where
~ N
M= — (2.68)



28 2 Motion of Gas Particles and Thermodynamics

is the mole number. Equations (2.61), (2.63), (2.65), and (2.66) are equations of state
expressed in different units, all of which are equivalent to each other.

2.5.1 Column: Mean Free Path

Let us derive the mean free path, 1, by considering the mean free time, t. These two
quantities are related by the particle speed, v, as follows:

A =T, (2.69)

Let us consider the motions of two particles, particle 1 with velocity v; and particle

2 with velocity v;, as shown in Fig. 2.12a. The relative velocity vector, as shown in

Fig. 2.12b, is given by

V=V] — V. (2.70)

By using this relative velocity, the motion of particle 1 is observed from particle

2 in the manner shown in Fig. 2.12c. Assume that they are rigid spheres with radii

of r| and r,, respectively. For these particles to collide, the distance, R, between the
two lines in Fig. 2.12c¢ should satisfy the following condition:

R <ri +nr. 2.71)

If we regard each particle as a dot, particle 1 has an effective collision cross section
against particle 2 with a radius of Ry,:

Rm =r +nr. (272)

If the particles are of the same type, Ry, is equal to the diameter of the particle.
In any case, the collision cross section, o, is given by

o =nR2. (2.73)

The condition for a certain particle to collide with another one is equivalent to the
condition that one particle exists in the volume swept by that particle; that is,

oin =1, (2.74)

or

A=—. (2.75)
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(a) Locations and velocity vectors (b) Relative velocity vector

v

(¢) Motion of particle 1 observed from particle 2

(d) Particle 1 having a circular cross section with a radius of Rm

Fig. 2.12 Motions of two particles, particle 1 (left) and 2 (right)

Equation (2.75) is valid if all particles have the same speed. However, in reality, as
shown in the previous column, the particles have a velocity distribution determined
from statistics physics. In this case, the value of A needs to be corrected.

In order to obtain an accurate value of X, let us determine the collision frequency
with the effect of velocity distribution taken into account. Here, we assume gas parti-
cles of the same type. Let a colliding particle be labeled 1 and the counterpart particle
be labeled 1°. Of course, in practice, we cannot discriminate between particles. The
particle collision frequency, Z;;, per unit volume and unit time is obtained by multi-
plying n? and the integration of the reciprocal of the free flight time before collision,
|vi — vi/|o, with respect to the respective velocity distribution functions. By using
(2.45),
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n*c; m \3 m
Z = T(erkT> /dvl/dvl/lvl - Vlrlexp{—m(vf —}—vf,)}, (2.76)

where the integration is divided by 2 because each collision is doubly counted such
as particle 1 to particle 1’ and particle 1’ to particle 1. The velocity of the center of
mass, Vg, and the relative velocity, v, are expressed using v; and vy:

mi my Vi +Vyp

— ) = , 2.77
VG m1+m1’V1+m1+m1,V1 > (2.77)
V=V — V. (2.78)
Therefore,
v
Vi =vVg + > 2.79)
v
Vi =Vg — E (280)

By substituting (2.76) in (2.79) and (2.80), we obtain

z n? /d /d 202+ v? n2c [8kT  n200
= — ex — | =——=y—=—

=7 anT ¥G | dvvexpi = | 206 + 2V T
2.81)

The collision frequency for a certain particle to collide against other particles is
given as the reciprocal of t:

1 2z
- =221 = Vnow. (2.82)
T n

Here, Z, is multiplied by 2 because we specify the colliding particle. From (2.69)
and (2.82) with v = v,

v 1
A= = . 2.83
ﬁnm’) ﬁno ( )

Note here that (2.83) differs from (2.75) by a factor of 1/ /2 because only (2.83)
is obtained by taking the effects of velocity distribution into account.
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2.5.2 Column: Real Gas

When the density of the gas is such that the effects of molecular size and intermolec-
ular forces cannot be neglected, the equation of state does not follow (2.61). Such a
gas is termed a real gas. If we apply the order estimation in Sect. 2.5 to a gas at room
temperature with a pressure 1,000 times as high as the atmospheric pressure, from
simple calculus, the intermolecular distance would become of the same order as the
molecular dimensions. With such a high density, real gas effects become significant.
A typical equation of state for a real gas includes the compressibility, z:

p =zpRT. (2.84)

Here, z = 1leads to the ideal gas equation. As shown in Fig. 2.13,at 7 = 300 [K]
and p < 15.5 [MPa], z = 1.00 £ 0.01. Therefore, air is regarded as an ideal gas in
this range.

Another form of the real gas equation is the van der Waals equation of state [3]:
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a 1
(p+§>(u—b)=(p+ap2)(;—b> = RT, (2.85)

where a and b are constants. A resultant force exerted on a molecule is proportional
to the density. The number of molecules experiencing the intermolecular force is
also proportional to the density. Consequently, the effect of the intermolecular force
scales as p?> = 1/v?%. Therefore, the term a/v? corresponds to a decrease in pressure
due to the intermolecular force. The term —b reflects a decrease in the effective
volume due to the volume occupied by the molecules.®

2.6 Isentropic Processes

Generally, flow is accompanied by loss due to heat, friction, vortices, shock waves,
etc. Entropy, s, is a thermodynamic property that quantifies such losses. Unlike
other thermodynamic properties, the variation in s is usually more important than its
absolute value. Let us formulate e as a function of s and v.

a a
de = o¢ ds + i dv, e =-¢e(s,v). (2.86)
as /,, v/
On comparing the above with (2.8),
a
(—e) =T, (2.87)
as /,,
a
(—e> = _p. (2.88)
v/

Even without heating, entropy increases with the generation of friction, vortices,
shock waves, etc.
By transforming (2.8) for a calorically perfect gas,

ar . 46)

ds=C,— + R
Ky T+

1
—~ =C,dInT + Rdln(—) = C,dIn(Tp'™7), (2.89)
» 1Y

d

C—S =dIn(Tp'7) =dIn(p'"T") =dIn(pp 7). (2.90)

v

Therefore, for isentropic processes with ds = 0, the following relations hold:

= const., P

= const., Lo const. 2.91)
pr! T oY

SFor air, a = 1.6 x 10%[J - m?/kg?] and b = 1.3 x 1073[m3 /kg] (Fig. 2.14).
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2.7 Enthalpy, Total Temperature, and Total Pressure

In steady flow, a stream line is drawn by connecting the tangents to the velocity
vector of a flow element. For inviscid flow, the stream line is equivalent to the wall
that separates adjoining flow elements. Let us consider a control volume bounded by
two stream lines, as shown by the gray region in Fig. 2.15. Here, we neglect gravity.
The fluid flows in through control surface 1 and flows out through control surface 2.
How much energy does this fluid gain after passing through the control volume? The
fluid element in the control volume experiences a force of p; A; in the flow direction
on control surface 1. The fluid on the left-hand side of the flow element pushes it in
the same manner as of a “piston” with a velocity of u;, thereby inputting a power
of pju; Ay to the element. On the other hand, on control surface 2, the flow element
pushes the fluid on the right-hand side, consuming a power of p,u;A;. By using
a constant mass flow rate of pju1A; = prurA(# 0), this power balance can be
expressed as follows:

paurAzey — prutArey) = piut Ay — paurAs

P1 P2
p1urAq (&,1 + —> = pausAs <€z,2 + —>,

L1 P2
el + A e+ Q (2.92)
L1 P2
Here,
15
ep=e—+ Eu (2.93)

is the total energy. By using the enthalpy, as expressed in (2.11), (2.92) is expressed
in a simpler form:

1
he=h+ Euz = const., (2.94)

where h; is the total enthalpy or stagnation enthalpy. Equation (2.94) implies that the
total enthalpy is conserved along a stream line. When a flow becomes stagnated at a

Fig. 2.15 Work exerted on a
flow element bounded by \
two stream lines \

T Streamline_
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Fig. 2.16  Subsonic flow Stagnation point: 2. I} (u=0)

over an immersed body
St%

point on an immersed body, as shown in Fig. 2.16, A, is equal to the static enthalpy
at the stagnation point.
From (2.11), (2.38), and (2.61),

hze+pu=e+l3=e+RT=(§+4>Rr (2.95)
0

Equation (2.95) implies that £ is larger than e by two degrees of freedom. This
difference corresponds to an energy of pv, which is necessary to create a vacant
volume of v at a pressure of p. For a calorically perfect gas, they are given by

¢ 1 I p
e=C,T=—-RT=—RT = ——~, (2.96)

2 y —1 y—1lp

2
h=c,r =23 2kr = ¥ g Y P (2.97)
2 y —1 y—1p
— ¢T+2 _ ¢+2 [ 3(monoatomic gas at room temperature, ¢ = 3) (2.98)
V= ¢ ¢ | i(diatomic gas at room temperature, ¢ =5)

When the flow of a calorically perfect gas with u, p, and T stagnates to yield a
pressure of py and a temperature of 7;, from (2.94),

R R 1
YR =Y g (2.99)
y —1 y —1 2
V_lz
.,=T . 2.100
t +2VRM ( )

The temperature when the flow stagnated, Ti, is termed the total temperature or
stagnation temperature. In order to distinguish 7 from T, the former is termed static
temperature. T; does not depend on stagnation processes or on entropy variation.

For example, when a space ship reenters the Earth’s atmosphere, the entry speed
is as high as 8 km/s. For a calorically perfect gas with T = 200 [K], the stagnation
temperature is as high as
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14—-1

831
2x 14 x 305 10=7

T, = 200 + x (8 x 10%)? = 3.2 x 10* [K].

Note here that, in reality, the temperature would not increase so much because
the values of specific heat would increase with the increasing temperature.
Let us see how the pressure varies with stagnation. From (2.90) and (2.100),

)4

Do T 7T As y—1_ \rT As
— == —— ) =14+ —M —— ), 2.101
p (T) exp( R) ( T “P\TR 10D

a=yRT = |*2 (2.102)

0
m="= (2.103)
a

where a and M are the speed of sound and Mach number which is the ratio of the
flow speed to the speed of sound, respectively. In particular, the pressure, p, resulting
from isentropic stagnation, As = 0, is termed as a stagnation pressure.

4

Y
Dt T\ T y—1 5\
2 (2= =(1+—M 2.104
P <T> < T ) ( )

Comparing (2.101) and (2.104), we see that the pressure is decreased by a factor
of exp(—%) which is caused by the entropy increase. This is termed as a pressure
loss.

Pitot tube, Fig. 2.17, is a device to measure the Mach number of flow. A Pirot
pressure, ppiwr, 1S measured with its tip being directed against the flow direction.
Also, the static pressure, p;, on the side wall is measured.” From (2.94),

Shock wave

p u=0,p

Pitot

1{ ?]’1 tot

Pressure sensor

(a)Pitot tube in flow (b) Flow near tube tip in supersonic flow

Fig. 2.17 Measurement of flow Mach number using Pitot tube

7For subsonic flow, the static pressure is measured using through the outer passage of a double tube.
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1
dh, = d(h + §u2> =0. (2.105)
Letting ds = 0 in (2.14),
d
an— L —o, (2.106)
P
d 2
P 2

The integration of (2.107),

d 2
/ i + g const. (2.108)
P 2

is Bernoulli’s equation.® Note here that this equation is applicable only for isentropic
flows.

As shown in Fig. 2.17b, if we put a Pitot tube in supersonic flow, a shock wave
is generated ahead of it, being accompanied with an entropy increase. On the center
axis of the Pitot tube, the shock wave becomes normal to the flow. Behind the normal
shock wave, the flow becomes subsonic, then is isentropically decelerated to the
stagnation point. From these relations and using results of Chap. 4, Rayleigh’s Pitot
tube formula is obtained.

P1

2
LR D
p

y+1

p_ DM 2.110)
o (yY—-DM?242 ’

12 00 \12
M, = <ﬂ> (—1> M Q2.111)
p p

i -1 7
%: <1+VTM12)V 2.112)
1

(M? - 1) (2.109)

(y_ﬂMzﬁ
itof itof 2
Prior_ Pt PPitot _ : (2.113)

popP ()T
y+1

As seen in Fig. 2.18, the Pitot pressure is approximately equal to the total pressure
for M = 1, yet becomes lower for high Mach numbers. This is caused by the entropy

8Equation (2.108) differs from that for incompressible flow.
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Fig. 2.18 Comparison 10*
between Pitot pressure and
total pressure
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increase due to the normal shock wave. With M = 4.4, pp; becomes one order in
magnitude smaller than p;.

2.8 Multicomponent Gas Mixture

Many gases including air are mixtures of plural chemical species. Let us derive
relations about thermodynamics properties of multicomponent gas. Here, we assume
that each component behaves as ideal and thermally perfect gas at a temperature of 7.
According to Dalton’s law, the pressure, p, is equal to the sum of the partial pressure
of the components, p; i =1---N).

N
p=)Y pi= Zp,RT ZY,O—T_,ORT (2.114)

i=1 i=1 i=1

N
where ¥; and W; are the mass fraction and molecular mass, respectively, of a chemical
species i. A quantity with - is a mass-averaged value. R is the gas constant of the

mixture, and has a unit of [J/kg - K]. In the same way, the enthalpy of the mixture is
given by

(2.115)

%II =
g|

h:ZYihi, (2.116)
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Fig. 2.19 Enthalpy of air in 130

equilibrium, Tief = 0 (K), s
the broken line corresponds -
to calorically perfect gas
with y = 1.4 courtesy to = 100 |
Prof. T. Sakai (Tottori =
University) E :
= soF
oE
0

T

hi = hes(Tt) + ] CpidT. 2.117)
Tret

hg ;i (Tyer) is the standard enthalpy of formation of a species i at a reference tem-
perature, T, which is a necessary energy to produce the chemical species from
fundamental elements such as nitrogen gas, oxygen gas, solid carbon, etc. Although
h; is a function only of T, & depends not only on 7 but also on p because Y; depends
on both.

Figure 2.19 shows the equilibrium air enthalpy at various temperatures and pres-
sures. Up to around 1,000 K, the assumption of calorically perfect gas with y = 1.4
is reasonably applied. Up to about 2,000 K, the pressure dependence is small.

In order to obtain the speed of sound of the mixture,’ it is necessary to relate
variation of species mass fraction with pressure. If the chemical reactions are so fast
that the mass fractions follow to an equilibrium state, we can obtain an equilibrium”
speed of sound.

9
a, = <—p) , (2.118)
P/ s Yi=Vies.0)

where Y; . (s, p) is a mass fraction in equilibrium at an entropy s and density p.

Yet, in many practical conditions as is dealt with in this book, pressure fluctuation
is so weak that we can neglect variation in mole fractions. Under this condition,
we use a frozen speed of sound, which can be expressed in an explicit form. For
isentropic processes,

d
dh— 2 — .

0

9We will learn the definition and derivation of speed of sound in Chap. 8. Here, we only use the
result.
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Assuming calorically perfect gas,

dh; = C,,dT.

Under the condition that Y; of each species is kept constant,

N N N
dh =Y (Vidh; + hdY;) = Y Yidhy = Y ¥:C,pdT.

i=1 i=1 i=1

Substituting (2.118) with (2.121) with

— dp C dp C
Cpar - = Z2a( L) -2 - &
o R \p

39

(2.119)

(2.120)

(2.121)

(2.122)

Pap
dp — —=dp =0. 2.123
PR (2.123)

where (2.114) is applied. Transforming this to substituting (8.6), the frozen speed of

sound is obtained such that

1
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|

N
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o

Q)
S
|
=|
O
<

(2.124)

(2.125)

Here, the specific heats and the specific heat ratio do no need to be constant, but
should depend only on the temperature. Equation (2.124) is in the same form as of

a single component gas.
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Chapter 3 ®)
Basic Equations e

When analyzing flow, it is often sufficient to observe the spatiotemporal variation of
macroscopic quantities of a continuum fluid, such as the flow velocity and thermo-
dynamic properties, rather than to trace all particles. In this chapter, we will derive
the basic equations of compressible fluid dynamics. Although diffusion, viscosity,
and heat conduction are important transport phenomena, their influence on pressure-
wave propagation is quite limited. Therefore, unless otherwise stated, we will deal
with inviscid flow in this book.

3.1 Conservation Equations

Let us consider a control volume with a volume V, as shown in Fig. 3.1. This is
enclosed by a control surface A, which is a virtual surface constructed for the anal-
ysis. Let u be the flow velocity, which is a vector quantity. We shall formulate the
conservation relations of mass, momentum, and energy.

First, let us learn an important quantity, flux, which quantifies a physical quantity
through a control surface per unit area and during a unit time. We have “mass,”
“momentum,” and “energy” fluxes, depending on the type of quantity.

3.1.1 Conservation of Mass

A mass flux passing through a control surface with a cross-sectional area of dA and
an outward normal vector (unit vector) of dn is equal to

pu - ndA. 3.1)

Here, the flux exiting through the control surface is defined as positive. The time
variation of mass in the control volume is equal to the net mass that enters and exits

© Springer Nature Singapore Pte Ltd. 2020 41
A. Sasoh, Compressible Fluid Dynamics and Shock Waves,
https://doi.org/10.1007/978-981-15-0504-1_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-0504-1_3&domain=pdf
https://doi.org/10.1007/978-981-15-0504-1_3

42 3 Basic Equations

Fig. 3.1 Control volume u

Control surface A

through the control surface:

ad
— | pdV = —/ p(a-n)dA. (3.2)
ot 1% A

Assume that the control volume does not move or change its shape. By applying
Gauss’s divergence theorem, we obtain

9
/—pdV—l—fV-(pu)dV:O,
v ot 1%

ap
/ {— +V. (,ou)}dV =0. (3.3)
v | or

Since the above equation is applicable to any control volume,

ap

o TV (ow =0. (3.4)

The above is the equation of mass conservation.

3.1.2 Conservation of Momentum

For the variation of momentum in the control volume during a unit time, the following
equation holds:

[momentum increment in control volume] = [momentum through control surface]

+ [force on control surface]+[force in control volume]. 3.5

Since momentum is a vector quantity, its conservation equation should be formu-
lated for the respective components. The momentum per unit volume is pu, and the
momentum flux is —pu(u - n). Several types of forces are directly exerted on each
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molecule, such as the force of gravity and electromagnetic forces. We name such a
force as a volume force. While the force due to pressure over a control volume is
evaluated only by accounting for the pressure on the control surface, the force due
to the volume force should be evaluated by integrating over the whole volume. Let
a volume force be designated by f. Thus, (3.5) yields

]
,oudV——/,ou(u~n)dA+/c-ndA+/ ofdV. (3.6)
a1 A A v

By applying Gauss’s divergence theorem to the i-th component of the first term
on the right-hand side, we obtain

opu;u;
‘mdA | = iw-m)dA= [ V- (puwdV = dv.
[ /A pu(u - n) l /A pui(u-n) f (puju) / Z o,

3.7)

o in the second term on the right-hand side of (3.6) denotes the stress tensor. Assuming
an inviscid fluid, it only has diagonal pressure components:

oij = —pdij, (3.8)

where i and j correspond to the direction of force and the direction of the normal
vector, respectively. §;; is the Kronecker delta function.

s _|1@=h
YUloGa £ )

a0;; ap
o-ndA indA = / dV =— | —=4v. 3.9
[[oma] =3 [laman= |3 5tav = [ v o)

Therefore, in the same manner as for the mass conservation, the i-th component
of the momentum conservation equation, (3.6), is written as

3
d opujuj  op
—(pu; — + — — pfi ¢dV =0,
/V at(p”H; ox, om P

3
el opu;u; op
Z(pu; e Y 3.10
at("“”g o, ox, T PF (3.10)

By designating the flow velocity components of u by (u, v, w) on Cartesian
coordinates (x, y, z), the x component of (3.10) is expressed as (Fig. 3.2)
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Fig. 3.2 The x-component -

of momentum fluxes E
: N
pu-u
—_—
* X
OW U
) dpu> 9 ) 0
X - component: oon + U + puY + puw _ P + ofx, (3.11)
ot ox ay 0z ax

where the three momentum flux terms on the left-hand side correspond to the
momentum flux past a control surface normal to the x-, y-, and z-axes, respectively:

2 . .
ag;:; = 8’;%: x component of momentum difference through control surfaces
normal to the x-axis,
"g’:” = 3’;1;‘”: x component of momentum difference through control surfaces
normal to the y-axis,
a%;;“' = apa#: x component of momentum difference through control surfaces

normal to the z-axis,

dpv  dpvu  dpv>  dpvw ap
- . —— = —— ' 312
Y -eomponent: =+ T oy T a: oy TPh (3-12)
0 0 a dpw? ad
Z - component: i + pHn + ik + o _ P + pf;. (3.13)
0x dy 9z 0z
In vector form,
apu
WJFV'(W ®u) = —Vp + pof, (3.14)
where a ® b denotes a tensor product!:
ai a1by a\by a1bs
a®b= ay (b] b2 b3) = Clzb] a2b2 a2b3 5
az aszby azb; azbs

'Here, x; = x, xp = y,and x3 = z.
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8a1b1 3a1b2 3a1b3
axl 8x2 + 8x3

3612[)1 3612[)2 86121)3
8x1 8)62 + 8)63

8a3b1 8a3b2 8a3b3
8)61 + 3)62 + 3)63

V-(a®b)=

Equation (3.14) is the momentum conservation equation without viscosity, named
Euler’s equation of motion in a conserved form, in which no differentiation has a
variable coefficient. This form fits the instinctive understanding of a conservation
relation and minimizes discretization error.

Euler’s Eq. (3.14) is transformed into another form after decomposing it to a
vector form and utilizing the mass conservation equation given by (3.4):

Ju ap
p§+u §+V~(pu) +p(u-Vyu=—-Vp+ pof,
=0
oJu
po P V)u=—Vp+pf. (3.15)

In this, non-conservative form of Euler’s equation, the physical meaning of each
component is clear. The convective derivative,

d 0 0
-V=u— — —, 3.16
u u3x+v3y+w8z ( )

corresponds to a variation observed on a flow element. The second term on the
left-hand side of (3.15) is named the convective term, which is the origin of flow
nonlinearity.

A substantial derivative,

3
— =2 4u.v, (3.17)

is the total derivative with respect to i—’t‘ = u, which quantifies flow variation observed
on a flow element. By using the substantial derivative, (3.15) yields

Du g, (3.18)
poy =P+t :
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3.1.3 Conservation of Energy

The rotal energy, e, of a fluid element is the sum of the internal energy and kinetic
energy.

1
e=e+ z|u|2 (3.19)

The variations of the total energy in a control volume per unit time are formulated
as follows:

[total energy increment] = [energy flux through control surface]
+ [work with pressure on control surface] + [heat transfer on control surface],

+ heat input to control volume] + [work with volume force],

—/peth_—/petu~ndA—/pu-ndA—/q-ndA+/deV-i—/pf-udV (3.20)
A A A \%4 |4

where Q denotes the heat input per unit time to a unit volume. By using Gauss’s
divergence theorem,

] .
/ perdV = —/ V. (peqn)dV —/ V. (pw)dV —/ V.qdV +/ pQdV +/ pof -udV.
ar A 14 v 14 14

(3.21)
For (3.21) to be applicable to any volume element,
?+V (pet+ ppu=—V-q+pQ + pf - u, (3.22)

det op
pf—l—pu Vet—l-et{af—i—v (pu)}—!—pV utu-Vp=-V. q—l—,oQ—I—,of u.

ot [B]
[A]

By applying (3.4) and (3.15) to [A] and [B] in the above equation, respectively,
and by using (3.19), we obtain

O (er L) 4 pu-v(et LuP) +pv ou+t o -V of
—(e+=u u-Vie+ =|u ‘utu-{—p— —p@-Viu
palets p 5 p o P p

=-V.q+pQ+pf-u
uj?

a .
pos+pu-Vet pV u+pu- Voo —pu- {(w-Vyu} =-V.q+p0.

Since
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u (u-Vu
u-f{@-Via=| v|-| @V =%<u-V> lul?,
w (u-Vyw
De .
pE+pV-u=—V~q+pQ. (3.23)

By using (3.4) and (3.17), we obtain

1 Dp
Vu=———. (3.24)
p Dt
Combing with (3.23), we obtain
De  p Dp 1V L0 = Dv 1V L0 (3.25)
Dt p*Dt p 1 =Py P q » ’
1
v=—. (3.26)
0

Equation (3.25) gives the variation in internal energy due to a variation in volume,
heat transfer, and volumetric heat input. By substituting the second and third terms
on the rightmost side of (3.25) with the heat input § Q and the substantial derivative
of X with dX, we obtain

8Q = de + pdv. (3.27)

The above is the first law of thermodynamics applied to a flow element. By using
the enthalpy, A:

h=e+ L et pu, (3.28)
0

80 =dh — vdp. (3.29)

Note here that, in (3.27) and (3.29), the effect of volume force does not appear,
because it affects only the motion of the center of gravity and not the compression
and expansion of the element.

Next, let us consider the variation of kinetic energy of the center of mass. By
taking the inner product of (3.15) and u, we obtain

M@ vu= 2 (Lap) = (2 Y2 ¢ (3.30)
u at u u u—Dt 211 = P u. .
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This equation implies that the flow kinetic energy varies with the pressure gradient
and volume force. Because the pressure varies with the internal energy, the flow
kinetic energy and internal energy are coupled with each other.

To summarize these results, in the total energy, the internal energy varies based on
the first law of thermodynamics, as expressed by (3.27), and the flow kinetic energy
varies based on the equation of motion, as expressed by (3.30).

3.1.4 Other Relations

In three-dimensional flows, a flow condition is defined by five independent parame-
ters—two thermodynamic properties and three velocity components—each of which
is a function of position (x, y, z) and time ¢. In this chapter, we have derived five
conservation equations: one for mass, three for momentum components, and one
for energy. Therefore, the number of governing equations is equal to the number of
unknown parameters. However, the conservation equations involve more than two
thermodynamic parameters: e, p, p, and, after a transformation, a, which is expressed
by thermodynamic properties such as & and 7. A thermodynamic property can be
given as a function of two other properties. For example, the internal energy is given
as a function of pressure and density:

e=-e(p,p). (3.31)

Therefore, the number of governing equations is equal to that of independent
unknown parameters. Such a flow problem can be solved with appropriate initial
and/or boundary conditions.

3.1.5 Similarity in Inviscid Flow

In this book, we deal with inviscid flows, in which we implicitly neglect diffusion,
viscosity, and heat conduction. In such flows, no characteristic length exists, that
is, the flow is self-similar. Let us show this similarity in Euler’s equation. Let the
variables appearing in (3.15) be normalized using three characteristic parameters
Poos L, and Uy:

_r
poo/Ugo '

-1
1]
<
1]

LV, j

u
: — : (3.32)
UL/L Poo Us  L/Usx

Ju - D -
M Vii= ——P 4 (3.33)
at 0
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The Euler’s equation in a dimensionless form, given by (3.33), holds irrespective
of the value of the length scale, L. Therefore, under the same flow conditions, flows
with similar shapes are similar.

3.2 Galilean Transformation

A flow field around an airplane flying at a constant velocity observed from the
ground is different from that observed from the airplane with respect to the flow
velocity. In the sense of dynamics, the flow is observed on different inertial frames
of reference that move at a constant relative velocity. However, the distribution of
thermodynamic properties such as pressure and temperature should be uniquely
determined irrespective of the inertial frame of reference. For the flow to be consistent,
the form of governing equations must remain unchanged on any inertial frame of
reference. In this section, we will confirm this.

3.2.1 |Inertial Frame of Reference

A frame of reference fixed on the ground is termed a laboratory frame. A laboratory
frame on Earth is approximately regarded as an inertial frame of reference.> Assume
that an airplane is flying with a constant velocity vector of U in a quiescent atmo-
sphere, as shown in Fig. 3.3. When observed from the airplane, as shown in Fig. 3.4,
the flow comes toward the airplane with a velocity vector of —U. For transformation
between these frames, we will perform the Galilean transformation as follows.

Fig. 3.3 Motion of an U
airplane flying in a quiescent :h\ - —
atmosphere at a constant —— e
velocity of U observed from
the ground . u=»>0
Y
o

2Strictly speaking, a frame fixed on Earth is not an inertial frame of reference, because an object
experiences an inertial force due to Earth’s spin. Yet, for example, a centrifugal force due to Earth’s
spin is equal to 0.03 cosp[m/s?] (¢, latitude) of Earth’s gravity, which is only 0.3% at most.
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Fig. 3.4 Incoming flow with P u'=-U
a velocity vector of —U 3‘}" g
observed from the airplane s - _..;l"'"—'

3.2.2 Galilean Transformation

Let us consider an inertial frame of reference A with the origin O, as shown in
Fig. 3.5a. Let the pointing vector of a particle, x, be defined by

X
x=1y]l. (3.34)
z

Next, consider another inertial frame of reference B with the origin O’, which
moves at a constant translational velocity vector U on Frame A, as shown in Fig. 3.5b.
There is no relative rotation between these frames. The pointing vector of the same
particle on Frame B, as shown in Fig. 3.5b, is defined as

(SN
r

y’

0 U7 o 2

(a) Frame A (b) Frame B, moving at a constant velocity
of U with respect to Frame A

Fig. 3.5 Two inertial frames
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x/

X =yl (3.35)

’
Z

As shown in Fig. 3.6, these two pointing vectors are related to each other by

X =X —Xg, (3.36)
x' x —xo (1)
Yi]=|y—yo®]., (3.37)
4 7 —zo(t)
t'=t, (3.38)

where ¢ and " are the time in Frame A and B, respectively. Here, we assume that U
is constant. Then, the position of O’, X¢-, is a function of ¢ alone.

U,
dxo (1)
U= =| Uy |. .
m y (3.39)
U,

By using the above relations, let us conduct a transformation from Frame A to B.
The derivatives between these frames are related by a Jacobian matrix Y:

ot’ 9x’ ay’ 97
at o0t 0Jt Ot
ar’ ax’ dy’ 97

EIGR'9] dx dx dx x
S bt R B S B 3.40
13(t, )| ot" ax’ 9y’ 9z (3.40)

dy dy dy dy

dz 0z 0dz 0z

Therefore,

Fig. 3.6 Relation between
two pointing vectors
referring to the same particle

o
X =X—X,
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3 Basic Equations

0
ot at’ ) ) ) )
0x ox’ 2
=Y 5 | = dx r (3.41)
ay ay s
p 5 a7’
0z o7’
In a vector form,
0 0
5 = a7 U v, (3.42)
ax
, 0
V=V=| — (3.43)
y
0
a7/

Equations (3.42) and (3.43) are the equations for Galilean transformation. The
spatial derivatives are expressed in the same form. However, note that the term —U-V’
should be added to correct for the relative translational motion between the frames.

3.2.2.1 Galilean Transformation of Conservation Equations

Let flow velocities u and u’ on Frame A and B, respectively, be defined by

dx
u=—,

dr
_ dx’
Todr

!’

From (3.36), (3.38), and (3.39),

(3.44)

(3.45)

(3.46)

Let us transform the conservation equations, given by. (3.4), (3.15), and (3.23),

by using (3.42), (3.43), and (3.46).

(1) Conservation of mass
By applying Galilean transformation to (3.4), we obtain
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9
a_f/ —U-Vp+V . pU+u)=0. (3.47)

U is a spatiotemporal invariant, that is,

vV.Uu=0,, (3.48)
oU
— =0 3.49
ap (3.49)
Thus, Eq. (3.47) becomes
ap , /
— 4+ V' (pu') =0. (3.50)

or’
The above equation has the same form as (3.4).

(2) Conservation of momentum
In the same manner as for the conservation of mass, Galilean transformation is
applied to (3.15):

0
p<§ -U. V’)(U +u)+pU+u) - V(U+u)=—-Vp+pf,

. (350

!

au ! /! /
p¥+pu V' =—-V'p 4+ of.

which has the same form as (3.15).

(3) Conservation of energy
By applying Galilean transformation to (3.23),

0 .
p<% —U~V’)e—i—p{(U—i—u’)'V’}e—i—pV’ (U+u)=-V.q+ps0,

] .
,08—; + o0 V)e+ pV u = —V' - q+ ps0. (3.52)
From (3.50) to (3.52), each conservation equation is expressed in the same form
on (', x") coordinates. Moreover, a substantial derivative does not change its form
by Galilean transformation.

D_? uva? uviwswyv=Lrw.v=2 @s3
Dt~ ot T ot T Dy T

Note here that Galilean transformation is applicable only under the condition that
U does not vary; it is not applicable to frames with relative acceleration.



Chapter 4 ®)
Discontinuity oo

When we drive a car on a highway, we occasionally have to press the brake pedal
at a sudden traffic jam, the cause of which we do not readily understand. From a
bird’s-eye view, we see a boundary past which the car density and speed sharply
change, as shown in Fig. 4.1a. Moreover, Fig. 4.1b shows water and oil in contact
with each other, while Fig. 4.1c shows a stone slipping on ice. In such cases, two
media with different densities and/or velocities are in contact. Such a discontinuity
can appear even in flows.

In this book, we deal with flows of continuum fluids; the dimensions of objects
are much larger than the mean free path of the fluids. It seems contradictory that
discontinuity exists in continuum fluid. Yet, the flow can have a significant spatial
variation within a short distance of the order of tens of the mean free path (or, in a
traffic flow, within a distance of tens of the vehicle-separation distance). We regard
such a short-distance variation as a discontinuity. There are several types of discon-
tinuities classified according to how the conservation relations in fluid dynamics are
satisfied through them.

4.1 Condition and Classification of Discontinuity

4.1.1 Rankine-Hugoniot Relation

Let us assume a discontinuity in a flow and consider a control volume 2 (ABCDE-
FGH) that encloses it by the control surface ®, as shown in Fig. 4.2. The control
volume €2 is assumed to be so thin that the flow does not temporally change in the
period during which the flow passes through it. The flow is uniform along the dis-
continuity. By applying Galilean transformation to the conservation equations in a
conserved form, given by (3.4), (3.14), and (3.22), we obtain

© Springer Nature Singapore Pte Ltd. 2020 55
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(a) Traffic jam suddenly appearing on a highway, courtesy
of Prof. K. Nishinari (The University of Tokyo)

& -
4

C

(b) Contact between water

1y=0 Slip surface
(c) Slip surface

and oil

Fig. 4.1 Examples of discontinuity

V- (pu) =0, 4.1)
V-(pu®u) = —Vp + pf, 4.2)
V- {(pec+ pyu} = V- (phw) = p(Q + £ - u). 43)

By using Gauss’s divergence theorem with respect to the control volume 2 with
a control surface &, we obtain

/ V- (pw)dV = [ pu-ndA =0, “4.4)
Q @
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Fig. 4.2 A control volume
(ABCDEFGH) with a
control surface ® enclosing a
discontinuity

/Domain 2

Domain 1 dn(dm\-‘nsn'eam)

(upstream) i

B

N — B Discontinuity

f {V-(pu®u) + VpldV = / pfdV,

Q Q

/{(pu@u)}-ndA+/ VpdV:/,ode, 4.5)
@ Q Q

/ V- (phu)dV = / (phw) - ndA = f ,0(8Q +f- u)dV. (4.6)
Q @ Q

We set the x coordinate to be normal to the discontinuity, with the control volume
having a thickness of dx and widths of dy and dz. n is a unit vector normal to a control
surface element toward the outward direction. With dx decreasing to an infinitesi-
mally small value, dx — 0, the volume of €2 also decreases to an infinitesimally
small value as dV = dxdydz — 0, with dydz remaining finite. Under this ultimate
condition, we can neglect fluxes through the side elements of the control surface and
the source terms.

From (4.4),

(oW ApHE - MADHEAYAZ + (PW)ppGe - MBFGedydz = 0,
{(ou) ApHE — (PWpEGC} - NaDHE = 0. 4.7

By denoting the value on the upstream side on ADHE and that on the downstream
side on BFGC by subscripts 1 and 2, respectively, we have

P1U] = pPaUs. (4.8)

In the same manner, the right-hand side of the momentum conservation equation,
expressed as (4.5), vanishes with dx — 0:
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,0114% + p1 = /0214% + p2 4.9)
P1UIV] = P2U2V2,

PLujwy = PaUzW3.
By performing a transformation using (4.8),

prui(vy —v2) =0, (4.10)

pruy(wy — wy) = 0. (4.11)
From the energy conservation equation, expressed as (4.6), we obtain

pruthyr = paushyy,
prur(hgy — hip) = 0. (4.12)

Equations (4.8)—(4.12) are known as Rankine—Hugoniot equations. They describe
flow variations even past a discontinuity. Note here that, except for the momentum
equation along the normal to the discontinuity, expressed as (4.9), each equation has
a form of the product with the mass flux of (4.8).

4.1.2 Classification of Discontinuity

The solutions of Rankine—Hugoniot equations are classified depending on whether
the flow values change or on whether the mass flux has a non-null value past the
control surface.

(1) Continuous solution: X1 = X,

This solution corresponds to the condition that the flow remains continuous past the
surface, and it is applicable to any place except for the following discontinuities.

(2) Shock wave: uy # 0

Because we assume a continuous fluid with p # 0, we obtain the following equations
foru; # O:

piu1 = pauy # 0, (4.13)
p1ui + pi = paus + pa, (4.14)

v = V2, (4.15)
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wp = Wy, (416)

hi1 = heo. “4.17)

A discontinuity that satisfies (4.13)—(4.17) is a shock wave. In a shock wave, the
flow velocity normal to the wave front is not zero and discontinuously varies across
it, together with the density, pressure, and temperature. However, the total enthalpy
and flow velocity along the wave front do not change. Important and interesting
characteristics of compressible fluid dynamics are often attributed to shock waves.
Depending on whether a tangential velocity component accompanies the shock wave,
shock waves are classified into two: normal shock waves and oblique shock waves
(Fig. 4.3).

(2.1) Normal shock wave: v1 = v, = w; = wp, =0

This is a shock wave without a tangential velocity component. The wave front is
normal to the flow velocity vector, and it is the strongest shock wave, with the largest
pressure ratio for a certain Mach number.

(2.2) Oblique shock wave: vi = v, # 0 and/or w; = w, # 0

This is a shock wave accompanied by a tangential velocity component, as shown
in Fig. 4.4. For the same upstream conditions, the post-shock pressure, density, and
temperature are lower than those of a normal shock wave.

Fig. 4.3 Normal shock wave Normal shock wave

u 1 Uy

Fig. 4.4 Oblique shock
wave

Oblique shock Wave
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Contact surface

Fig. 4.5 Contact surface

Expansion fan

Slip surface
vl .
—_— .
----------- Slip surface
—
vl _— y
— Oblique shock wave

(a) Schematic illustration
(b) Schlieren image around a supersonically flying
body.

Fig. 4.6 Slip surface. We will learn about expansion waves in Chap. 7

(3) Interface: u; =u, =0

Without flow across the discontinuity, by combining u; = u; = 0 and (4.9),

p1 = p2. (4.18)

That is, the pressure is continuous. In this case, from (4.8) and (4.10)—(4.12),
any of p, v, w, and & can be discontinuous. Such a surface is called an inferface.
Interfaces are subdivided into two depending on the discontinuous quantity.

(3.1) Contact surface: v =w = 0 (p; # p, and/or h| # h;)
Across a contact surface, two media with different densities and/or temperatures
(enthalpies) are in contact with each other, as shown in Fig. 4.5.

(3.2) Slip surface: v # v, and/or w; # w;
Across a slip surface, tangential velocities are discontinuous, as shown in Fig. 4.6.
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4.2 Normal Shock Wave

A normal shock wave has fundamental characteristics applicable even to oblique
shock waves. We will first learn general characteristics applicable to any kind of gas,
following which we will explore useful relations for a calorically perfect gas.

4.2.1 General Characteristics

4.2.1.1 Derivation of Post-shock Conditions

Here, we consider a normal shock wave normal to the x-direction, as shown in
Fig. 4.7a. Quantities on the upstream and downstream sides of the shock wave are
labeled “1” and “2,” respectively. The velocity relative to the wave front is designated
by u. From the Rankine—Hugoniot relations, expressed by (4.8), (4.9), and (4.12),
we have

pruy = pour = J, (4.19)
piut + pi = pauts + pa, (4.20)
hi + L —n + L2 4.21)
—uy = —us. .
1 ) 1 2 ) 2
From (4.19) and (4.20),
Normal shock wave
1 »
u i, ,Rayleigh line
u
: a
p 5 Hugoniot curve
—_— . 0 .
(a) Spatial variation (b) Pressure—volume coordinates

Fig. 4.7 Shock relation on the shock coordinates and pressure—volume coordinates
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rRoph_ g (4.22)

U2 — Vg
This equation gives the Rayleigh line on v — p coordinates with a slope of — j2.

Next, an equation involving only thermodynamic properties is obtained from
(4.19)-(4.22):

- 1 1 -
hy—hy = u<_ + —) - %(Ul + ). (4.23)

By using the internal energy, e,

171+172<1 1) P+ p2
e —e| = —_— — ) =
2 oL P2 2

(v1 — v2). (4.24)

Equations (4.23) and (4.24) are applicable to any gas, irrespective of its equation
of state, and are termed Hugoniot equations. This is a kind of equation of state
that relates thermodynamic properties across a normal shock wave. Since enthalpy
and internal energy can be expressed as functions of volume and pressure, that is,
e = e(v, p) and h = h(v, p), (4.23) and (4.24) give a unique relation between v
and p, which corresponds to the Hugoniot curve, as shown in Fig. 4.7b.

As shown in Fig. 4.7b, the conditions upstream and downstream of a normal shock
wave correspond to intersections between the Rayleigh line and Hugoniot curve.
Intersection 4.1, which occurs at a lower pressure, corresponds to the upstream,
while intersection 4.2 corresponds to the downstream. On the shock coordinate, the
flow velocity is decreased across the shock wave.

4.2.1.2 Variation in Energy

Equation (4.24) gives the increment in internal energy across the shock wave, which
is equal to the area of Trapezoid A in Fig. 4.8. Here, we consider the shock relation
on a laboratory frame in the x-coordinate, as shown in Fig. 4.9. Here, quantities on
the laboratory frame are discriminated by using an under bar . In Fig. 4.9, the flow
velocity and x to the right are defined to be positive, but the direction of x is opposite
to that in Fig. 4.7a. By using the shock velocity on the laboratory frame, U, u on
the shock frame and u on the laboratory frame are related by

u=U,—u. 4.25)

—S
By using (4.19), (4.20), and (4.25), the post-shock velocity is obtained as

1 1 1
Sy =)’ = S —w)? = S(p2 = pr)(vy — ). (4.26)
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Fig. 4.8 Increase in energy FZrs .
across a shock wave Hugoniot
[2]
(1]
v=1/p
Fig. 4.9 Properties across a Normal shock wave U
shock wave in laboratory E
coordinates
2 1
_ —
U, i
u
= X :
I
] X
P |
—

This is equal to the area of Triangle B. The increment in the total energy is

2
e —ey =e—e + 5@2 —u)) = pa(vr — ), (4.27)

which corresponds to the area of Rectangle A + B. From (4.24) and (4.26),

1

2
e —e > S(uy—uy)” . (4.28)
—— 2( 2 1)
Internal energy increment . —f_“
(Area A) Kinetic energy increment

(AreaB)

As expressed in (4.28), past a shock wave, the increment in internal energy is
greater than that in the kinetic energy. In other words, a shock wave “heats” the
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gas, rather than “accelerate” it. This characteristic is useful for generating a high-
temperature condition. We can generate even high-speed flow by expanding the
shock-heated gas so that internal energy is converted to kinetic energy.'

4.2.1.3 Entropy Variation

The shock-wave relations of (4.19)—(4.21) are applicable even after swapping states
1 and 2. In these equations, we cannot determine which state corresponds to the
upstream and downstream. However, from a microscopic point of view, momentum
and energy dissipation occur across the shock wave; these processes are irreversible
[1]. Only processes through which the entropy increases are physically possible. Let
us consider the variation of entropy across a shock wave.

Here, we regard enthalpy as a function of entropy and pressure:

h = h(s, p). 4.29)

From the first law of thermodynamics,

dh = Tds + vdp, (4.30)
T = <%> , 4.31)
as »
oh
v = <—> . (4.32)
op/,

With these equations, the Taylor expansion of enthalpy yields

hy —hy = Ti(s2 —s1) +vi(p2 — p1) + %(?TZ) (P2 = pD)* + (?)7“) N P’
+0[(p2 = pD)*] + Ols2 = sD)(p2 = P11 + 0[<s2 —51)?

vi—vr=(5) (2= 0+ 5(58), (2= 1+ 0] (2 = p1*] + Olsz — 1.

Substituting the above into the equation of the Hugoniot curve, (4.23), yields
1 (v 2y 1/ —
Ti(s2 —s1) +vi(p2 — p1) + 35 (Pz —-pD°+ e (Pz — p1)° + [higher order]
d 2

- ] 9%v
=%[2v1+<£) (Pr—p)+ = ( ) (Pz*pl)er0[(172*111)3]+0[S2*S1]]
s, 1 s,

1

82
So— 8] = T]}(S_pl;)m(pz — p|)3 + [higherorder]. (4.33)

!Detailed methodologies will be presented in Sects. 11.5 and 11.6.
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Therefore, the entropy variation is of the third order of the pressure variation. On
v — p coordinates, the Hugoniot curve and the entrope are tangential to the second
order. We call a shock wave with a small pressure increment a weak shock wave. A
weak shock wave is isentropic up to the second order. With a strong shock wave,
which is accompanied by a large pressure increment, the entropy increases to a large
extent.

Typical gases including air satisfy?

9°v

Because shock waves act as irreversible processes, the entropy increases behind
it. Therefore, from (4.33) and Inequality (4.34), p» — p; > 0. Following Fig. 4.8,
the density increases, and the flow speed relative to the shock wave decreases, as
expressed by (4.19).

4.2.1.4 Variation in Mach Number
The slope of the Rayleigh line has an important meaning related to the flow Mach

number. Let us obtain the slope — j2 of the tangent to the Hugoniot curve at state 1,
upstream of the shock wave. For v, — v;, we can assume an isentropic process.

, ap op
Jt = piui = —<—) = pf(—) = piaj, (4.35)
s, 1 5,1

where we utilize the equation for the speed of sound.?

ad
a= (l) , (4.36)
op /,

From (4.35), u; = ay; the tangent to the Hugoniot curve corresponds to a sonic
flow. Since (g%’) > 0, the Hugoniot curve, as shown in Fig. 4.10, has a downward
convex shape. ’

For the Rayleigh line,

) 2 P2— D1 o 2 2 2 9P 2
- = > = — —_— = s
J U = Uy Us — v Vr = Juili 1’1(81))S1 a;
up > ai, 4.37)

2In special cases where the differential has a negative value, an expansion shock wave is generated.
3See Chap. 8.
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Fig. 4.10 Slope of the Pa
Hugoniot curve and flow
Mach number

Hugoniot

[2]Subsonic (_f: < .fr:.:)
__.I’-E:

[1]Supersonic

i fn (-J’I % -;I!:.‘] )

2 2 2 P2—DPl > .2 2 2 9p 2
] U2 = “2 = — U2 < ]I,ZUZ = —”[_)2 —_— = aZ’
vy — Vg v/,

Uy < as. (4.38)

Therefore, the flow upstream of a shock wave is supersonic, while that downstream
of a shock wave is subsonic.

4.2.2 Equations for Calorically Perfect Gas

If the condition upstream of a shock wave, state 1, is known, the unknown to be
solved is that downstream of the shock wave, state 2, which is specified by two
thermodynamic properties, such as p, and p,, and the flow speed, u, . For a calorically
perfect gas, such a post-shock state is expressed in an explicit form. The equation of
state is

p = pRT. (4.39)

The speed of sound, a, and Mach number, M, are given by

a:/y%: VRT, (4.40)

CP
=r 441
1 C. (4.41)
m="2 (4.42)
a

From (4.19) and (4.20),
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2
P _ %(1 - &) "y
P1 P1 P2

By using (4.40) and (4.42), we obtain

2 2 2
P1U] yu 2
e e 1
=9 T T2 T VM.
P o

M, is the Mach number with which a normal shock wave propagates relative to
the upstream flow, and it is termed the shock Mach number. Hereafter, following our
convention, we will write M, in place of M;. Because M; is defined based on the
shock-wave propagation velocity relative to the upstream flow, it remains unchanged
in any inertial frame of reference.

&:_ny(ﬂ—1)+1=_yM§(2—1)+1. (4.43)
pP1 P2 U]

Now, we consider variations past anormal shock wave in v/v; — p/ p; coordinates,
as shown in Figs. 4.11 and 4.12. Equation (4.43) gives a Rayleigh line. Its slope is
—y M? (Fig. 4.11).

Next, from (4.24) and

1
e=—2 (2.96)
y—1lp
p oyl v _ oyl
2 _p y=l _ u y-l
11— rEle T rHlwn (444
y=1pm y—lu

Fig. 4.11 Variation of flow
condition in
pressure—volume coordinates

00 02 04 06 08 10 12
pl."p:=u].-"u2
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Fig. 4.12 Comparison 6 -
between shock and
isentropic compressions in s
pressure—volume coordinates _
41
£, 3}
=,
g
Isentrope
P b s i e ot e et e
0 1 1 I !
0.0 0.2 0.4 0.6 0.8 1.0

This is an explicit form of the Hugoniot curve, giving the post-shock state without
including flow velocity. In general, to specify a gas condition, two independent
parameters need to be specified. However, with the condition of shock compression,
the post-shock condition is uniquely determined only by (4.44).

Let us compare the shock compression, given by (4.44), with isentropic compres-

sion:
2-(2) (2.
pP1 P1 U2
As shown in Fig. 4.12, the shock compression v, /v; < 1 yields a higher pressure
than the isentropic compression. As will be shown in Sect. 4.2.2.3, the latter corre-
sponds to quasi-static processes; the compression is gradually performed with the
pressure in the gas being uniformly distributed. However, in the shock compression,
the local pressure on the contact surface becomes higher than that in the quasi-
static processes; consequently, excess work is performed. From (4.33), the pressure
increases owing to an increase in entropy.
From (4.44) with 1 < p,/p; < oo, the density range is 1 < /’% < V+:
For a calorically perfect gas, the post-shock condition (state 2) is obtamed as the
intersection between the Rayleigh line and Hugoniot curve, as shown in Fig. 4.11.
From (4.43),

I Y 1
pr_v2_ 1— 240, (4.45)
p vl J/M?( pl)

By substituting the above in (4.44), we obtain
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1 P r+l1
p (- R)+1-5
P _yrtf 1 (1 p» ’
1 = {VM (1 p1)+1]

Py+b£3—pww—wy—nq<&—4)=a (4.46)
P1 Pi

N

@

The solution for % # 1is

P2 2y 2
— =14+ —(M7-1). 4.47
D1 V—i—l( s (447)

The specific heat ratio, y, is constant for a specified gas species. Equation (4.47)
gives the pressure ratio across a normal shock wave as a function of the shock Mach
number, M, alone. From (4.45) and (4.47),

HM?
p_u_ @+ DM (4.48)
pr v (y—1MZ+2
By combining the above with (4.19), we obtain
261] 1
ul_uzzﬂz_llzy_’_l MS_E s (4.49)
U —
M= —="4 (4.50)

a a

Other thermodynamic properties are obtained using the equation of state:

T (@)2 /o Q(g)‘ C@yME—y +1){(r — DM +2)
Ty a pi/pt Pi\p1 (y + 1)>M2
4.51)

A shock wave is a nonlinear wave, in which the pressures of two waves cannot be
superimposed. With a high shock Mach number, this nonlinearity becomes signifi-
cant. If we utilize these characteristics in favorable ways, shock waves can become
a useful tool to generate high-pressure, high-temperature, and high-speed flows. On
the other hand, shock waves can accompany serious hazards such as by explosions.

Figure 4.13 shows the ratio of thermodynamic properties across a normal shock
wave as a function of the shock Mach number. Mg = 1 corresponds to an infinites-
imally weak shock wave, that is, a sound wave in which the time average of the
properties remains unchanged. The pressure ratio, p,/p;, sharply increases with
increasing M almost quadratically for a large M. On the other hand, the den-
sity ratio p»/p;, given by (4.48), saturates with increasing Mg and asymptotically
approaches (y + 1)/(y — 1), which is equal to 6 with y = 1.4 (gases such as
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Fig. 4.13 Ratio of 40
thermodynamic properties

across a normal shock wave
for a calorically perfect gas

(y=14)
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air) and 4 with y = 5/3 (monoatomic gases such as helium and argon). This is a
result of the heating-dominant characteristic of shock compression, as explained in
Sect. 4.2.1.2. Shock compression results in energy input mainly to thermal energy.
With compression, the temperature and, subsequently, the pressure increase, limit-
ing the compression work. Since the temperature scales with the pressure-to-density
ratio, with a large Mj, it behaves in a similar manner as the pressure.

Next, let us consider entropy variation. By denoting a variation from state 1 to 2
by A, from the first law of thermodynamics, we have

1
TAs = Ae+ pA<—>. (4.52)
o

By using the equation of state of a calorically perfect gas, we obtain

1 1 p P 1 1 1 1 p 1 p 1
As=s—s1==A| —= )+ =A[—-)=——=Ap+ —=A|l = |+ =A| -
T y—1p T P y —1pT y—1T P T P

__R Ap_ yR Ap =c,,[1n[2("—2)7y” (4.53)
y=1p v—-1p Pi\pl
By substituting the above in (4.47) and (4.48), we obtain
2 nm? 77
As = Cyln {1+—V(M3—1)”%} ) (4.54)
y+1 (y —1HMZ2+2

As shown in Fig. 4.14, As is an increasing function of M.
Let us derive a relation between flow velocities. From (4.19) and (4.20),

P1 =y + D2

up + ’
L1y 122 7%)
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Fig. 4.14 Entropy 3
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yuy yus
From (4.21),
2 1 2 1 2 1 1
ST - L S L S % Qe s ) (4.56)
y—1 2 y—1 2 y—1 2 2y — 1)
1 —1
d=la-T
2 2
y+1 y —1
a% = 2 a>82< - 2 I/l%,

where a, is the value of the speed of sound when it is equal to the flow speed. Because
the total enthalpy is conserved across the shock wave, this value is also kept constant.
By inputting the above equations in (4.55), we obtain

Uiy = az. 4.57)

This is called the Prandtl relation, which expresses the relation between the flow
velocities across the shock wave in a simple form.
4.2.2.1 Relations Under Ultimate Conditions

For very weak shock waves, in which Mg = 1, the shock-wave relations can be

approximated by simpler equations, which are convenient for quickly determining
values such as the pressure increment. Under this condition,
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M;—1=2(M,—1). (4.58)
For example, for air under the standard condition (y = 1.4),

2y 2x14 28 7
y+1 14+1 24 6

Hence, from (4.43),

A _
2P _ P27 P~y ),

P1 Pi1

For M, = 1.05, the pressure increment is approximately 2 x (1.05 — 1) = 0.1
times the ambient value.

On the other hand, for a very strong shock wave, in which Mg — oo, we have
from (4.43) and (4.45),

2 I
P 2 gp P v EL (4.59)

o y+l1 pry—1

With increasing M, the pressure ratio will increase without limitation, but the
density ratio will saturate to a constant value.

4.2.2.2 Mach Number Behind Normal Shock Wave

Let us confirm (4.38), which implies that the flow behind a normal shock wave is
subsonic. From (4.47) and (4.48),

~1/2 ~1/2
My = 12 P22 _ e =<’0—1><a—1>M3=<Q) (@) M,
ay  p2az  ppay  p2a2a p2) \az p1 Pl
(y — DM2 +2 172
=¥
=1 . (4.60)
2yMg —y +1

As shown in Fig. 4.15, M, < 1 for M > 1. Therefore, the flow behind a normal
shock wave is subsonic.

After a normal shock wave propagates in quiescent air, a post-shock flow is
induced. From (4.49) and (4.51), the post-shock flow Mach number is obtained
such that

My =22 =2(M> — 1) 2y M2 —y + 1) [y — DM? +2)

LK a

12 @el)

As shown in Fig. 4.16, M, is an increasing function of M. With
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Fig. 4.15 Relation between 1.0 - -
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My =M = 42—y

M, = 1. With a high shock Mach number, we can generate a supersonic flow.
For y = 1.4, this threshold value is M. = 2.068. Supersonic flow can be generated
with even higher shock Mach numbers.
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4.2.2.3 Shock Compression

Usually, we start learning thermodynamic cycles in an engine as quasi-static pro-
cesses in which the working gas is compressed and heated slowly enough such that
the system is in equilibrium without any nonuniformity. What will happen if we
quickly compress the gas? Will any difference appear in the processes and engine
performance?

Consider situations in which we compress the gas in the cylinder in Fig. 4.17.
In Fig. 4.17a, we compress the gas in the cylinder by slowly pushing the piston.
Through the piston motion, pressure waves propagate back and forth in the cylinder,
and the pressure is kept almost uniform. Without the addition of external heat, the
process is isentropic. On the other hand, in Fig. 4.17b, when we rapidly push the
piston to compress the gas, a normal shock wave is formed in front of it. Is there
any difference in the force required to push the piston? In the quasi-static processes
of Fig. 4.17a, the pressure in the cylinder is kept constant, thereby following the
isentropic relation of (2.91). In the case of Fig. 4.17b, the piston with a speed of U,
pushes the gas at an initial pressure of p;, driving a normal shock wave ahead with
a post-shock pressure of p,. From (4.49) with u; = 0 and u, = U,

2611 1
vy = 20 <M5 - ﬁ), (4.63)
14 s
U,
M, = a—l" (4.64)

where a; and M, are the speed of sound in the initial condition and the Mach number
of the piston, respectively. From (4.63),

Domain of mfluence
(high pressure) Shock wave
Quiescent
U A
. p | -
p; p

(a) Quasi-static compression: inner (b) Rapid compression: only the pressure
pressure is kept uniform in the domain of influence is increased

Fig. 4.17 Gas compression in a cylinder
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1 1 1 \?
M, == iM;,+\/<%Mp> 4. (4.65)

By substituting (4.47) with (4.65), we obtain

+ 1)M? 4 2
Py Yt DM 1+\/1+(—> . (4.66)
D1 4 (y + HM,

The dynamic-to-static pressure ratio behind the shock wave is

U yM]py  yMy (y + M2

2p1 2 o 2 (y—-DM2+2

(4.67)

After the shock wave is reflected on the right-end wall, a reflected shock wave
propagates to the left, and the pressure increases further. By using (9.48) of Chap. 9,
the pressure ratio across the reflected shock wave is

(22 -1

—1

B_Bkk_Jry/n R (4.68)
P p2p By m

where the subscript “5” refers to the state behind the reflected shock wave. Equa-
tion (4.68) is obtained using the boundary condition 15 = 0. Variations of the post-
shock pressures are shown in Fig. 4.18. At a low M,(< 0.3), the dynamic pressure
is negligible. The faster the piston moves, the higher is the post-shock pressure, p,,
becomes. This leads to an increase in the work done by the piston on the gas. There-
fore, the gas gains larger energy with rapid compression. With repeated shock-wave

Fig. 4.18 Post-shock 20
pressures as functions of the
piston Mach number, M,
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reflections, the static pressure is further increased. With the same compression ratio,
that is, the density ratio, the temperature scales with the pressure. Therefore, this
result suggests that shock compression is effective also to generate high-temperature
gases. In particular, for M, < 1, the static pressure is much higher than the dynam-
ics pressure, implying that the static pressure can be substantially increased by the
shock compression even with a low speed. In other words, “quick” motion enables
high-pressure/high-temperature generation through shock compression.

Let us compare temperature—pressure variation between shock and isentropic
compressions. From (4.47) and (4.48),

T 2}
7 - Dyty+l

P2 P2 -1’
pf (y+1)pf+y 1

T (y—l)%+y+1<p2>

i +DE+y—1\p

(4.69)

The variation in isentropic processes is obtained from (2.91) as
r=1
L_ (&) ’
T D1 ‘
As shown in Fig. 4.19, in isentropic compression, the temperature follows the
power law of 75/ Ty = (p2/p1)*? with y = 1.4. On the other hand, in the case of

shock compression, they have an almost linear dependence, as expressed by (4.69),
thereby increasing the temperature much more efficiently.

Fig. 4.19 Comparison T,
between shock and 10,!rr|||||||rr|| o I 0 o [
isentropic compressions in B
terms of temperature and : =14
sk

pressure ratios

Shock compression

(]

Isentropic compression
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Fig. 420 Glancing Sound wave
incidence T T ~~._ Shock wave

A}

-,

4.2.3 Glancing Incidence

When a normal shock wave experiences a local fluctuation, at what velocity will it
propagate along the wave front? Figure 4.20 illustrates the propagation of fluctuation
behind a normal shock wave. If a fluctuation occurs on the wave front with a velocity
of U,, its influence will propagate at the speed of sound behind the shock wave,
a,. In this case, the fluctuation propagates along the shock wave front at a glancing
incidence, x . From (4.49) and (4.51),

2611 1
U, = M;——),
y+1 M;

@ Jermz—y + )@ - Mz +2)

= . 4.70)
a (y + DM,
Therefore,
2
a% - (gs - ZZ)
tan x =
U
1 — M2 +2 (M2 -1

zﬁf y+1
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Fig. 4.21 Stability of a (a) (bh)
shock wave front Shock wave Shock wave

4.2.4 Stability of Shock Wave Front

A shock wave front is stable; even if the front is disturbed for some reason, the wave
front will be restored to its initial shape. A disturbed plane shock wave will restore
to a plane as shown in Fig. 4.21 [2]. In order to understand this characteristic, we
apply a result from Sect. 8.6 that the shock-wave propagation speed is a decreasing
function of the cross-sectional area of a passage. Therefore, if a part of the shock
wave front deforms in a convex shape toward the propagation direction, as shown in
the uppermost part of Fig. 4.21a, the propagation speed decreases with the expansion
of the passage. On the other hand, if the front deforms in a concave shape, the prop-
agation speed increases so that the wave front will catch up with the surroundings.
In any case, the wave front will behave to alleviate its deformation.

4.2.5 Shock-Wave Propagation with Boundary Layer

When a normal shock wave propagates along a wall in viscous flow, a boundary layer
is induced behind. As shown in Fig. 4.22a, behind a shock wave with a propagation
velocity of U, a post-shock flow with a velocity of u, is induced. However, in a
viscous flow, the flow velocity should vanish on the wall. Thus, the flow-velocity
distribution shown in Fig. 4.22a is formed. On observing this flow on a frame fixed
to the shock wave, the flow-velocity distribution behind the shock wave takes the

(3%

Normal shock wave Normal shock wave

(a) In laboratory frame (b) In shock frame

Fig. 4.22 Shock-wave propagation with boundary-layer formation
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Fig. 4.23 Oblique shock Oblique shock wave
wave and flow velocity
vector

form shown in Fig. 4.22b. On the wall, the flow comes in at a speed of u; = U and
leaves at the same speed: u,(y = 0) = u; = U,. Outside the boundary layer, the
flow follows the Rankine—Hugoniot relations. The y distribution of u, and u, can
be obtained based on the boundary-layer equation. The reader should refer to other
articles* for further details.

4.3 Oblique Shock Wave

In an oblique shock wave, although only a tangential velocity component to the wave
front is added to a normal shock wave, various characteristics are added, as will be
seen in the following. Here, we will deal with a calorically perfect gas to quantify
the characteristics.

4.3.1 Oblique Shock Relations

Let us consider the oblique shock wave shown in Fig. 4.23. The states upstream
and downstream of the shock wave are referred to as “1” and “2,” respectively. The
flow velocity vector u is decomposed into a normal component, u, and a tangential
component, v, with respect to the wave front. The angle between u; and the shock
wave is denoted by B, and the deflection angle past the shock wave is denoted by 6.

Combining the shock-wave relations given by (4.13)—(4.15) and (4.17), the same
equation as (4.19)—(4.21) remain applicable to the normal velocity component, u.
Therefore, in order to obtain the relations for the oblique shock wave, the following
geometrical relation should be input to the normal shock wave equations given by
(4.47), (4.48), and (4.49):

4For example, P. A. Thompson: Compressible-fluid dynamics, McGraw-Hill, 1972, Chap. 10
5In the oblique-shock-wave relations, the upstream flow Mach number is designated by M.
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[uyg
M, = —, 4.72)
aj
Ui .
My = — = M, sin j3, 4.73)
ai
P2 2y 2.2
=14+ —L—(M?sin?B - 1), 4.74)
P1 J/+1( : )
1M2 2
v yrDMiswp (4.75)
01 Uy (y = DMisin" g +2
2(11 . 1
Uy —up = —— | Mysing — —— |. (4.76)
y+1 M, sin B

In the tangential direction, no force is exerted. Hence, the tangential velocity does
not change across the shock wave, as expressed by (4.15).

v] = v = |uy| cos B. “@.77)

From (4.73) and (4.77), and the geometrical relation shown in Fig. 4.23,

Uz

M =—\ 4.78
1a; cos B @an(f — 0) ( )
By substituting (4.76) with (4.73) and (4.78), we obtain
M sin B — M, cos B tan(B — 0) 2 M sin B :
sin 8 — cosftan(B —0) = —— sing — ——— |,
1 1 S M, sin 8
2cot B(M?sin> g — 1
tan @ = p(Misin’p — 1) (4.79)

M2(y +cos28) +2

Equation (4.79) gives the relation between 8 and 6 with constant y and M, as
shown in Fig. 4.24.

As shown in Figs. 4.24 and 4.25, with § increasing from By (see the next section),
0 first increases and then decreases, whereas the pressure ratio p,/p; monotonically
increases and M, monotonically decreases, even becoming smaller than unity. For
any M; value, B has a maximum of 90" with § = 0.

4.3.2 Mach Wave

As shown in Chap. 1, pressure waves emitted from a fixed place in a supersonic flow
forms form a Mach wave as their envelope. The Mach wave is the boundary of the
domain of influence and is regarded as the weakest shock wave across which the
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Fig. 4.24 Oblique-shock-
wave relations among M1, 8,
and 0 for y = 1.4. The gray
domain on the right-hand
side of the M, = 1 curve
corresponds to M, < 1, and
the region on the left-hand
side corresponds to My > 1

Fig. 4.25 Oblique-shock-
wave relations: the variation
of pressure ratio and M> as
functions of 8 fory = 1.4
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time averages of flow quantities remain unchanged. Figure 4.26 shows Mach waves
that are equivalent to those in Fig. 1.5 but in the form of Fig. 4.23. The Mach angle,

Bwm, 1s given by

. at a 1
sin By = i = P = 1A (4.80)

pm = sin”"! <%> (4.81)
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Fig. 4.26 Mach wave in Mach wave
supersonic flow

at
Sound wave

m="1 (4.82)
a

Bwm is uniquely determined by the Mach number, M. In the far field of a superson-
ically flying body, disturbances induced by the body become so weak that the angle
of the oblique shock wave asymptotically approaches By;.

4.3.3 Two Solutions and Their Post-shock Mach Numbers
With a constant value of M|, the maximum value of 6 is obtained by applying the
condition

d6)—O 4.83
5= (4.83)

to (4.79):

2yMisin* B+ {4 — (v + DM M sin® B — (v + DM} —2 =0,

. 2 ! 2 1 4 2 3

sin? =5 (v + DMF =4+ @+ D2 + DM +8( = Hm? +16)° |,
1

%

sin 8 =

L PV DM2 —44(y + 1)%{M{‘(y + 1) +8G —HME+ 16}%
2y M

(4.84)

By substituting (4.79) with (4.84), 8 = 6max(M,) is obtained, as shown in
Fig. 4.24. For 6 < 6max(M,), two solutions exist for a value of 6. We will name
the solutions 8 = By and B = B (Bw < Bs, Po.w < Pa.s) as the weak and strong
solution, respectively.
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In the case of a normal shock wave, the post-shock flow is always subsonic.
However, because the tangential velocity to a shock wave is conserved, the post-
shock flow velocity can be higher than the speed of sound. Let us obtain the speed
of sound behind an oblique shock wave.

1 1 . 3
(T2>2 (%)2 14 24 (M}sin? g —1) |
a) = ay = | — ag = a

T ) (y+)M?sin? B
P (y—1)MZsin® B+2
a

) m[{zym sin® B — (v — D}{(y — DM} sin® B +2}].

(4.85)

By using the above equation, the post-shock flow Mach number is obtained as

M, = lua| _ “2 - “ _pa . m
a ap sin( — 6) p2 azsin(B — 6) P2 azx ay sin(B —60)
1
_par Mising 1 [(y—l)M%sinzﬂ—i-Z:r (4.86)
 paysin(B—0)  sin(B—0) | 2yMisin’ B —(y — 1) ] ’
By using (4.79),

y {(y — DMZsin® B+ 2} + (v + 1)’ M} sin® Beos? B | g
2T {2yM}sin’ B — (v — DH{(y — DM}sin’ p+2} | (4-87)

In Fig. 4.24, the solution for M, = 1 is also plotted. In the domain right of this
curve, shown in gray, the post-shock flow is subsonic (M, < 1), while the flow is
supersonic in the left domain. In the weak shock domain (8 = B,,), the post-shock
flow is supersonic (M, > 1) in most cases, but becomes subsonic under limited
conditions. However, in the strong shock domain (8 = Bs), the post-shock flow is
always subsonic (M, < 1). As shown in Fig. 4.24, the condition for 6 = Omax and
that for M, = 1 is very close to each other. In practice, we can neglect the difference
and regard a strong shock wave to have subsonic post-shock flow and a weak one to
have supersonic post-shock flow.

The solution in real flows depends on the boundary conditions and flow history.
As will be shown later, in general, for weak disturbances due to objects such as a
slender body, a weak shock solution is obtained. When disturbances are strong, as
in the case of stagnated flow on a blunt body, a strong shock solution is obtained.
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Column: Newtonian Flow Approximation

Isaac Newton, in his famous article ‘“Principia (1687),” dealt with a force on a flat plate
with an oblique angle to a uniform flow. His model is referred to as the Newtonian
flow approximation.® Consider an incoming flow with a speed of u; on a flat plate
with an inclination angle of 8. In Newton’s era, when fluid dynamics was not yet
well developed, the concept of shock waves did not exist. Newton assumed that the
flow was bent to the direction parallel to the plate; that is, the velocity component
normal to the plate was assumed to vanish, and the force, F, exerted normal to the
plate was assumed equal to the rate of variation in the momentum component. Let
0, [, and w be the density of the fluid, plate length, and plate width, respectively.

F = pulwsin@ - u; sin@ = pullwsin® 6. (4.88)

Therefore, the overpressure, that is, the excessive pressure value relative to the
upstream one, is

Ap = B 2in
p = — = pujsin®6. (4.89)
lw

By using the pressure coefficient, C,, we obtain

A
Cp=—L =2sin’0, (4.90)
2PU;
A 2
op _ y—L;ll sin’6 = VM12 sin® 6. “4.91)
P1 | ary

As shown in Fig. 4.28, the Newtonian flow approximation underestimates the
pressure increment, particularly at a low Mach number. The difference is less at a
high Mach number (Fig. 4.27).

Fig. 4.27 Newtonian flow
approximation

\Flat plate

%Note that this approximation is different from a “Newtonian fluid,” in which viscous stress is
proportional to the gradient of tangential velocity.
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Fig. 4.28 Comparison of pressure increment between the Newtonian flow approximation and an
oblique shock wave

4.3.4 Attached and Detached Shock Waves

When the flow behind an oblique shock wave is directed along a wall, a solution of an
attached shock wave exists for 0 < Omax. In this case, a weak shock wave, 8 = By,
occurs; as shown in Fig. 4.29a, the shock wave attaches to the leading edge of a sharp
body, and the flow behind it is supersonic. If the body has an infinite length with a
constant deflection angle of 6, the shock wave is maintained. If a strong solution,

50 T T T T T
Shock wave 40 - .'.f -
L M= \ ..-':
30} i g
Stream line s i
= I o
e 20 |- Fo- .
M =2 E i
10 |- ®
= x .l“‘h“
L
0 1 [ At m—
0 10 20 30 40 50 60 70 80 90
B (deg)
(a) Shock wave and stream line (b) Solution in & — [ coordinates

Fig. 4.29 Example of an attached shock wave
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Fig. 4.30 Example of a detached shock wave in front of a circular cylinder for y = 1.4, M; = 2,
and pz/pl =4.50

B = Bs, occurs under the flow condition of Fig. 4.29, the flow behind the shock wave
would become subsonic, which cannot be maintained. In short, only a weak shock
solution occurs under the condition of Fig. 4.29a.

If & > Omax, a detached shock wave occurs, forming a shock layer behind it.
Figure 4.30 shows Mach 2 supersonic flow around a circular cylinder. The flow behind
the shock wave is bifurcated by a stagnation line.” The stagnation line intersects
normal to the shock wave, across which the normal-shock-wave relations are applied.
For a Mach 2 flow (M, = 2) with y = 1.4, the pressure ratio across the oblique
shock wave in Fig. 4.29 is equal to 2.17, whereas that for the normal shock wave in
Fig. 4.30 is as large as 4.5. The flow speed further decreases along the stagnation
and then vanishes at the so-called stagnation point on the wall, where the pressure is
equal to the pitot pressure given by (2.113): ppior/ p1 = 5.64 for M; = 2.0, which
is 2.6 times that behind the attached shock wave. This implies that, if a detached
shock wave occurs, the drag is strongly enhanced. As shown in Fig. 4.30b, the flow
near the stagnation line in the shock layer corresponds to the strong shock wave
solution, B = fi; therefore, it is subsonic. The bow shock wave becomes weaker
with increasing distance from the stagnation line, and it eventually approaches a
Mach wave asymptotically. In this manner, around a circular cylinder or a sphere in
supersonic flows, a bow shock wave is formed.

Figure 4.31 shows a Schlieren image of a flow around a scaled model of the
“Hayabusa” re-entry capsule. It comprises a hemisphere and a truncated cone with
an apex angle of 45°. Strong radiation emission from the shock layer is observed.

The most important parameters for determining the shape of a supersonically
flying object are the drag and heat transfer. On one hand, to make the drag small, a

In the book, it is shown as a line, but in reality, it is a plane in two-dimensional flow.
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Fig. 4.31 Bow shock wave
around a 1/16-scale model of Shock layer
the “Hayabusa” reentry :
capsule model
experimentally observed in
an expansion tube. The
shadow on the right-hand
side is the sting used to
support the model. M| = 8.4

sharp nose is favorable so that the standing shock wave is weak. On the other hand,
to decelerate a body such as a re-entry capsule or parachute quickly, a strong shock
wave should be generated with a blunt body.

How is the heat transfer to a body scaled? The primary cause for the evaporation of
an asteroid entering the atmosphere is the heat transfer from the shock layer, which
is technically not due to the friction. Such aerodynamic heating is subdivided to
convective and radiative heat transfer. The former corresponds to the heat conduction
through a thermal boundary layer over the body, and the latter corresponds to the
heat from the radiative emission of the high-temperature gas in the shock layer,
which is significant only in hypersonic® flows. If we assume that the thickness of the
shock layer is proportional to the characteristic dimension of the body, the effective
temperature gradient is inversely proportional to the body dimension. Therefore, the
heat transfer to a unit area is alleviated by increasing the body size. In other words,
to decrease the heat transfer, the body shape should be blunt.

In summary, a sharp nose is favorable to decrease aerodynamic drag, whereas a
blunt nose is favorable to decrease aerodynamic heating. Furthermore, a blunt nose
in a re-entry body enhances the deceleration of the flight speed. However, if the flow
Mach number is so high that the radiative heat transfer is dominant, this scaling is
not applicable.

4.4 Interface and Its Stability

Asisshownin Sect. 4.2.4, a shock wave front is stable against disturbances. However,
in many cases, an interface is unstable without any restoring force [3]. The instability
of a contact surface or slip surface can induce mixing, transition to turbulence, or
other complicated flow evolutions. If such flow instability occurs in compressible
flows, the flow behavior will become complicated through interaction with shock
waves.

8Flow with a flow Mach number of approximately 5 or higher.
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Fig. 4.32 Rayleigh-Taylor instability with a downward body force

4.5 Rayleigh—-Taylor Instability

Rayleigh—Taylor (R-T) instability appears when a body exerts force over a contact
surface from a heavy to light fluid. For example, under gravity, a contact surface with
a light fluid (e.g., oil) on the upper side and a heavy fluid (e.g., water) on the lower
side is stable (Fig. 4.32a). However, if the locations of the fluids are swapped, the
contact discontinuity becomes unstable (Fig. 4.32b).

4.6 Richtmyer—Meshkov (R—-M) Instability

Richtmyer—Meshkov (R—M) instability refers to the instability of a contact surface
that experiences a sudden acceleration. The phenomenon occurs when a shock wave
is incident on a contact surface. An important difference of R-M instability from R-T
instability is that the contact discontinuity is unstable irrespective of the direction of
shock-wave incidence.

Figure 4.33 schematically illustrates shock-wave incidences on a curved contact
surface, which will hereafter be referred to as the “interface.” In the case of incidence
from the light fluid to the heavy one, as shown in Fig. 4.33a, the curvature of the
interface is further enhanced. On the other hand, in the case of the heavy to light
incidence, as shown in Fig. 4.33b, the sign of the curvature of the interface becomes
inversed, and its amplitude increases. In both cases, after the large-scale instabil-
ity grows, smaller scale instabilities will be developed, thereby inducing turbulent
mixing.

The mechanisms of the interface deformation in R-M instability is explained by
the baroclinic effect. By taking the rotation of (3.15), an equation for the generation
of vorticity, ®, is obtained as follows:
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Fig. 4.33 Richtmyer—Meshkov instability. A body force does not exist, but the contact surface
experiences the passage of a shock wave

do = (w-V)u—w(V'u)jLin x Vp. (4.92)
dt p?

The third term on the right-hand side is called the baroclinic term, which implies
that a vorticity is produced by the vector product of a density gradient and a pressure
gradient. The former corresponds to a density jump across the interface, while the
latter corresponds to a pressure jump across the shock wave.” In Fig. 4.33, a planar
shock wave, in which the pressure increases downward, propagates from the bottom
to the top and is incident on a curved interface. In the incidence from a light fluid to
a heavy one, as shown in Fig. 4.33a, the curvature of the interface is enhanced in the
same phase owing to the induced vorticity. However, in the heavy to light incidence,
as shown in Fig. 4.33b, a vorticity in the opposite direction is induced; the interface
instability grows with the reversal of sign of the curvature.

In supernova explosion, inertia fusion, or other ultimately high-energy physics, it
is critical how long and how high the pressure and temperature are kept in implosion
processes. In such processes, R-H instability that breaks up the symmetry of the
high-pressure/high-temperature domain determines the reaction time and whether
explosive heat release proceeds or not.

Column: Discovery of Inversed Phase Deformation (Meshkov’s Experiment)

Dr. Evgeny. E. Meshkov from the Union of Soviet Socialist Republics (USSR; cur-
rently the Sarov Physics and Technology Institute of the National Research Nuclear
University in the Russian Federation) used a shock tube to investigate the behavior

Here, a gradient and a jump or discontinuity have the same role.
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Fig.4.34 The first series of Meshkov’s experiments, conducted in 1966. The shock wave propagates
from left to right (courtesy of Dr. E. E. Meshkov)

of a normal shock wave interacting with a curved interface. Figure 4.34 shows the
results obtained in his first series of experiments. Two types of gases were separated
by a 0.5-pm-thick polymer sheet on which a shock wave was incident from left to
right. The separation is sinusoidally curved so that the shock wave is incident at an
oblique angle. In the experiment of Fig. 4.34a, the shock wave propagates from a
light gas to a heavy gas, and the curvature of the interface increased after the shock
wave was transmitted. This result is consistent with the theoretical prediction pro-
posed in Richtmyer’s linear theory [4]. Next, he investigated shock-wave incidence
from the heavy gas to the light gas and was surprised to observe, for the first time in
the world, that the curvature of the interface became reversed, as shown in Fig. 4.34b.
Dr. Meshkov remembered that he conducted this series of experiments in December,
and he was so surprised by this discovery that he felt it to be a Christmas gift from
God.

In his second series of experiments, which were performed with better instru-
mentation, the behavior of the interface was better visualized, as shown in Fig. 4.35.
Later, these phenomena of interface instability and the resulting mixture of fluids
appearing solely in compressible fluid dynamics were named Richtmyer—Meshkov
instability.

Column: Experiments of Mushroom Cloud

Let us consider another example of the behaviors of an interface and a shock wave.
Figure 4.36 shows framing Schlieren images of the interaction between a contact
surface and a shock wave generated by focusing a collimated, pulsed laser beam
reflected from a parabolic mirror set at the bottom of the images [5]. The gas that
directly absorbed the laser pulse was rapidly heated and is recognized as the “bright”
zone, named “laser-heated plasma.” When the laser-heated plasma expands outward,
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Fig. 4.35 Result of Meshkov’s second series of experiments, conducted in 1968. A clear image of
the interface phase inversion in heavy to light incidence was obtained
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Fig. 4.36 Experimentally visualized behavior of a shock wave and an interface of laser-heated
plasma. The time, ¢, starts at the moment of laser-pulse initiation. The gas species is krypton, initial
pressure is 40 kPa, and laser pulse energy is 3.7 J

it produces a spherical shock wave, as shown in the image at t = 64 s, where ¢
represents the time measured from the moment of laser-pulse initiation. The energy
output from the irradiation lasts for approximately 3 ws. Even in the first frame, a
nearly spherical shock wave driven by the laser-heated plasma is clearly recognized.
The shock wave has a smooth surface. The boundary between the bright zone and the
surroundings corresponds to an interface. At = 112 ws, the shock wave reflected
from the parabolic mirror at the bottom of each frame starts the interaction with the
laser-heated plasma. At r = 144 s, the curvature of the lower half of the laser-heated
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plasma is about to be reversed. With time elapsing further, the interface at the lower
half became upward convex. At t = 240 s, the interface experiences a topological
transition, forming a mushroom cloud. Subsequently, fluctuations of smaller scales
dominate the flow.

4.6.1 Kelvin—-Helmholtz (K-H) Instability

Kelvin—Helmholtz instability refers to the instability at a slip surface. The interface
instability grows in the manner shown in Fig. 4.37. This instability appears in a wake
from a supersonically flying object, fuel injection in an aerospace engine, and a slip
surface in the Mach reflection of shock waves.
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Chapter 5 ®)
Quasi-One-Dimensional Flows Gouck ko

Why do we make a small mouth when blowing out candle flames or playing with
a mouth whistle? The same question can be applied to a shower, spray, or rocket
nozzle, in which high-speed flow is generated by varying the cross-sectional area
of a flow passage. When heated, is a flow accelerated or decelerated? Is a flow
really accelerated when a force is exerted in the same direction as the flow? In this
chapter, we will study quasi-one-dimensional flow with a variable cross-sectional
area, exchange of heat, and an external force, as well as its important applications
(Fig. 5.1).

5.1 Control Volume and Basic Equations

5.1.1 Control Volume and Associated Equations

Let us consider a one-dimensional, steady flow with a variable cross-sectional area
along the x-axis. Let us write the conservation equations for a control volume with a
thickness of Ax, which is shown as a gray zone in Fig. 5.2. Here, a viscous force is
also included by assuming that the boundary layer is infinitesimally thin. The flow
velocity, u, and thermodynamic properties are assumed to be uniform over the cross
section at x. On the flow element, a pressure acts on walls and boundaries, and a
friction force acts on walls'; a heat of dQ and a body force of f are input per unit
mass. Note here that the pressure and friction force act only on boundary surfaces
including walls, whereas the heat and body force act directly on the entire volume of
the gas element. At the entrance of the control volume at x = x, the cross-sectional
area is equal to A; at the exit at x = x + dx, the cross-sectional area is equal to
A + dA. The same applies to other parameters.

1 Although this book mostly deals with inviscid flows, friction force is taken into consideration in
this chapter because it is often important in internal flows.
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Let us apply the conservation equations in Sect. 3.1 to an ideal, calorically perfect
gas.

(1) Conservation of mass: From (3.2), by neglecting the time derivative,

/ p(u-n)dA’ =0. (5.1)
cs

Here, for distinction from the cross-sectional area, let a surface element in the
control surface enclosing the control volume (CS) be designated by dA’. Since the
mass flux through the wall is zero, (5.1) yields

d(puA) = 0. (5.2)

On integrating the above, we obtain

PuA = const. = m, (5.3)

where m is the mass flow rate.
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(2) Conservation of momentum: By applying (3.6) to the control volume of Fig. 5.2
and neglecting the time derivative, we obtain

/pu(u-n)dA’:/ G-ndA/+/ ofdV. (5.4)
cs cs cv

Here, the first and second terms on the right-hand side correspond to the stresses,
that is pressure and friction force on the control surface, and the body force exerted
in the control volume. The x-component of (5.4) is

dpu’A = puAdu = | [o-n],dA’ +/ pfdv, (5.5)
CS CvV

where f is the x-component of f. Figure 5.3 illustrates the pressure balance over the
control volume. Note here that the force exerted by the pressure on the sidewall has
an x-component, and the sidewall has a diverging angle of 6. The reaction force on the
sidewall has a positive sign with a diverging cross section, that is, for a positive value
of 0; the reaction force has a negative sign with a negative 6. For an infinitesimally
small dx, the force exerted on the control volume as a result of the pressure balance
is
dp\ dA .
pA—(p+dp)(A+dA)+ (p + —).—sm@ =
2 J)sin6
—pdA — Adp + pdA = —Adp. (5.6)

Equation (5.6) implies that the direction of the resultant force over the control
volume depends solely on the sign of the pressure gradient; the flow is accelerated
if the pressure decreases with x, whereas it is decelerated if the pressure increases.
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The hydraulic diameter, D, and friction coefficient, c¢, are defined as

D’ _ A, (5.7)
4
= " 5.8
= %puz ( . )
By using these definitions,

1, 1 ,44A
T Ddx = JTDCfE,OM dx = CfE,OM de, (5.9)

/ o 1 ,4A
[0 -n],dA" = —Adp — cf=pu”—dx. (5.10)

The body force is approximately given by

/ pfdV = pf Adx. (5.11)
CV

Combining (5.5)—(5.11), the following first-order equation is obtained:
1 ,4
oudu = _dp_CfE,OM de—i—pfdx. (5.12)

It should be noted here that, except for the viscous term, which is the second term
on the right-hand side of (5.12), the terms do not contain A or D.

(3) Conservation of energy: We apply (3.20) to steady-state flow without heat
conduction. The friction force on the wall does not contribute to any energy
exchange, because the flow velocity vanishes on the wall.

/p(et+£)u-ndA/=/ pQ’dv+/ of -udV . (5.13)
cS 1Y cv cv

As the velocity component normal to the wall is equal to zero,

cl{puA(et + %)} - nhd(et + %) = p(fu + 0)Adx, (5.14)

0 = udQ/dx. (5.15)
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Since
1
e+l v+ Py
0
u>
d(h—i—?) =dQ + fdx. (5.16)
(4) Equation of State
p=pRT, h= 2P e (5.17)
y—1lp
(5) Speed of Sound
2 _ _ P
a“=yRT =y— = (y — Dh. (5.18)
P
(6) Mach number
m=" (5.19)
a

5.1.2 Equations in Derivative Form

Let us transform the equations obtained so far into their respective derivative forms.
From (5.3),

du dp dA
gy § (5.20)
u Jo A
From (5.12),
du d M? 4 d
prde  dp yMider, o pfdx (5.21)
2 D p
From (5.16),
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d d d —1pfd
v —Hmr= 22 dp 49 _y—lpjdr (5.22)
u p p h Yy p
From (5.17)—(5.19),
dT d d
S8 TPy, (5.23)
r o p
da®> d d
L2y, (5.24)
a p P
dM?* 2du  dd?
—— —+ — =0. 5.25
M? u a? (5.25)
Equations (5.20)—(5.25) are expressed in a matrix form as follows:
dM?/M?
du/u
1 1 -1 . . da?/a’®
oy ME oo o —1 yM?/2 dT/T
y—=DM? - =1 1 - =1 =(y = 1)/y do/p | _ o
. -1 1 =1 - . dp/p
: -1 —1- dA/A
1 -2 dQ/h
p{dX/p
Srdx
By transforming this equation, we obtain
1o —{(y—l)M2+2‘l yM2 41 —(y + 1))y {(y—l)M2+2}yM2/2
AT ~1 1 —1/y yM?/2
clee (r=DME —yMP+1 (v =Dy —{(y = DM*iyM?)2
1 =DM —yMP41 (v =Dy —{ =DMy M2
1. M2 ~1 1/y —yM?)2
..... | e —y M2 1 —{(y—l)M2+1}yM2/2
dm?/m?
du/u
daz/a2
ar/T
dp/p -0
dp/p
dAJAM? = 1)
dQ/h(M?* — 1)
pfdx/p(M* — 1)

dcpdx/D(M? = 1)
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dM? /M2 —(y=DM? =2 yM?*+1 —(y+1/y (y—DM?*+2
du/u —1 1 —1/y 1
da?/a® | _ | o -vpM?  —yMP4+1 (y=D)y  —(y - HM?
ar/T (y—-DM>  —yM>+1 (y=Dfy —(y—1HM?
dp/p M? -1 1/y -1
dp/p yM? —y M2 1 —(y—DHM? -1

1 _dA
1-M2 A
1 5 %
1-M
17 pfdx (5.26)
1-M2 P
y 2/24Cfdx
1-mM2 D

5.2 Flow Characteristics

5.2.1 Influence Coefficients

From (5.26), the variation in a fluid-dynamics quantity, X, is given by the following
linear function:

dXx dA do pfdx 4cpdx
—=C—+C,— +C C
X ' + A + G > + Cy D

, (5.27)

where C; (i = 1,2, 3,4) are influence coefficients.

Note here that (5.27) holds only if appropriate boundary conditions are satisfied.
For example, a candle flame is not blown out by merely protruding one’s mouth; to
blow out the flame, high-pressure airflow needs to be supplied from the lungs.

The signs of all influence coefficients are reversed with M = 1. Let us summarize
the effects of these actions.

5.2.2 Effects of Variation in Cross-Sectional Area

From Table 5.1, a variation in the cross-sectional area has the following effects:

(1) Subsonic flow (M < 1)
(1-1) The flow is accelerated through a converging duct:

dA< 0 — dM > 0, du > 0.
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Table 5.1 Influence coefficients

X Cy Cy C3 Cy
M2  (y—HM*+2 1+yM?* oyt y=DM*+2  yM?
1—-M?2 1-M?2 y 1-M?2 1-M?2 2
u __1_ _1 _1_1 1 yM
1-M2 1-M? y 1-M2 1-M? 2
2T y—=HM?* 1—yM? y=1_1 _y=DOM*> yM
i 1—-M?2 1—-M?2 Yy 1-M? 1-M2 2
M2 1 11 1 yM?
p M2 12 v 1-Mm2 M2 2
y M _ M 1 ~G-DM*F1 yM?
p 1—M2 1—M2 -2 —M? 2

M<1 - '
/ \ Throat
(M=1)
(a) Converging nozzle (b) Diverging nozzle (c) Laval nozzle

Fig. 5.4 Different types of nozzles

(1-2) The flow is decelerated through a diverging duct:
dA>0 — dM <0, du < O.

(2) Supersonic flow (M > 1)
(2-1) The flow is decelerated through a converging duct:

dA <0 — dM <0, du < O.
(2-2) The flow is accelerated through a diverging duct:
dA >0 — dM >0, du > 0.

We unconsciously perform (1-1) when we blow out a candle flame. The same
principle applies to a shower, spray, etc. A nozzle is a device that accelerates flows
with a variable cross-sectional area. A nozzle for subsonic flow has a converging
shape (Fig. 5.4a), and that for supersonic flow has a diverging shape (Fig. 5.4b).
In order to accelerate a flow from subsonic to supersonic, a converging—diverging
nozzle called the Laval nozzle (Fig. 5.4c) is used. In a Laval nozzle, the connection
part, which has the minimum cross-sectional area, is termed as a throat, where the
flow becomes sonic (M = 1).
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A device that decelerates flow is termed a diffuser.> Variations in the cross-
sectional area of a diffuser are opposite to those of a nozzle.

A subsonic flow is accelerated through a converging duct. In this case, the flow
experiences a force in the opposite direction from the duct wall. Why is the flow
accelerated even with the force in the opposite direction? In (5.12) with ¢ = 0 and
f = 0, the direction of flow acceleration is determined solely by the sign of the
pressure gradient. In subsonic flow, the pressure gradient has a negative sign with
dA < 0, which accelerates the flow.

5.2.3 Effects of Heating/Cooling

(1) Subsonic flow (M < 1)
(1-1) The flow is accelerated with heating: dQ > 0 — dM > 0, du > 0.
(1-2) The flow is decelerated with cooling: dQ <0 — dM < 0, du < O.
(2) Supersonic flow (M > 1)
(2-1) The flow is decelerated with heating: dQ >0 — dM <0, du <O.
(2-2) The flow is accelerated with cooling: dQ <0 — dM > 0, du > 0.

InTable 5.1, the variation in temperature, T, changes its sign at two Mach numbers.
In almost all regimes, T increases with heating (dQ > 0). However, in the regime
of 1/,/y < M < 1, T decreases with heating! We do not experience this interesting
variation in daily life. However, this behavior occasionally appears in the numerical
simulation of transonic flows.

5.2.4 Effects of Friction

Friction force is always exerted in the direction opposite to the flow direction. From
Table 5.1,

(1) Subsonic flow (M < 1)
The flow is accelerated with friction:

cg>0 — dM > 0, du > 0.

(2) Supersonic flow (M > 1)
The flow is decelerated with friction:

cg>0 — dM <0, du < 0.

2For further details, refer to Sect. 11.2.
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Friction force affects the flow in the same manner as a flow through a converging
duct. However, unlike a body force, it is not involved in an external energy input.

5.2.5 Effects of Body Force

(1) Subsonic flow (M < 1)
(1-1) The flow is decelerated with a body force in the same direction:

f>0 - dM <0, du <0.
(1-2) The flow is accelerated with a body force in the opposite direction:
f<0 —- dM >0, du > 0.

(2) Supersonic flow (M > 1)
(2-1) The flow is accelerated with a body force in the same direction:

f>0 —- dM >0, du > 0.
(2-2) The flow is decelerated with a body force in the opposite direction:
f<0 — dM <0, du <O.

(1-1) is explained in the same manner as the variation in cross-sectional area. By
substituting (5.12), dA = 0, ¢y = 0, and dQ = 0 with the influence coefficients, we
obtain

pudu = —dp + pfdx = —dp + (1 — M*)dp = —M*dp. (5.28)

Therefore, whether the flow is accelerated depends only on the sign of the pressure

gradient. In subsonic flows, the flow is accelerated with f < 0 if the pressure
difference past the duct is sufficiently large.

5.2.6 Choking Condition

The condition under which a quasi-one-dimensional flow becomes sonic is termed
as the choking condition. From Table 5.1,
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2 2
d 1 pfdx | YMI\=DM™+2) 404
am? —{2+(y—1)M2 %+(1+yM2)TQ - %%4—%%
M2 1— M2
(5.29)

For the right-hand side of (5.29) to have a finite value with M = 1, the numerator
needs to vanish. That is,

dA d 1 pfdx 4cedx
L 40 Dpfde |y der

A h y p 2 D

=0 for M=1. (5.30)

The above is the equation of the choking condition, which is a linear function of
the variations of cross-sectional area, heating, body force, and friction. With only
the variation in cross-sectional area,

dA=0 for M=1. (5.31)

The above corresponds to the fact that the flow becomes sonic at the throat in a
Laval nozzle, as shown in Fig. 5.4c.
Choking with heating alone is termed thermal choking.

d0 =0 for M =1. (5.32)

For subsonic flow to be thermally chocked, the heating needs to be terminated at
the sonic point.

For solving a flow with choking, the choking condition gives an additional
condition.

5.3 Duct Flow with Friction

In many fluid devices, fluid passes through narrow passages, and such a flow is
accompanied by a pressure loss due to friction force. This section focuses on the
flow in a duct with a constant cross-sectional area and friction force, which is termed

Fanno flow.
From (5.27),
dm? —1DHM?*+2 yM?4cd
_y DM +2 y Cr x’ (5.33)
M? 1— M2 2 D
4y cedx y +1 ,  yY+1 5 2 1
=— dinM*+ ——dIn| M+ —— ) —d| — ). 5.34
D p dimME A (M o wz ) O3

Here, D is the effective inner diameter of the duct, usually termed the hydraulic
diameter. By integrating (5.34) for a constant value of ¢; with respect to the location
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x from the inlet (x = 0), we obtain

2, 2
4y 1 L y+1 M™+ = M}

X = n —
D M:  M? 2 M} + 2 M2

(5.35)

—1

As summarized in Table 5.1, with a friction force, the Mach number increases
in subsonic flow and decreases in supersonic flow. In either case, it approaches the
sonic speed. By applying (5.35) up to a sonic point x*, we obtain

4ycfx*_ 1 — M? y+11 (y + hM?

= n . 5.36
D M? 2 (y — DM} +2 (5.36)
From the choking condition expressed by (5.29),
dx =0 for M=1. (5.37)
This implies that the flow can be sonic only at the exit.
From (5.27),
d —DM?*+1 yM?4cd
dp _ =DM+ 1 y M~ derdx (5.38)
p 1— M2 2 D
By substituting (5.38) with (5.33), we obtain
d — DM*+ 1dM?
d__-DM + (5.39)

P (y—-DM?2+2 M2

By integrating the above to the sonic point, we obtain

p_ L] v+l (5.40)
pe M\ (y—DHM2+2’ '

where p, is the pressure at the sonic point. Equation (5.40) holds even with a normal
shock wave in the duct.

Figure 5.5 shows the flow variation of a Fanno flow with an inlet Mach number
of 3. The abscissa is the normalized distance from the inlet. Without a normal shock
wave, the supersonic flow monotonically decelerated owing to the friction force. If
the dimensionless duct length is less than 0.73, the flow exits at a supersonic speed.
If the length is equal to 0.73, the flow becomes sonic at the inlet. If the duct is
even longer, a normal shock wave is generated so that the post-shock, subsonic flow
becomes sonic at the exit. The location of the normal shock wave is such that the
choking condition is satisfied. In Fig. 5.5, flows with a normal shock wave at M =
1.5,2.0,2.5, and 3.0 are shown. With a length of 1.81, the normal shock wave occurs
at the inlet. With an even longer duct, the flow upstream of the inlet is affected.
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Fig. 5.5 Variations of the Mach number and pressure in a Fanno flow for y = 1.4, ¢ = 0.005,
and M; =3.0

As shown in Fig. 5.5b, in the supersonic flow on the upstream side of a shock wave,
the pressure increases with the friction force. Further, the pressure jumps across the
shock wave. Subsequently, the flow becomes subsonic, and the pressure decreases
in the downstream. Irrespective of where a normal shock wave appears, the pressure
at the exit remains constant.



Chapter 6 ®)
Systems with Source Terms Gzt

A system accompanying a shock wave that exchanges energy and/or momentum with
the external environment can enhance the strength of the shock wave or generate a
thrust. In this chapter, we will study such a system based on the generalized Rankin—
Hugoniot relations that contain source terms.

6.1 Generalized Rankine-Hugoniot Relations

The conservation equations in Chap. 4 can be applied to a control volume with a
finite thickness, if fluxes through the lateral surface are absent. Let us consider the
control volume in Fig. 6.1a. The flow is steady and uniform at its inlet and at the
exit. Because the control volume is in a black box, the details of the inside state are
unknown. We only know that the box exchanges a net mass of W/, momentum /’, and
energy Q' with the external environment. For example, the distribution of pressure
and friction force on the walls contribute to the net momentum exchange.

We use subscripts 1 and 2 for quantities at the inlet and exit of the control volume,
respectively. The variation of the cross-sectional area in the control volume does not
need to be determined. The flow passage may change, such as in Fig. 6.1b or a center
body may exist in the control volume, like in Fig. 6.1c.

For steady-state flow, the following conservation relations hold:

Mass conservation :  pyu, = pju; + W’ 6.1)
Momentum conservation :  p, + ,ozzé =p+ p]u% + I (6.2)
1 1
Energy conservation : 7, + 514% =h| + Eu% + Q' (6.3)
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Control volume

| 0

%)

lf.’ ]
(a) Black box model

|

ey

}

(b) With cross-sectional area variation (c) With a center body

Fig. 6.1 Control volume with mass, momentum, and energy exchange with the external envi-
ronment. The gray regime is enclosed with dashed lines. Walls and internal objects are not
included

Here W', I’, and Q' denote the source terms. Note here that parts of I’ and Q’
may be contributed by the mass W' introduced into the system. Equation (6.2) is
derived for inviscid flows. However, it is applicable even to viscous flows. The flow
behavior is determined uniquely by the net value of the momentum exchange; the
respective contributions of the pressure and viscous stress do not affect the result of
the present analyses. Since at the wall, the flow does not have a velocity component
in the direction of the pressure or friction force, these forces do not contribute to the
energy source term. Equations (6.1)—(6.3), in which the source terms are added to
the Rankine—Hugoniot relations of (4.19)—(4.21), are generalized Rankine—Hugoniot
relations. We deal with detonation and deflagration occurring with the energy source
term, Q' in Sect. 6.2. Moreover, by combining with the momentum source term, /',
we model the ram accelerator operation in Sect. 6.3.

When heat is generated by chemical reactions, the fluid is a mixture comprised of
multiple chemical species, as described in Sect. 2.8. In this chapter, an enthalpy, #,
is defined as the sum of a static enthalpy, &g, and a standard enthalpy of formation,
hg, with a reference temperature of T.t.! Fora gas with N chemical components and
a mass fractionof Y;(i =1---N),

N

N
h:ZYihi, ZY,-:I (6.4)
i=1

i=1

IChemical reactions are explicitly dealt with only in this chapter. In the other chapters, the static
enthalpy is designated by A.
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hi = hei + hsi(T) (6.5)

T
hei = / C,.dT (6.6)

Tref

From Sect. 2.8,

N
Z (2.122)

__ % % (2.125)
Yy == R T T, .

<

Here C denotes a mass-averaged quantity. From (6.3) to (6.6),

1 2 1 2 "
hsy + 5”2 =hg) + Eul + 0 (6.7)
N T;
= Z / C,.dT (6.8)
=1 Tret
N
Q"= " (Y1 —Yio)hei + Q' (6.9)

i=1

The first term on the right-hand side of (6.9) corresponds to a heat due to chemical
reactions, the second term corresponds to the other heating.
Here, we assume that W' = 0. From (6.1) and (6.2),

P2—P1—1/:J.2

T (6.10)
P1 P2
J = prur = paup (6.11)
Transforming (6.10),
P2 ui
_:p_1<1__)+1+1 (6.12)
P1 o P2
1/
= — (6.13)
P1

Equation (6.12), which is applicable irrespective to the equation of state of the
gas, is the equation for the generalized Rayleigh line. Since the energy conservation
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pip,
pip,

Fig. 6.2 Generalized Rayleigh lines

Eq. (6.3) is not used, it does not contain Q. Defining a Mach number based on frozen
speed of sound,

a= ygzw/yRT (6.14)
Vip
m="1 (6.15)
a
&=—yM,2(&—1>+1+1 (6.16)
P1 P2

This corresponds to a line that passes at (1, 1 + I) and has a slope of —y M 12 For
I = 0 (Fig. 6.2a), it is the same as in (4.43), and a solution with M; < 1 does not
exist. However, as shown later, with Q > 0, solutions with M; < 1 also exist. The
corresponding lines are plotted in the figure. The line is shifted by [ if I # 0.
From (6.1) to (6.3),

1 (11 ,
hso —hy—=(p2—p = I)|—+—)=0Q". (6.17)
2 L1 P2

Otherwise, using hs = e + %,

1 11\ 11 1\,
e—eats(p+tp)|l ———)+t5| -+ =0 (6.18)
2 0 p1 2\p1 p



6.1 Generalized Rankine-Hugoniot Relations 111

Fig. 6.3 Generalized
Hugoniot curves
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Equations (6.17) and (6.18) hold irrespective of the equation of state of the gas,
corresponding to the generalized Hugoniot curve.” hy and e are given as the func-
tions of p and v = 1/p. Once the form of the functions and the value of Q" are
given, the curve can be plotted. The intersections between the Rayleigh line and the
Hugoniot curve correspond to the states at the inlet 1 and exit 2. Later we show which
corresponds to which.

For a calorically perfect gas, the Hugoniot curve is given as an explicit formula.

—1 2 —1
pz_l—h(ljtl)%jty—ilQ—%l 6.1
o o (6.19)

2 y+l1

0= _Q = Q— = yQpl (6.20)
Cp,Ti  hsi =T or

For I = Q =0, (6.19) coincides with (4.44). Equation (6.19) is shifted positively
by Q and negatively by I, as shown in Fig. 6.3.

6.2 Detonation/Deflagration

Let us assume a system with only an energy source term, W = I = 0 and Q # 0.
The solution of the Rankine—Hugoniot relations is obtained by combining (6.12)
and (6.17). However, it is difficult to understand the characteristics of the solution
based on such general forms. Here, we analyze the basic behavior of detonation and
deflagration based on a thermally perfect gas with constant specific heat.

2Hereafter, for simplicity, we will omit the notation “generalized.”



112 6 Systems with Source Terms

Fig. 6.4 Flow with heating Q'
through a constant [] ] [2]
cross-sectional area ! gy i
1
u, i 13
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6.2.1 Solution Regime

Let us consider a system of Fig. 6.1 with / = 0 and Q > 0, that is shown in Fig. 6.4.
From (6.16) and (6.19),

The Rayleigh line : 22 = —ny<ﬂ - 1) +1 6.21)
P1 P2

is not affected by Q.

Meanwhile, the Hugoniot curve : b _ Vpll e yfly 1 (6.22)
pi oyl

is shifted up with Q > 0.

The solutions are subdivided, as shown in Table 6.1 and Fig. 6.5. The solution
with supersonic flow at the inlet (M; > 1, Regimes I-III) corresponds to detonation,
where the shock wave is enhanced by heating. The solution with subsonic flow at
the inlet corresponds to deflagration, where the flow expands and is accelerated with
the heating. Because a Rayleigh line does not have a positive gradient, no solution
exists in the gray portion of the Huroniot curve in Fig. 6.5. As will be shown later,
in the regime of III and IV, a physically meaningful solution does not exist.

Table 6.1 Types of detonation and deflagration

M, M, Solution
I Overdriven/Strong detonation | M| > 1 My <1 Backup driver is necessary
I C-J detonation M > 1 M, = Possible
III | (Weak detonation) My >1) (M > 1) | Impossible
IV | (Strong deflagration) My <1) | (M >1) | Impossible
\'% C-J deflagration My <1 My =1 Possible
VI | Weak deflagration M <1 My, <1 Possible
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6.2.2 Detonation

The solution of the Rankine—Hugoniot relation provides the states only at the inlet
and the outlet of the control volume. However, the flow inside of the control volume
also satisfies the fluid dynamics conservation relations. In a detonation, a normal
shock wave stands at the inlet of the control volume. Behind the shock wave, the
flow becomes subsonic and accelerates with the heating. Figure 6.6 shows examples
of the detonation solution. The point [1] at (1, 1) corresponds to the state at the inlet.
The state at the exit corresponds to another intersection. In this figure, three Rayleigh
lines against a Hugoniot curve for O = 4 associated with the respective values of
M, are plotted. With M| = 4, no solution exists.

The Rayleigh line with M; = 5 has two intersections, Points 2(I) and 2(III).
Point 2(I) corresponds to the condition where the flow becomes subsonic at the exit.
Such a solution is illustrated in Fig. 6.7, where the shock wave propagated in the
quiescent mixture to the right. The speed of the shock wave propagation, Us, equals
to the absolute value of #; in Fig. 6.4, but in the opposite direction. Since the flow at
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Fig. 6.7 Overdriven [2] Shock wave [1]
detonation propagating in
quiescent gas in a laboratory 5
flame Piston (M,<1) U,
—_—
=0
'3
Q

the exit is subsonic (M, < 1), the flow inside the control volume is affected by the
condition at the exit. The shock Mach number, M, equals to Us/a;. The shock wave
is driven by a piston or equivalent, thereby propagating at a Mach number higher
than that of the C—J detonation (which will be explained later). The higher the driving
pressure or the higher the piston speed, the higher the shock Mach number becomes.
Such a detonation, which is enhanced by the motion of a piston or its equivalent, is
referred to as an overdriven detonation.

In Fig. 6.6, the Rayleigh line with M| >~ 4.51 becomes tangent to the Hugoniot
curve at Point 2(II), (0.588, 11.9), corresponding to the Chapman—Jouguet (C-J)
detonation. As shown in Sect. 4.2.1.4, the flow becomes sonic at the exit, M, = 1,
regime (II) in Fig. 6.5. The flow downstream of the exit does not affect the flow
in the control system. The shock wave can propagate without any driver. The C-J
detonation is the unique self-sustained solution. Almost all one-dimensional detona-
tions appearing in laboratories, artificial products, and nature are C—J detonations.
In reality, the shock wave front has a complicated three-dimensional shape that is
caused by unsteady fluid dynamics associated with chemical reactions. Nevertheless,
its propagation Mach number is very close to the solution of C—J detonation, Mcj.
For a calorically perfect gas, this has a closed form.?

MCJ, detonation = [l + ()/ + 1)Q + \/{1 + (V + I)Q}z - l] 2 (623)

At Point 2(III) in Fig. 6.6, comparing the slopes of the Rayleigh line and the
Hugoniot curve, the flow at the exit should become supersonic. However, as described
in Chap. 5, the Mach number of the subsonic flow behind the shock wave cannot
exceed unity just by heating. Therefore, such a solution does not have a physical
sense. For this reason, in regime III in Fig. 6.5, no solution exists, depicted by the
Hugoniot curve with dashed lines.

Experimentally observed detonation phenomena are further complicated by the
influence of finite-rate chemical reactions, multidimensionality, etc. The detonation
propagation speeds, experimentally measured and calculated in chemical equilib-
rium under typical conditions, are shown in Table 6.2 [1]. In spite of complicated
phenomena in practice, the C—J model provides a fairly accurate estimation. The
stoichiometric ratio of the hydrogen—oxygen mixture is equal to 2, corresponding to

3See Sect. 6.3.2.
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Table 6.2 Comparison between the experimentally measured detonation speed, Uj, and the
calculated value for the chemical equilibrium, Ucy, at p1 = 100 kPa, 71 = 298 K. p>cy and

T».cy are depict calculated values

Mixture U; (km/s) Ucy (km/s) p2.c1 (MPa) T.c1 (K)
A 2H, + O, 2.82 2.81 1.80 3580
B 2H; + O + 5N 1.82 1.85 1.44 2690
C 8H; + Oy 3.53 3.75 1.42 2650

mixture A. Mixtures B and C contain diluting molecules, thereby decreasing the spe-
cific heat release, and subsequently the pressure and temperature. On the one hand,
the detonation speed is also decreased in mixture B, while on the other hand that of
mixture C is increased, because the diluted gas is hydrogen itself, thus increasing the
speed of sound.

6.2.3 Deflagration

As described in Chap. 5, one-dimensional. subsonic flow expands and is accelerated
with heating. At the frame fixed to the inlet of the control volume, where the heating
starts (state 1), the Mach number increases and the pressure decreases toward the
downstream. If we label the state at the exit where the heating terminates, we can apply
Rankine—Hugoniot relations to this system even though they are not accompanied
by a shock wave. This solution is referred to as deflagration. The exit Mach number,
M,, depends on the amount of input heat, Q. With a relatively small Q, M, remains
smaller than unity, thereby indicating weak deflagration, i.e., the regime VIin Fig. 6.5
and Table 6.1. Increasing Q past a certain value yields a sonic condition of M, = 1,
corresponding to Chapman—Jouguet (C-J) deflagration, i.e., the regime V in Fig. 6.5
and Table 6.1. For a given value of Q, the value of M| (< 1) is uniquely determined.
In C-J deflagration, the flow becomes sonic at the exit, not being affected by the
further downstream. As shown in Table 6.1 and Fig. 6.5, the regime in which the
deflagration solution has a physical meaning is limited to the regime of M, < 1,
which are only the regimes V and VI. Since the supersonic flow cannot be generated
only by heating, a solution with M, > 1 (the regime IV) does not exist. The Mach
number of C-J deflagration is given in a closed form for a calorically perfect gas.

1

Mes,denugraion = [1 D0+ + D0 - IT (6.24)
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6.2.4 Entropy Variation

Let us investigate how entropy varies behind a detonation and deflagration. Here, we
apply the same approach as in Chap. 4 for Q = 0. Substituting (6.18) withv = 1/p
and I’ =0,

1 1 1
e —e = —(Pz + Pl)<—1 - E) +0' = E(Pz +pDw —v)+ Q. (6.25)

Differentiating this expression,

der = 50— v)dp2 — 3(p2 + pi)dvs + 0 (6.26)
From the first law of thermodynamics,
T,ds, = dey + podvs. (6.27)
Combining (6.26) and (6.27),

ds, 1 dp, 1 do’
o2 — (o — ) L2 4 ~(py — e 6.28
> T, 2(vl v2) dvs + 2(102 p1) + v, (6.28)

Since on a Hugoniot curve (HG) dQ’ = 0,

dS2 1 dp2 1
T — — — . 6.29
2|:dU2LG 2(U1 U2)|:d 2:|HG + 2(Pz P1) (6.29)

Equation (6.29) gives the variation in entropy on the Hugoniot curve. Further
differentiating this expression,

d%s 1 1 d 1 1/v d
R e e A e Ol 3
dvy Juyg 2\ Py dvy |pe 2p, 2\v, dvs fug

d*p, 1/ 1
+ = (Ul - U2)|: :| + —<——> (p2 — p1). (6.30)
v} Iyg v

Because at the C-J point, (6.10) and
U =dy = _ (631)

are applied,
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- 1 d d
PP e —2(—v§|:ﬁi| ) - _[ﬂ} . (6.32)
L% Bl %] 1253 dU2 CJ dU2 cJ

Substituting (6.32) into (6.29) and (6.30),

d
T2[£:| -0, (6.33)
dvz cJ
d252 1 d2P2
Tzl:—i| = —(v1 - 1)2)|: i| . (634)
d”% a 2 d”% cJ

From (6.33), the entropy has a maximum at the C—J point. For ordinal gases,

d2
2o, (6.35)
dv;

Therefore, in the C-J detonation where v{ — v, > 0, [%] > 0.
2 das
. 2
In C-J deflagration, where vy — v, < 0, [%] < 0.
> dcs
It follows from these results that along a Hugoniot curve, the entropy has a
minimum at the C-J detonation, and a maximum at the C—J deflagration.

6.2.5 Energy Variation

Let us determine how the internal and kinetic energy of a flow change by heating,
shock compression, or expansion. Substituting (6.18) with v = 1/p and I’ = 0,

1
e —e = E(Pz +p)(v —v) + Q. (6.36)

The kinetic energy induced behind the detonation from a quiescent state is
obtained from (4.26).

1 1 1
E(Zz - Zl)z = 5(“1 —up)? = 5(1’2 — p) (v — vy). (6.37)

Therefore, the variation of the total energy, e;, becomes

1
o= =e—ert (- w))’ = pa(vr —v2) + Q. (6.38)

Figure 6.8 shows the energy variations induced by a detonation on pressure-
specific volume coordinates. The area C equals to the second term on the right-hand
side of (6.36). Equations (6.36)—(6.38) correspond to the respective areas.
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Increment in the internal energy (6.36) = Area B + C

Increment in the Kkinetic energy (6.37) = Area A

Increment in the total energy (6.38) = Area A +B + C

e is further increased than the input heat (Area C) by compression (Area B). The
kinetic energy is generated as a consequence of the acceleration of the gas resulting
from the pressure imbalance (Area A). In the detonation, the increment in e dominates
over the increment in the kinetic energy due to heating.

At the same, the energy variation behind a deflagration is analyzed in Fig. 6.9.

Increment in the internal energy (6.36) = Area— (A + B) + C

Increment in the kinetic energy (6.37) = Area A

Increment in the total energy (6.38) = Area— B + C

In deflagration, the gas expands (v, > v;), and the pressure decreases (p> < pj).
Therefore, the increment in e equals the difference from the input heat (Area C),
and the work done to the external environment (Area A + B). The increment in the
kinetic energy is depicted by the Area A. However, the direction of the induced flow
is opposite to that of the detonation.
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Fig. 6.10 Schematic of the Deflagration
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6.2.6 ZND Model

Let us consider internal flow in the detonation. We have analyzed the system only by
considering the flow states at the inlet and the exit of the control volume. Zel’dovich,
von Neumann, and Déring developed a model in which the flow regime is subdivided
into two sub-regimes (ZND model), see Fig. 6.10. The sub-regime i entails the shock
wave, and is not accompanied by heating (Q = 0). The sub-regime ii has a thickness
with heating and covers the subsonic flow between the shock wave and the exit. If the
heat is input by exothermic chemical reactions, the thickness equals the convection
distance for completing the reactions. Immediately behind the shock wave, there
is an induction zone where the pressure and temperature are kept almost constant,
which is followed by a reaction zone where the pressure and temperature vary. At
the inlet of the sub-regime ii, the flow is subsonic; and at the exit, the flow becomes
sonic. Therefore, the flow in the latter is equivalent to C—J deflagration. In summary,
we can treat a C—J detonation in two ways:

(1) As asingle system, this is C—J detonation.
(2) We can subdivide it to a shock wave and a subsequent C—J deflagration.

Let us trace the processes on p — v coordinates, see Fig. 6.11. Note here that
the processes of the pressure and the specific volume variation do not exactly follow
these paths, but experience the states of [1], ([N]), and [2]. In the process (1), the
state changes directly from [1] on the Hugoniot curve with Q0 = 0 to the tangent
point [2] to the Hugoniot curve with O = 4. In the process (2), the process once
changes from [1] to [N] on the Hugoniot curve with Q = 0, then transitions to the
tangent point [2] of the subsonic Rayleigh line to the Hugoniot curve with Q = 4.
The pressure at [N] is higher than that at [2], is referred to as the von Neumann spike.
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Fig. 6.11 ZDN model on Hugoniot
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6.2.7 Cellular Structure

Detonation involves in the coupling between shock waves and chemical reactions.
Usually chemical reaction rates are sensitive to the pressure and the temperature of
the mixture, which in turn is strongly affected by the strength of a shock wave. Often
a chemical reaction rate, k;, is assumed to follow the Arrhenius equation,
ke = A Fa 6.39

a2 o
where the activation energy, E,, differs depending on elemental chemical reaction.
From (6.39), k; is an increasing function of 7" and is sensitive to it. Usually, a shock
wave appearing in detonation has a shock Mach number on the order of five or even
higher. Since the post-shock temperature is almost proportional to the square of the
shock Mach number, this chemical reaction system coupled by the shock wave is
considerably sensitive to the variation of the local behavior of the shock wave. If
the shock wave becomes locally stronger, the post-shock temperature and then the
chemical reaction rate increase, thereby further enhancing the shock wave. Because
of such unstable mechanisms, the shock wave in detonation hardly keeps its planar
wave front, but has a complicated wave structure as shown in the left Schlieren images
of Fig. 6.12a and b. In the regime where the shock wave is locally stronger, behind
M in Fig. 6.12b, the exothermic chemical reaction progresses faster, and thereby the
shock wave is further enhanced. In contrast, in the regime where the shock wave is
relatively weak, behind I in Fig. 6.12b, the exothermic chemical reaction takes place
at a distant location from the shock wave. The generated pressure nonuniformity in
the transversal direction induces the transversal shock waves. Coupling these shock
waves, the concave and convex wave fronts transversely move in the direction of the
detonation.
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(a) -1 Regular pattern, 2H, + O, + 12Ar

(a) -2 Irregular pattern, 2H>+ N20 + 1.33N2

(a) Schlieren images (left) and soot traces (right) of detonation propagation, initial pres-
sure, 20 kPa; high of test section, 150 mm, courtesy of Prof. J. Austin, California Institute
of Technology.

Triple point
trajectory

Reaction zone ~

(b) Schematic illustration of shock wave propagation with chemical reaction to form cellu-
lar structure; I, incident shock wave; R, reflected shock wave; M, Mach stem; S, slip line.

Fig. 6.12 Cellular structure of detonation waves

The right pictures in Fig. 6.12a are photographs of the tube wall observed after det-
onation propagation. Before the experiment, the wall was covered by soot. After the
detonation propagation, the trajectories of a triple point are recorded as the cellular
structure. This structure is caused by the above-mentioned transversal wave propa-
gation. The shock wave reflections as shown in Fig. 6.12b are repeated [2]. Along the
leading front, the fast portion and slow portion are not smoothly connected, but form
a Mach reflection.* The slow portion is the incident shock wave (1), the fast portion
is the Mach stem (M), and the transversal wave corresponds to the reflected shock
wave (R). The intersection of these waves is the triple point. Because I is weaker

4Refer to Chap. 7.
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Fig. 6.13 Schematic p Combustion

illustration of ram
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than M, it has a lower propagation speed, and the chemical reaction behind I takes
place behind M. Along the propagation path of R, the location of the triple point also
moves in the transverse direction. From the triple point, the slip line (S) is generated,’
then a vorticity for the flow to approach the Mach stem is induced. The trajectory of
such triple points is recorded as the soot pattern. The maximum width of the cellular
structure is referred to as the cell size. In experiments, the cellular structure pattern
depends on the type of mixture and the initial pressure. The pattern in Fig. 6.12a-1
has a regular, while that in (a)-2 has an irregular pattern.

6.3 Ram Accelerator

6.3.1 Operation Principle and Characteristics

In Rankine—Hugoniot relations, a thrust is generated if a source term is introduced
not only in the energy conservation equation but also in the momentum conservation
equation. Employing such relations, we can model a ram accelerator [3]. In the
ram accelerator, the acceleration tube is filled with combustible mixture. As seen
in Fig. 6.13, the projectile is injected into the acceleration tube at a supersonic
speed. Around the projectile, a shock wave is formed and repeats reflection between
the tube wall and the projectile, thereby compressing and heating the combustible
mixture. If appropriate conditions are satisfied, the mixture is ignited on the aftbody
of the projectile. If the combustion is sustained there, the local pressure is enhanced,
yielding a thrust.

This device has a great advantage over the conventional power gun of obtaining a
large thrust over a larger tube length. In a conventional gun (Fig. 6.14), the projectile
is accelerated by a high-pressure driver gas at the bottom of the acceleration tube that
is produced by combusted propellant power (sometimes in liquid) or pre-charged,
high-pressure gas. However, the farther the projectile travels from the bottom, the
lower the thrust becomes due to the expansion of the driver gas. Nevertheless, in a
ram accelerator, a high pressure immediately behind the projectile and hence a large

SWe traditionally refer to a “line” instead of “plane” in the three-dimensional phenomena.
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Fig. 6.14 Schematic P Expansion of driver gas
illustration of a conventional
gun
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Fig. 6.15 Schematic Acceleration tube , Projectile
illustration of thermally -
choked flow in the control
volume (see Fig. 6.13). On [1] M>1
the frame fixed to the
projectile, the flow direction
is reversed

M<1

—
Premixed
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thrust can be kept for a much longer travel distance, thereby obtaining a much larger
impulse that is transferred to the momentum of the projectile.

Figure 6.15 illustrates the flow around the projectile on the frame fixed to it. The
flow direction is reversed, such that the right direction has a positive sign. The com-
bustible mixture flows at a supersonic speed, M, in the space between the projectile
and the acceleration tube wall. Around the projectile, oblique shock waves are gen-
erated, repeat reflection on the tube wall and the projectile, thereby the pressure and
the temperature are increased. In appropriate conditions, the mixture is ignited, and
combusted such that the pressure around the aftbody of the projectile is enhanced. A
thrust is produced as the surface integration of the pressure on the projectile in the
left direction. The combustion is terminated in the downstream at the location 2. As
will be shown later, in the thermally choked operation, the Mach number at the exit,
M, equals unity.

6.3.2 Derivation of Thrust

Let us obtain the thrust by applying Rankine—Hugoniot relations to the system of
Fig. 6.15. Note here that the general form obtained in this section is applicable
not only to the thermally choked operation, M, = 1, but to other values of M.
The following equations will be applied to multicomponent gas. A mass-averaged
quantity is depicted by { }. Dividing (6.7) by 6,,,1 T using

N
Cp,=) Yi;Cp, (6.40)
i=1
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h 1 u? \C,.T h 1w’
B YY) (6.41)
CpoT» 2C,oT)C,iTi  CpuTi  2C,1Th
"
__9 (6.42)
CoiTh
Here,
= 7 5 v p_ @
C,T = ——RT = = === (6.43)
y—1 y—1lp y-1
The Mach number is defined using the frozen speed of sound, a
M=—— =~ (6.44)
- -
VYo YRT
Substituting (6.41) with (6.43),
h -1\ 5% h - 1
(_ ) 4 V2 Mzz) ;/251&& _ 5,1 ! 2+Q,
Cp2Ts 2 _L pip2 CpiTh 2
v hsl )/1 1 a2
<Q)2_%Pzpchm+ Mi +Q
-~ 5 hs, =1 212
P éh,zZTz 22 M2
Since
ne s Vel pM
pipr Bt B My
— Vl 1ag2
. P2 )/1M1 V2_1C1;1T1 + M1+Q (6.45)
. — — .. 1 . B
o M, |yni—1 T;Tz + 23
Next, from (6.12) and (6.13),
2.2 2 2.2
&Z%*pluli+l+l=’;} p2u21+1+1
P1 o1 P2 Pl o1 P2 Pl
:yle—y2M§Z—+1+1
- %(1 + M) — (1 + 7 MD). (6.46)
I/
I=—. (6.47)
P1
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Fig. 6.16 I versus M, for 8
calorically perfect gas I
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From (6.45) and (6.46),
[ o1 ot M0
_ 14 Y2—1cC,.1 _
I=+pMHEL |2 0 __ — L+ 7MY, (6.48)
My (-1 e My
p.2

Equation (6.48) provides the thrust of a ram accelerator, which is applicable even
to a variable y. For a constant value of y,

L+ 52 M7 + Q

1
2

=Ry ) —(l+y M}). (6.49)
7 M

I=(+ MZ)%
= 14 A

The dimensionless thrust, /, is given as a function of M|, M;, and Q, see Fig. 6.16.
Since the value of Q is determined by the initial mixture conditions, / becomes a
function of M; for a given M,. As will be described in the next section, a self-
sustainable solution is possible only with M, > 1.

6.3.3 Thermally Choked Operation

A thermally choked operation corresponds to a ram accelerator operation mode with
M, = 1. As in detonation, this operation mode has special meanings. Figure 6.17
shows an example of the pressure—volume relation in a thermally chock operation
for a calorically perfect gas with y = 1.3. A Rayleigh line (6.16) is shifted up by
I. A Hugoniot curve (6.19) is shifted up with Q and down with /. With a given
combination of M; and Q, a unique value of 7 (in Fig. 6.17, I ~ 3.514) exists,
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Fig. 6.17 Pressure—volume 0
relation related to a L Hugoniot - ]
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Fig. 6.18 Dimensionless
thrust in thermally choked
mode, Itc, versus M

with which a Rayleigh line becomes a tangent to the Hugoniot curve (at Point [2] in
Fig. 6.17). As described in Sect. 4.2.1.4, this tangent condition is equivalent to the
sonic condition at exit [2].

In a calorically perfect gas, the following quadratic equation is obtained by
combining (6.16) and (6.19).

2 2
2 C DM +2(0 + 1
Mf<ﬂ> ——(1+1+yM12)(ﬂ)+(” IMi+20+1D _
P2 y +1 02 y+1
(6.50)

The solution in the thermally choked mode is obtained by setting its discriminant
to 0, as shown in Fig. 6.18.

Ie = MiyJ(y + D{(r = DM} +2(Q + D} — (1 + y M}). (6.51)
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Itc does not explicitly depend on the size, shape of the projectile, or details of the
flow field around the projectile. Conveniently, it is determined only by the projectile
Mach number, the specific heat ratio, and the amount of heat release. In this mode,

(g) Cl+yMi T [y =DM 42(Q+ 1) 6.52)
p2)re (v + DM} (y + DM} ’ '

1 M? 4+ 1 —DM?*+2 1
<&> ZMZMI\/(V My +200+ 1D (6.53)
P/ tc y+1 y+1

When the effect of the acceleration of the projectile vanishes, the thermally
choked mode becomes a unique, self-sustainable solution as is in C-J detonation.
As will be shown in the next section, this solution agrees well with the experimental
performance.

For a value of Q, aunique value of M; (> 1) exists with Itc = 0. In this condition,
no momentum is exchanged between the projectile and the gas. This condition is
equivalent to the one where a projectile does not exist, and subsequently to the
Chapman-Jouguet detonation. The corresponding Mach number, My, is obtained
by setting the left-hand side of (6.51) to zero.

Itc has a positive value in the regime M1, < M < Mcy. The value of My,ip
is determined from the operational condition of the diffuser that is formed between
the forebody of the projectile and the acceleration tube wall.® In theory, operation
with M, > 1 is possible. In that case, a positive thrust can be obtained even with
M, > Mcy. However, no clear experimental evidence of this super-detonative mode
has been obtained.

6.3.4 Experiments on the Ram Accelerator

The ram accelerator was invented by a research group at the University of Washing-
ton, Seattle, WA, U.S.A., led by Prof. A. Herzberg in 1986. Intensive investigations
were conducted by his group, including the groups of A. P. Bruckner and C. Knowlen,
and by other followers in the U.S.A., France, Germany, China, Brazil, Korea, and
Japan [4].

Figure 6.19 shows the device developed at the University of Washington with
its almost optimal performance. The ram acceleration tube has an inner diameter of
38 mm (1.5 inch), and a total length of 16 m (Fig. 6.19a). Figure 6.19b illustrates
the typical projectile, which has a conical nose and a center body with 4 to 5 fins for
stabilizing its in-tube attitude. In order to save the mass, it is made of aluminum alloy
A7075-T6, and its parts are hollowed and threaded. Figure 6.19c is the representative
projectile acceleration profile, where a speed close to the world record of 2.7 km/s

6See Sect. 11.2 on the supersonic diffuser.
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Fig. 6.19 Ram accelerator (RAMAC38) at the University of Washington and its performance

was attained [5]. Above this speed level, the projectile itself starts combusting due
to the ambient high-pressure oxygen in the shock-heated mixture.

Figure 6.20 shows the ram accelerator (RAMAC25) at Tohoku University.
Through the open base of the projectile (Fig. 6.20a), the pressures between the inside
and the outside of the projectile wall are almost balanced, such that the light projec-
tile achieved an average acceleration of 4.4 x 10* g (g, gravitational acceleration)
through the 6-m-long acceleration tube [6].

6.4 Thrust by Exhaust Jet

Let us add a source term in the mass conservation Rankine—Hugoniot relations to
obtain a thrust, F, generated by an exhaust jet. Here, even the cross-sectional area
varies. First, let us consider a jet exhausted from a rocket shown in Fig. 6.21. When
the rocket flies in quiescent air at a speed u; to the left, on the frame fixed to the
rocket, a uniform flow enters the control volume through the inlet 1 with a speed u; to
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the right. The upper and lower boundaries are along the streamline. The downstream
exit of the control volume is labeled “2.” The static pressure on the boundaries,
depicted by dashed lines, equals p;. The flow in the exhaust jet at the exit boundary
2 is higher than the rocket by u,. Let the mass flow rate, the exhaust speed, static
pressure, and cross-sectional area from or at the rocket exit be designated by 1, up,
Pp> and A, respectively. The boundary between the exhaust jet, the gray regime in
Fig. 6.21, and the surrounding air is a slip surface with a static pressure of p;. With
the expansion of the exhaust jet gas, its flow cross-sectional area increases. The mass
flow rate of the incoming flow is n1;.

The mass conservation in Fig. 6.21 is satisfied by the fact that the total mass flow
rate through the exit 2 equals the sum of 1z, in the exhaust jet from the rocket and 7.
The momentum conservation relations are expressed in the following two ways. First,
let us consider the control volume enclosing only the rocket. The thrust occurring
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because of the momentum produced by the flow velocity, Fy, i.e., the momentum
thrust, equals the product of the mass flow rate and the exhaust speed.

Fa = ittty (6.54)

Next, let us consider the pressure balance over the rocket. In the control surface
around the rocket, a pressure imbalance exists only at the projection area of the
engine exit. The pressure thrust is obtained as the surface integration of the pressure
over the surfaces.

F, = (pp - pl)Ap. (6.55)
The net thrust exerting on the rocket equals the sum of these.
F = Fyn+ F, = tipup + (pp — p1) Ap. (6.56)

By launching a rocket on the ground, the thrust becomes smaller than that in the
vacuum by a frontal pressure of p;.

Then, we consider the overall momentum conservation. The thrust exerted on the
rocket is balanced with the momentum balance during a unit time through the control
surfaces 1 and 2.

F = rhlu] +n'1pu2 —mll'l] = rhpuz (657)

Employing (6.57), the thrust is measured by determining the exhaust speed of u,
over the control surface with the ambient pressure.

6.5 Air-Breathing Engine

A rocket engine obtains thrust from the momentum of the jet exhausted from the
propellant preloaded before the launch. If oxygen from the ambient air is used, it is
not loaded on board. An engine utilizing ambient air is referred to as an air-breathing
engine. In automobiles and airplanes, such air breathing is common. Nevertheless, if
an engine breathes the ambient without any reciprocating or rotating mechanics, and
powers it using chemical, electrical, beam (laser or microwave), or nuclear power,
then a device different from the conventional ones can be constructed. Here, let us
consider such an air-breathing engine.

7In rocket engineering, a loss in a vehicle velocity increment for this reason is referred to as pressure
loss.
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A ramjet is a kind of air-breathing engine, capable of generating a thrust even at
supersonic speeds without any rotating part. As shown in Fig. 6.22, the supersonic
flow coming in through the inlet is compressed and decelerated in the diffuser.® After
fuel injection and heat addition due to burning, the flow expands and is accelerated in
the nozzle. In particular, ramjet, where the flow is kept at supersonic speed even in the
combustion zone, is termed SCRAMjet (Supersonic Combustion Ramjet, Fig. 6.23).

Let us obtain the thrust of the air-breathing engine shown in Fig. 6.24. At inlet 1,
the flow is uniform and supersonic. In the engine, a fuel is injected with a mass flow
rate of 71, a specific enthalpy of /i, and a pressure that is equal to the surrounding.
The flow speed and the pressure at exit 2 is determined from the nozzle design.

The mass conservation equation is

p2u2A2 = Vh] + th. (658)

Here, no body force exists. The thrust equals the resultant force acting on the inside
and the outside walls of the engine. At the same time, a force of equal magnitude but
in the opposite direction exerts on the fluid passing through the engine. The force on
the outside of the engine is

Fexe = (A1 — A2)pr. (6.59)

8The compression due to the dynamic pressure of the flow itself is referred to as ram compression.
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The force on the inside of the engine is obtained by the following momentum
conservation relation.

Fine = (Pz + ,Ozug)Az + mpuy — (p1 + plu%)Al. (6.60)
Note here that the effect of pressure distribution over the center body is not taken
into account.
Therefore, the thrust is obtained by the net force.

F = Fin+ Forr = (P2 — p1) Az + (g + ritp)us + rivpuy, — rinyuy . (6.61)

The energy conservation is given by
. . Loy 1, / . 1,
(i1 + 1) h2+§“2 =1 h1+5u1+Q + my, hp+§up . (6.62)

Here, the enthalpy, &, does not contain a standard enthalpy of formation. The heat
from the chemical reactions is taken into account in Q’. The mass flow ratio, ey, is
defined by

ap =2 (6.63)

In many cases of air-breathing engines, the fuel injected in the engine reacts with
the oxygen breathed from the intake; the gases are not necessarily calorically nor
thermally perfect. Yet, in the following, for simplicity, we will deal with a calorically
perfect gas.

-_r r__9 (6.64)
y—1p y-1
2 2
w=5=-2 (6.65)
a )/;

Transforming (6.58) and (6.61)—(6.65),

L+ 5 M3+ 0+ a1+ 250 0)

Fet—eym)™ | (14)
P1A; > M, ’ 1+ M3
A ~
_ (A_2 +ny> L, (6.66)
1
0= 2 (6.67)
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hp
X =50 (6.68)
B o=,y MR (6.69)
p = %YMy u :

In (6.66), with the conditiong of the injected propellant, o, xp, and fp being
given, the dimensionless thrust, F', becomes a function of M, M,, and Q. M; equals
the flight Mach number; M, is determined from the nozzle design; Q is given from
the mixture composition or the specific energy input to the gas. With o, = 0, Fp =0,
and A,/A; = 1, (6.66) becomes equivalent to (6.49).
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Chapter 7 ®)
Two-Dimensional Flows Becit

Real flows are usually three dimensional. However, many important flow characteris-
tics appear even in two-dimensional flows. In this chapter, we deal with steady state,
two dimensional, supersonic flows. In such flows, compression/shock and expan-
sion waves appear. A Mach wave, which is an envelope of sound waves, depicts the
weakest wave. If a flow is bent toward compression, compression waves are gener-
ated, which then make a transition to a shock wave after propagating over a certain
distance. If a supersonic flow is bent by an object, either an attached or a detached
shock wave appears in front of it. The shape of the shock wave, which for the most
part is an oblique shock wave, is determined according to the boundary condition set
by the object. If the flow is bent toward expansion, expansion waves are generated.
In particular, when the flow turns a corner, an expansion fan is formed.

7.1 Compression/Expansion Waves

When a flow is compressed moderately such that shock waves do not appear, or
experiences expansion, such processes are isentropic. In such a flow, the relation
between a flow Mach number and a deflection angle is obtained by the Prandtl-Meyer
function. Let us derive and study it.

‘We apply the conservation equations in Sect. 3.1 to steady, two-dimensional flows.
Here, we assume that the processes are isentropic. Body force and heat input are
neglected. From (3.4),

V.-pu=0
ou RJe) v op . (7.1)

a° oF 7 F_o
Pax T TP TV,

The momentum conservation Eq. (3.14) yields
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du + du ap
Uu— +v— b
dx ay | _ ax |- (7.2)
i) aw| |2
u—U + U—U L
0x ay dy

By substituting the energy conservation (3.27) with

3Q = 6 Qreversivle = T'ds (7.3)

1 dp
Tds=de+pdl—)=dh— — =0 (7.4)
o o

Using the result in Chap. 8, in the isentropic flow the speed of sound, a, is given
by

dp 2
— =a". 7.5
p a (7.5)
Using (7.5), (7.1) is transformed to
ou ap v ap
2 2
— — — — =0. 7.6
aax+M8x+pa 8y+v8y (7.6)
Equations (7.2) and (7.6) are combined into the following form:
S _ 9
A—+B—)V=0 (7.7)
ax dy
) pa’0 u
A=1]pu 0 1 (7.8)
0 pu0
) 0 pa*v
B=|pov0 0 (7.9)
0 pv 1
u
V=1 v|. (7.10)
p

Multiplying A~ to (7.7),

(i —i—Ai)V:O (7.11)



7.1 Compression/Expansion Waves 137

1 u
_p(u27a2) p(u2—a?) 0 0 ,0(121}

A=A""B= 0 0 ﬁ pov0 0
u az
e 0 \0 ol . (7.12)
uv —a? Y
1 v 2 2 1 2,0 2
T2 _a 0 E(” —a)/;(u —a)
—pva®  pua® uv

Substituting (7.11) with a wave-form solution

V = Vye! @k (7.13)
(kxl + kyA)V — 0, 1, identity matrix (7.14)
with
b= —ky/ky (7.15)
(A - /\I)V - 0. (7.16)

To find a nontrivial solution to (7.16), its determinant should be set to 0.

A-i|=o0 (7.17)
uv — (u2 — az)k —a? —l;
0 E-NE-a) Hw@m@) (=0 1)
—pva? pua* uv — (uz — a2))»
<A - g)[(l,t2 - az))»z — 2uvh + v — az] =0 (7.19)
u
v uv+aad?
A==, —5— (7.20)
u u*—a
2 2
o= ”tv —1=yM2 -1 (7.21)
a
Therefore, three eigenvalues are obtained as follows:
v
A= — (7.22)
u
hp = 20T (7.23)
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Fig. 7.1 Geometrical wave y
relations

av —u

A3 = (7.24)

au + v

Here, we apply the relation between the deflection angle, 6, and the Mach angle,
Bm, which is shown in Fig. 7.1, and (7.20).

v
tanf = — (7.25)
u

(om) =

a= - —-1= (7.26)
sin By tan By

A =tanf (7.27)
Ay = tan(@ + Bm) (7.28)
Az =tan(@ — Bm).- (7.29)

As shown in Fig. 7.1, A; is the tangent of the flow velocity vector, u, to the x-axis;
Ay and A3 are the tangents to Mach waves ¢ and cg, respectively. In other words, in
two dimensional, steady state, compressible flows, the characteristic velocity, u, ¢,
and cg exist.

With

A 00
A=|o0oxno0 | (7.30)
0 0 A3

Let us obtain L~! for
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L'A=AL". (7.31)
pu pv 1
L ! = —% ’;—” 1 (7.32)
o ey
Its inverse matrix is
u _ _utav av—u
p(u2+v?) 20(u2+v?)  2p(uP+0?)
v au—uv vtau
L p(u2+1;2) 2p(u2+7;2) _Zp(u2+1;2) ' (733)
0 3 :
From (7.11) and (7.31),
oV oV
L' —+AL"'—=0 (7.34)
ox ay
Defining
dy
— ) =X 7.35
(&) (739

Equation (7.34) has a form of

0 dy\ 9 :
—+|=)=—=0, i=123
ox dx /9y

which gives an invariant along a characteristic line with a slope of ;.

d
L~'dV = O along d—y =, i=1,23 (7.36)
X

Writing the respective components,

d
pudu + pvdv + dp = 0 along ay = A; = tan6. (7.37)

Using (7.4),
1
pudu + pvdv + dp = pudu + pvdv + pdh = ,od(zlul2 + h) =0

1
dh, = d(h + E|u|2> =0. (7.38)



140 7 Two-Dimensional Flows
This is Bernoulli’s equation in compressible flows,' which implies that along the

streamline total enthalpy is conserved.
From (7.36) with i = 2,

d
P qu+ P24 £ dp = 0 along =X = 3, = tan(6 + ). (7.39)
o o dx

Here the flow is uniform in the upstream, such that (7.38) is applied there. From
(7.26), (7.38), and (7.39),

(u + vtan By)du + (—u tan By + v)dv = 0. (7.40)
Using relations shown in Fig. 7.1,
(cos @ + sin O tan By)d(|u| cos 0) + (— cos 8 tan By + sin0)d(Ju| sinf) =0

1 dlu

= (7.41)
tan By [u]
Defining
__ 1 du (7.42)
" tan By |u| '
dv—-0)=0 (7.43)

v is the Prandtl-Meyer function. From the definition of the Mach number,

_|u|_ 1

M = — .
a sin By

Applying (7.38) to calorically perfect gas,

2ada

y —1

2 da du|
- 4+ — =
(y —DM? a [ul

+ |uldlu| =0

0. (7.44)

Using these equations, the right hand side of (7.42) is expressed as a function of
M.

1 _COSﬁM_\/l—SiHZﬂM_m

tan By sin By sin By
da " dM  d|u] (7.45)
a M~ |u '

For incompressible flows, p + %,olul2 = const.
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2 d dm d
—2<ﬂ——)+ﬂ=0 (7.46)
(y-—DM>\ u| M |ul

d|u| 1 dm
- = (7.47)
| 14+ M2 M
v M dMm
dv=—"—7— (7.48)
1+ V M2 M

Usually the integral constant is set such that v(M = 1) = 0. v is obtained in the
explicit form.

VM dm
v(M) = — T
1 14+ V M2 M
. (7.49)
1
:\/VJr \/—(Mz—l)—tan M2 — 1
y — 1
From (7.36) with i = 3,
pv pu dy
—du — —dv+dp = 0along — = A3 = tan(f — Bm)
o o dx
(u — vtan By)du + (utan By + v)dv =0 (7.50)

(cos @ — sin 8 tan By)d(|u| cos 0) + (cos 6 tan By + sinf)d(ju|sind) =0
dv+6)=0 '

(7.51)
To summarize the above,
Al dx dy tan9, d 0, dh=0 (7.52)
ong — = — =tan = = .
g dl’ u, d_x ) S ) t
dx dy
Along — =¢, — =tan(@+ Bm), dR=d(v—-6)=0 (7.53)
dr dx
dx dy
Along Fm = Cg, o =tan(@ — By), dQ =d(v+0)=0. (7.54)

In (7.52)—(7.54), s, R, Q are Riemann invariants.

A steady, supersonic flow is decelerated if it is bent at the compression side,
and accelerated at the expansion side. Along a slowing bending wall, the flow is
kept isentropic, irrespective of whether it is compressed or expanded. However, at a
certain distance from the wall, if compression waves are taken over by proceeding
compression waves from behind, the transition to a shock wave occurs. In that case,
the isentropic assumption is violated, and thus (7.53) and (7.54) cannot be applied.
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Fig. 7.2 Supersonic flow with moderate compression, A6 > 0
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Fig. 7.3 Supersonic flow with moderate expansion, A6 < 0

Using the Prandtl-Meyer function, (7.49), (7.53), and (7.54), a variation in flow
Mach number A M is obtained from a deflection angle, A8. Figure 7.2 shows super-
sonic flow that is moderately compressed on a concave surface. In the flow field, the
invariant Q = v + 6, which is kept constant along cg, equals to that in the upstream.

Av = —Ad. (7.55)

With A6 being given, Av then A M is obtained from (7.49), as shown in Fig. 7.2b.
In this case, the flow is decelerated, meaning that AM < 0.

When the flow is bent toward expansion, as shown in Fig. 7.3a, the flow is
accelerated, thatis Av > O and AM > 0.
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Fig. 7.4 Prandtl-Meyer

expansion across an -
expansion corner 1 . Expansion fan

7.2 Prandtl-Meyer Expansion

If a supersonic flow is incident to a compression corner, a shock wave, either attached
or detached, is formed. Figure 7.4 illustrates the behavior of a supersonic flow in the
case where it is incident to an expansion corner. After a supersonic flow at state 1
turns the corner by an angle of A6, its condition changes to state 2. Resultantly, the
flow is accelerated due to expansion, M| < M,. This expansion occurs only in the
expansion fan, which is sandwiched by ¢r, | and ¢, waves originating in the corner.
Such expansion of a supersonic flow across a corner is termed as the Prandtl-Meyer
expansion. M, is obtained by inputting A8 into (7.54). From (7.44) and (7.47),

da _ y—-—1HmMm

a 24y - DHM?

1 2
dlna = —Edln{2+ (y — HM?}
a*{2+ (y — HM?} = const.

Then, the temperature, T, is given by

- - _ (7.56)

3
Ty=1 ay., M*+_ %

<

The pressure p is obtained from the isentropic relation.

. _< . )‘ ) 7.57)
Pm=1 Ty= M+ 2 '

Let us examine how much the flow can be refracted. From (7.49) and (7.55),
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Fig. 7.5 Refraction limit of
supersonic flow

Expansion fan

My = o e O=v(~)=v(2)

p,=T,=p,=0

(—AB)max = v(00) — v(My)

1 1 -1
_T i_l _ |rt tan~! L(Mlz—l)—f—tan_l,/M]z—]
2 y —1 y —1 y+1

If the flow is refracted up to this angle, the Mach number becomes infinity, and the
pressure, temperature, and density vanish. For air with y = 1.4, v(oco) = 130.45°.
This value equals the maximum refraction angle of an incident flow of M, = 1. For
M, > 1, the maximum refraction angle is given by (7.58), see Fig. 7.5.

7.3 Supersonic Flow Around a Cone

Figure 7.6 illustrates a supersonic flow over a cone. The flow is assumed to be
inviscid and axisymmetric. If the cone has an infinite length, the flow becomes self-
similar. The shock wave likewise has a cone shape. The solution is referred to as the
Taylor-Maccoll solution [1].

From the mass and momentum conservation equations, (3.4) and (3.15), respec-
tively,

V- (pu) =0 (7.60)
p(u-Viu+Vp =0. (7.61)

The half-apex angles of the cone and the shock wave are designated by 6,, and 8.
The two-dimensional polar coordinates, (r, €), are set as shown in Fig. 7.6. Since the
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Fig. 7.6 Flow over a cone

Streamline
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Shock wave

flow is self-similar, the flow velocity vector (u,, uy) and thermodynamics properties
become a function only of 6, and the derivative with respect to r vanishes. With those

conditions, (7.60) and (7.61) yield to

1 d
— — inf) =0
2 rsin6 do (pug sin )

2
» (pr u,) +

d
dr

d
2pu, sin6 + ﬁ(,oug sind) =0

dug dp
A r — =0
p<”9 o " ”9) T
From (7.63),
du,
Upg =
LT

r r a6
From (7.62) and (7.65),
2oy 4P 4 p T t6=0
Uy +ug— — ugcotd = 0.
P ede P 192 pug

For the isentropic flow,

dp = a’dp.

(7.62)

(7.63)

(7.64)

(7.65)

(7.66)

(7.67)

(7.68)
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From (7.64), (7.65), (7.67), and (7.68),

d*u, U, + ugcoto
= 7.69
e +u y (7.69)

From Bernoulli’s equation (7.38),
2 2 2 2 2

aln+ M4 az_ umtus) (7.70)

2 y —1 2

I, a® u? + “5
—u: =h = -, 7.71
M ERE LTI 77D

Here, u, is a constant and equals the flow speed attained when it expands to vacuum
in a steady-state manner. From (7.65) and (7.67),

du, g
( do ) — _ whweod |, (7.72)

duy —Uy P
do 1--4

Integrating (7.72), the solutions u, = u,(0) and up = uy(0) are obtained. The
boundary conditions on the cone wall (subscript, w) are

ur(Ow) = Upw (7.73)
g (By) = 0. (7.74)

With M and 6,, given, B needs to be found. Here, we use subscripts 1 and 2 for
the state upstream and immediately behind the shock wave. Defining

ury = uy(B) (7.75)
> = us(B) <0 (7.76)
U’ a? Up, ul a? uy, a? y+1 ,  ul,
U _ LU M R R S e S N R K
S S R R R ) 2
v =15 2
= — . 7.78
a; T (uf —uy,) (1.78)

Applying the Prandtl relation (4.57),

Myay sin (—up2) = 2— : (uf —uy,). (7.79)
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Since the flow velocity tangent to the shock wave does not change,
Majcos B =u,». (7.80)
From (7.79) and (7.80),

2 2
y_lut _ur,Z

— = — . 7.81
( ug’z) y+1lu,tan B ( )
Applying (7.77) to the upstream of the shock wave, and using (7.78),
1 1 1 1 1 , g
= — )P = (—— M2
2 y—1 2 y—1 2 Mj cos B
2 Uy,
M} = B . 7.82
'y —lulcos? p—u?, (782
The above relations are expressed using dimensionless quantities:
~ Uy ~ Ug ~ a
ur = T 0=, a=—
Ut t Ut
<%> = (_ﬁ' @@+ cot§) ) (7.83)
] r 5271792
—1 - -
@ =T {1 = (@ + i) (7.84)
1y (Ow) =T (7.85)
uy(By) =0 (7.86)

M
i = _Micosp (7.87)

2 2
\/ﬁ_'_Ml
y— 11—’

(Fu02) = y+li, tan B

(7.88)

For a given combination of M; and 6y, and assuming the value of 8 and m,
i, = u,(0), g = up(P) are calculated by numerically integrating (7.83). The
calculation should be repeated until a solution is obtained satisfying both (7.87) and
(7.88).
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Fig. 7.7 Supersonic flow around a cone, M; = 2.0, 6 = 20°

Once the solution is obtained, the flow quantities at the state 2 are obtained using
the oblique shock-wave relations. Those between the shock wave and the cone surface
are obtained using Bernoulli’s and isentropic equations.

P2 2y 2.2
— =14+ ——(M;sin“B —1 7.89
P1 y+1 (i A=1) 759
y_p® @O w® _ v po_u (7.90)
y — 1 p@) 2 2 y—1p 2
6 0)\"
r® _ (p( )) (7.91)
P2 P2
a
0 1 —a,20) — %) |7
r@® _ ”N() ﬁ/(z) . (7.92)
P2 1 —ity2* g
The deflection angle, 1, is given by
¥ =0+ tan~! <“—) — 60+ tan”! <“7) <. (7.93)
Ug Ug

An example of a solution is shown in Fig. 7.7. In two-dimensional flow, for
M; =2.0and 8 =20° B8 =53.4°, and p,/p; = 2.84, whereas in the conical flow
B =37.8°and p,/p; = 1.59 (the pressure ratio on the cone surface to the upstream
equals 1.91). Thereby, in the latter the shock wave becomes much weaker.
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7.4 Reflection of Shock Waves

7.4.1 Shock Reflection Patterns in Steady Flow

A shock wave is reflected on a wall. However, its reflection pattern is different from
that of electromagnetic waves including light. In steady flows, the reflection pattern is
subdivided to regular reflection (Fig. 7.8) and Mach reflection (Fig. 7.9). If we place
a wedge with a deflection angle of 8, in a My(>1) flow, an oblique shock wave is
generated. This shock wave propagates to the lower wall as an incident shock wave
i. Here, it is assumed that the expansion fan originated in the lower corner of the
wedge does not affect i.

In the case of regular reflection (Fig. 7.8), the incident shock wave is reflected on
the point R, and subsequently, a reflected shock wave r is generated at the same point.
In the upstream flow (state 0), the flow is along the bottom wall and has an angle $;
fromi. Behind i (state 1), the flow is bent toward the bottom wall by a reflection angle
of 6,. After the flow passes r, the flow becomes bent back by 6, = —6, restoring
the same direction as the upstream (state 2). The last process is equivalent to that
occurring during the formation of an attached shock wave, as described Sect. 4.3.4.

In the Mach reflection (Fig. 7.9), the incident shock wave i is bent at the point
T, at which the incident shock (i), reflected shock (r), and Mach stem (m) intersect.
This point is referred to as a triple point, T. In many cases, i is connected to m with
a kink. The flow above T passes through i and r; the flow direction of state 2 is not
necessarily along the bottom wall. The flow below T has only m, becomes subsonic
at state 3. Therefore, state 2 and 3 are interfaced with a slip line, tangent to each other

Fig. 7.8 Regular reflection

0,

Incident shock: i

Fig. 7.9 Mach reflection 0,

i (M

© M 5 b M Pt
6, M, 2)

'q\"r
Triple point : TN\

. T

gl T~ Slip line: s

6, M P
7 4

i
R * Mach stem: m
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at the same pressure, but with a different flow velocity, density, and temperature. On
the bottom wall, the shock wave is normal to the flow.

7.4.2 Shock Polar

In order to analyze the shock wave reflection, it is convenient to use the relation
between a pressure, p, and a deflection angle, 6, that is p — 6 shock polar. Here, we
apply the oblique shock-wave relations presented in Sect. 4.3 to a supersonic flow
with an upstream Mach number of M.

P 2y 22
=14+ ——(M:sin* B —1 (7.94)
Po y+1( 0 )

ZCOt,B(Mg sin? g — 1)

tanf = 5 . (7.95)
Mi(y +cos2p) +2

The pressures in front and behind the shock wave are designated by py and
p1, respectively. From (7.94) and (7.95), the shock polar equation is obtained, see
Fig. 7.10.

1

o= — oMy, 0). (7.96)

3|3

This equation is applicable to any shock wave appearing in the reflection with
corresponding subscripts. The flow Mach number behind the shock wave is given by

Fig. 7.10 Shock polar, y =
1.4. The two circles on each
polar correspond to

6 = Omax (upper) and M| =
1 (lower), respectively
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(SIS

M {(v = DM sin* B + 2}2 + (y + 1)>M sin® B cos® B
Ty MEsi? B—(r — DMy — DMZsin? p+2) |

(7.97)

In Fig. 7.10, three polars are plotted. Tracing from (p;/po, 6) = (1,0°) along
each one, the shock strength increases with increasing 6 in the weak shock regime.
The flow behind the shock wave is supersonic. The condition for the post-shock
flow to become sonic is close to that with the maximum 6. By further increasing
the shock strength, 6 decreases in the strong shock regime. The strongest condition
corresponds to a normal shock wave.

7.4.3 Two Shock Theory

Let us analyze the regular reflection, Fig. 7.8. With an upstream flow Mach number
M), and an angle of the incident shock wave B; being specified, for the incident
shock wave,

p1 = po®(My, 61). (7.98)
Meanwhile, for the reflected shock wave,

P2 = p1®(My, 6,). (7.99)
The boundary conditions here are

0; =6y (7.100)

0 —6,=0. (7.101)

Figure 7.11 shows the shock polar for My = 3 and B; = 30°. In the upstream (0),
6o = 0and p/po = 1. The polar for the incident shock originates at (0) and is plotted
on @ > 0 side, going through the post-shock state (1). Here, §; is given, and thereby
the corresponding deflection angle is determined as 6; = 12.8°. Across the incident
shock, the pressure becomes 2.46 times larger. The shock polar of the reflected shock
originates at (1) and extends to the left. In regular reflection, the intersection of the
polar with the vertical ordinate (8 = 0°) corresponds to the post-shock state of the
reflected shock. From the two intersections, only the lower one is the solution. In
this case, the post-shock pressure becomes 5.20 times larger.
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Fig. 7.11 Example of shock [)f’;U
polar for regular reflection 0
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7.4.4 Three-Shock Theory

Let us analyze the Mach reflection, shown in Fig. 7.9. My and B, are specified, and
thus 8, (=6y,) is obtained using (7.95). In the same way as for the regular reflection,
for the incident shock wave,
P1 = po® (Mo, 61). (7.102)
Meanwhile, for the reflected shock wave,
p2 = p1P(My, 62). (7.103)
To the state immediately below the Mach stem (3),

p3 = po® (Mo, 63). (7.104)

The boundary conditions are

01 = Oy (7.105)
01— 0, =063 (7.106)
P2 = Pp3- (7.107)

Figure 7.12 shows the shock polars for My = 3 and 6, = 40°. The polar for
the Mach stem is shared with the incident shock wave. The polar for the reflected
shock has a unique intersection, which corresponds both to the state 2 and 3, with
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Fig. 7.12 Example of shock pfp
polar for Mach reflection 0
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Fig. 7.13 Photograph of
exhaust plume from a liquid
rocket engine, LE-7A. In the
middle of the plume, a
conical radiation emission
region is observed behind the
Mach stem. Courtesy of
Mitsubishi Heavy Industries
Ltd.

the incident one. Behind the incident shock, the pressure becomes 4.17 times larger,
and 6; = 21.8°. Behind the reflected shock, the pressure becomes 10.3 times of the
upstream value with a deflection angle toward the wall of 8, = 63 = 4.21°. The
direction of the Mach stem varies toward the wall. On the reflection point R on the
wall, 6 vanishes, and thereby the normal shock wave condition is applied.

We can observe the Mach reflection in the exhaust plume of a liquid rocket engine,
as shown in Fig. 7.13. The exhaust jet from a rocket engine is shaped like a feather,
and it is called an exhaust plume. Usually, the rocket engine is designed such that on
the ground the flow is over-expanded, meaning that the static pressure in the plume
is lower than the ambient pressure.” In order to recover the pressure, a shock wave
system where the flow repeats the compression and expansion cycle appears. In the
compression processes, oblique shock waves are generated around the peripheral of
the plume. At the center axis, a Mach reflection is formed. In such an axisymmet-
ric configuration, the Mach stem is configured as a disk (Mach disk). Behind the

2For further details, refer to Sect. 11.1.
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Mach disk, the temperature and pressure become high, such that they are visually
observable.

7.4.5 Transition Criteria

Thus far, we dealt with two-dimensional shock wave reflection with the shock angle
B, as a given parameter. Yet, in the shock polar analyses, the relation between the
pressure ratio and a deflection angle, 6, is more useful. Therefore, we analyze the
shock reflection phenomena based on the 6 dependence. In the condition of Fig. 7.11,
only regular reflection is possible, while in Fig. 7.12, only Mach reflection is possible.
However, combinations of M, and 6,, (wedge angle) exist, with which both patterns
are possible.

A necessary condition for the regular reflection is that the polar of a reflected
shock wave intersects with the coordinate of & = 0°. As a critical condition, the
polar of the reflected shock wave becomes tangent to the coordinate. This is termed
as the detachment criterion, as depicted in Fig. 7.14.

0> max = Oy = Oygq. (7.108)

As described in Sect. 4.3, the condition for a maximum 6 variation is effectively
equivalent to the sonic condition for the post-shock flow (sonic criterion).

A necessary condition for the Mach reflection is that the reflected shock polar
intersects with the incident shock polar in 6 > 0° The critical condition is the polars
having an intersection at 8 = 0° (mechanical equilibrium criterion).

Oy —6r=6;=0, 6y =0um. (7.109)

Fig. 7.14 Shock polars p_.-",-;”
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Fig. 7.15 Regimes of 6 (deg.)
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For a given flow Mach number M), the conditions for the respective reflection
patterns are
Mach reflection:

Owm < Oy < Omax (7.110)
Regular reflection:
0 < 6Oy < Oyga. (7.111)

Figure 7.15 maps the reflective domains. 6y, is the maximum deflection angle
(see Sect. 4.3). There is no solution of an attached shock wave for 6y > Opax.
With 6y < w4, dual solutions exist in Oy, < Oy < 6Oy4. This is experimentally
validated. In the case of the Mach reflection, the flow behind the Mach stem becomes
subsonic, and thereby it is affected by the downstream condition. Which reflection
pattern appears depends on boundary conditions and histories of the flow.

7.4.6 Shock Wave Reflection in Pseudo-Steady Flows

In this section, we deal with the reflection of a shock wave propagating in space over
anobject, e.g.,awedge. In Fig. 7.16, A planar shock wave with a shock Mach number,
M, is reflected on a wedge of an apex angle of 6,,. In inviscid flow, if the wedge has
an infinite length, a characteristic length cannot be defined, and thereby the shock
reflection pattern becomes self-similar (pseudo-steady flow). Setting a coordinate
originating at an appropriate point, a self-similar solution is obtained. The shock
reflection that appears in pseudo-steady flows is categorized into various patterns

[2].
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Fig. 7.16 A planar shock i
wave incident on a wedge

Fig. 7.17 Regular reflection
in pseudo-steady flow

Fig. 7.18 Mach reflection in i18 / 5
pseudo-steady flow :/ M, [sin f3,
(

0)

N

Figure 7.17 schematically illustrates regular reflection. At the coordinate of the
origin that is set at the reflection point R, a supersonic flow with a Mach number of
M/ sin B; enters with an angle of B; = (7 /2 — 6,) with respect to the shock wave
front. The deflection angle in (2) equals that in (0).

Figure 7.18 shows the Mach reflection. A self-similar solution is obtained with
an origin set at the triple point. In pseudo-steady flows, various irregular reflection
patterns including the Mach reflection appear. In particular, with a shallow angle of
6y and/or M close to unity, a reflection pattern that does not agree with the three-
shock theory is observed. In this case, the incident shock wave is smoothly connected
even at the intersection point with the reflected shock wave. The reflection pattern
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regimes of this unsteady flow on M, — 6,, coordinates do not necessarily agree with
those of the steady flow.

7.5 Shock Wave—Boundary Layer Interaction

This book basically deals with inviscid flows. However, in many real flows, prob-
lems regarding the interaction between a shock wave and a boundary layer becomes
important. In a boundary layer, the flow speed is low, and the pressure disturbance
may propagate upstream; a shock wave over the boundary layer forms an inverse
pressure gradient, which may extend upstream through the boundary layer. As a
result, flow separation may be induced.

Figure 7.19 schematically illustrates the reflection of an oblique shock wave on
a flat plate. Without the boundary layer (Fig. 7.19a), the incident shock wave is
reflected on the wall. However, if a boundary layer exists (Fig. 7.19b), the inverse
pressure gradient propagates back toward the upstream, inducing flow separation
and a separation bubble. In front of the bubble, the flow is directed off the wall,
accompanied by a separation shock, which is connected to the reflected shock wave.
Behind the bubble, the flow reattaches with the accompanying compression waves.
If the compression waves coalesce, an oblique shock wave appears (not shown in the
figure). In the boundary layer, the flow Mach number varies from O (on the wall) to
a supersonic value. Under the sonic line, the flow is subsonic, and the shock wave
smears out.

(a) Inviscid flow Incident shock Reflected shock

Reflected shock

Incident shock

(b) With boundary layer

Expansion fan Compression waves

Flow
Force by inverse
pressure gradient

Sonic line
Boundary layer

Separation bubble

Fig. 7.19 Reflection of oblique shock wave on a plate
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Ramp-driven shock

(a) Inviscid flow

/Ramp-driven shock

Reattachment shock

Separation shock Sonic line

Flow

Boundary layer 4 2

- 27 Force by inverse

pressure gradient
Separation bubble

(b)With boundary layer

Fig. 7.20 Modification of supersonic flow over a ramp

Figure 7.20 illustrates the supersonic flows incident to a ramp. In inviscid flow
(Fig. 7.20a), an oblique shock wave attaches to the corner. However, with a boundary
layer (Fig. 7.20b), the flow is separated due to an effective, inverse pressure gradient
being accompanied by a separation shock wave in front of the separation bubble.
Downstream of the bubble, the flow reattaches, inducing a reattachment shock wave.

If such a shock wave boundary layer interaction is significant in the real flow, the
effective streamline changes, possibly degrading the performance of aerodynamic
devices, such as a supersonic intake. In these flows, instability often matters to a
large degree. Therefore, the design should be carefully constructed.

7.6 Practice: Supersonic Flow Incident on an Inverted
Triangle Wing

Let us analyze the flow around an inverted triangle wing in a supersonic flow, and
evaluate its aerodynamics performance. This is good practice to deal with two-
dimensional flow, where shock waves and/or expansion waves appear. The inverted
isosceles triangle wing with a base angle of ¢ is in a uniform flow with a Mach num-
ber My and an angle of attack o (Fig. 7.21). In the figure, under the leading wedge
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Fig. 7.21 Supersonic flow
around an inverted triangle
wing

(C)), an oblique shock wave (SWy, ) is generated. Here, the shock wave is assumed to
be attached to the wing. At the apex corner (C), an expansion fan (EW ;) is formed.
Above C|, an expansion fan (EWy;3) is formed. At the trailing edge (Cs), the two
flows with a different angle of ¢ impinge on each other, forming a slip line (SL45)
across which the pressures are equal. Whether the waves W34 and W55 become a
shock wave or an expansion fan depends on the mutual flow conditions.

The variation of the deflection angle, 8 (which has a positive sign in the clockwise
direction), past an expansion fan is defined as

AD =64 —6, (7.112)

where subscripts “u” and “d” indicate the upstream and downstream conditions,
respectively. On the upper surface (3), an oblique shock wave is generated with
Af < 0, while an expansion fan is generated with A6 > 0 on the lower surface (1
and 2), and vice versa, respectively.

First, let us obtain the flow condition behind an oblique shock wave. The angle
between the shock wave and the upstream flow, 8, is obtained by implicitly solving
(4.79).

2cot B(MZsin®* B — 1)
M2(y +cos2B) +2

tan|A8| = (7.113)

Substituting (4.74) and (4.87) with 8 as the solution of (7.112), the downstream
pressure and Mach number are obtained.

Pd 2y 22
— =14 —=(M;sin" g -1 (7.114)
Pu V+1( )
1
1 —DM?2sin> g +2 °
__ [(V ot Pt } - (7.115)
sin(8 — [AG]) [ 2y M2sin” B — (y — 1)

The downstream condition past an expansion fan is obtained as the solution of
the implicit Egs. (7.43) and (7.49).

[AO| = v(Mq) — v(My) (7.116)
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Fig. 7.22 Pressure ratio pd;‘p
versus deflection angle, y = 5“:.
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Fig. 7.23 Example of flow field, y = 1.4, My =2.0, ¢ = 10°, &« = 5°

[y +1 [, —1
V(M) = ZJ_rltan*1 %(MZ—l)—tan*H/MZ—l. (7.117)

The pressure ratio is obtained from the isentropic relation given by (7.57).

The above variations are graphically illustrated in Fig. 7.22. The regime of
Pd / pu > 1 corresponds to a shock wave, pg/py, < 1 to Prandtl-Meyer expan-
sion. The curves for the upper and lower sides are symmetrical to each other, as the
compression and expansion directions are opposite.

The example of the flow field is shown in Figs. 7.23 and 7.24. On the lower side
of the wing, the flow is compressed by the oblique shock wave (1) and then expanded
at the apex corner (2). On the upper side, the flow is expanded (3). Downstream of
the trailing edge, the flow is separated by the slip line to regimes 4 (upper) and 5
(lower), which in turn are formed behind the respective oblique shock waves. Note
that these flows have a small deflection angle of —0.10°, as shown in Fig. 7.24b.
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Fig. 7.24 Pressure versus deflection angle under the condition of Fig. 7.23

Fig. 7.25 Direction of
forces on the respective
surface 1o

a—¢:

The aerodynamics performance of the wing is calculated with definitions shown
in Fig. 7.25. The span and cord lengths of the wing are designated by b and c, respec-
tively. With the forces exerted on the respective surface, the resultant force is decom-
posed to a drag D in the stream-wise direction and a lift L, (upward) perpendicular
to it.

L =pb ¢ cos(a + @) + p2b ¢ cos(a — ¢) — psbccosa  (7.118)
2cos ¢ 2cos ¢
D = pib——sin(@ + ¢) + prb—— sin(@ — ¢) — psbesina  (7.119)
2cos ¢ 2cos ¢
C L 2 [ ! (@ +¢)+ ! (@ —¢) ]
= = cos(o cos(ax — - cos o
L %poU&bc y M3 po P13 cos ¢ P25 cos ¢ P3
(7.120)
C b 2 [ ! sin(a + ¢) + sin (. ®d) sin :|
= = 1mn (o mn(o — - 1n o
D %pOUgbc ¥ M3 po P13 cos ¢ P25 cos ¢ p3
(7.121)
1 1
L _ Plyesg cos(& + @) + Prgg COS(@ — @) — p3 cosa. (7.122)

Pl 3gerg SIN@ + @) + paygig sin(@ — ¢) — pssina
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Fig. 7.26 Variation of flow and aerodynamic performance as a function of «, y = 1.4, My = 2.0,

¢ = 10°

In the case of Fig. 7.23, CL = 0.255, Cp = 0.068, and L/D = 3.8. The aerody-
namics performance for My = 2.0 is shown in Fig. 7.26. In the figures, only solutions
where the flow is supersonic in the entire regime are shown.
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Chapter 8 ®)
Unsteady, One-Dimensional Flows oo

Pressure waves appearing in this book are categorized in Table 8.1. The density of
gas is increased by the compression wave, and decreased by the expansion wave. A
shock wave is a special type of compression wave, and it is thus dealt with differently.
A sound wave is an infinitesimally weak wave, in which the time average of the flow
velocity and thermodynamic properties remain unchanged. The speed of sound is
a fundamental quantity obtained in characteristic velocities of wave propagation,
which will be formulated for unsteady, one-dimensional flow in this chapter. As
described in the Appendix, this formulation can be extended to three-dimensional
flow.

8.1 Sound Wave

Generally, sound signifies a pressure oscillation of air in an audible frequency band
(from 20 to 20 kHz). The amplitude, frequency, and its spectra determine the sound
pressure, pitch, and tone color. With the pressure oscillation, the density also oscil-
lates while their time-averaged values vary only with much longer time scales com-
pared to the oscillation period. As shown in Fig. 8.1, the amplitude of the oscillation is
locally constant in a spatiotemporal sense, and at most on the order of one ten thou-
sands.! Therefore, this variation is treated as a disturbance. In compressible fluid
dynamics, the sound wave is fundamental pressure wave, which propagates pressure
and density disturbances. As long as the fluctuations are treated as disturbances, there
are no constraints in their frequency ranges, and they can be superimposed onto each
other, such that the waves are linear.

The sound pressure level is defined by Lp = 20 log{(Ap),ms/po} [dB], where (Ap);y is the
effective sound pressure, the root-mean-square of the pressure oscillation, and pg = 2 x 107> [Pa].
At Lp = 120 [dB], we cannot conduct daily conversation with (Ap),,,=20 [Pa], which is one five
thousands of the atmospheric pressure.
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Fig. 8.1 Oscillation of X (pressure, density, or flow velocity) with respect to space, x, or time, ¢

Table 8.1 Categorization of pressure waves

Expansion wave | Sound wave Compression Shock wave
wave
Linearity Nonlinear Linear Nonlinear
Density variation | Ap <0 Ap >0 Ap >0
Entropy 0 o((ap)*) >0
variation, As
Variation in flow | Continuous Time average, Continuous Discontinuous

parameters

unchanged

Changes in the density of a medium induce pressure variations, which propagate
toward the surroundings. In adiabatic processes, if part of a gas is compressed, its
pressure is increased, thereby exerting force on the surrounding gas in order for it
to expand. If expanded, the pressure is decreased, thereby being compressed by the
surroundings (Fig. 8.2). These scenarios apply even to condensed matter, liquid, or
solid. The speed of sound is a function of thermodynamic properties, in a calorically
perfect gas only of a temperature. In a uniform gas, the speed of sound is likewise
uniform. As shown in Fig. 1.2, a preceding sound wave is not caught up with the
proceeding sound waves. The sound wave is an infinitesimally weak pressure wave.

Fig. 8.2 Generation and
propagation of sound waves
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8.2 Characteristic Velocity and Invariants

Here, we derive characteristic velocity and invariants in unsteady, one-dimensional
flow (in x-direction). Volume force and heat conduction are not taken into account.
The flow is assumed to be isentropic. The x-components of the mass (3.4) and
momentum (3.15) conservation equations are as follows:

0 ou
Piull L %% 8.1)

Mass conservation : —
ot 0x 0x

. 0 ou 1ap
Momentum conservation : — 4+ - =

— 4+ — 0. 8.2
ot ”ax + p 0x (8.2)
Energy conservation (isentropic flow):
1 1
Tds =de+ pd| — ) =dh — —dp =0. (8.3)
o P

Applying the equation of state of an ideal gas (2.3) and that of a calorically perfect
gas (2.97),

1 1 d d
Tds = C,dT — —dp = C,,d<1> — —dp = iR[(C,, ~R)L - C,,—p} =0.
p p

PR P p P
(8.4)
From (8.4),
B C Cc
(_P) - P_ZeP_ P _ g (8.5)
) Cp—Rp Cyp P

We will see in the following that a which is defined by

_ (%
NE)

has a physical meaning as the speed of sound. For a calorically perfect gas, this
is in proportion to the square root of the temperature. For example, a monoatomic
gas has a small number of degrees of freedom, such that the portion of translational
motion is large. Therefore, with a large value of y, a is high. Moreover, with a small
atomic mass, for example, hydrogen and helium, a is likewise high, as illustrated in
Table 8.2.

For isentropic flow, (8.6) is expressed as a substantial derivative.

dp = a*dp (8.7)



166 8 Unsteady, One-Dimensional Flows

Table 8.2 Speed of sound in a calorically perfect gas

Species Molecular mass [g/mol] y a [m/s] T =288 K a [m/s] T =400 K
H» 2.0 1.4 1290 1530
He 4.0 1.67 1000 1180
Air 29 14 340 400
Ar 40 1.67 320 370
ap p  ,(9p ap
Eﬁ-ua—a (E+ua>—0. (8.8)

Combining (8.1) and (8.8),

ap ap ,0u
A M _o. 8.9
or T Mox TP 5y 8.9)

The conservation Egs. (8.1), (8.2), and (8.9) are combined as

A% A%
— — =0 8.10
at + ox ( )
Y up O 0
V=|ul|l, A=]|0u % , 0=|0]. (8.11)
p 0 pa® u 0
Let us assume a wave-form solution
V = Vel& D, (i, imaginary unit). (8.12)
Substituting (8.10) with (8.12),
(wI — kA)V = 0, (I, unit vector) (8.13)
d¢
= 8.14
w=— (8.14)
d
k= ——¢. (8.15)
0x

Multiplying (8.13) with 1/k, and defining the phase velocity, A,

w

(A —2ADV = 0. (8.17)
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In order for V to have nontrivial solutions, the following characteristic equation
should hold.

A —AIl =0. (8.18)

Since
AV=1V (8.19)
A and V become the eigenvalue and eigenvector of the matrix A, respectively. As a

?1 x 3 _matri_x, A has three eigenvalues, A1, A2, A3, and the corresponding eigenvectors,
Vi, V,, Vs, Defining

A0 0
A=]0x0 (8.20)
0 0 A3
L=(V,, V,, V3). (8.21)
Equation yields
AL=LA or A=L7"T"AL. (8.22)
From (8.18),
u—»Xrp 0
0  u—»xy =0

0 pa’ u—»x
A—-—u—a)r—u+a)(h—u)=0. (8.23)

Therefore, the solutions are

)\,1 =Uu + a
M=u—a. (8.24)
)L3 =Uu
With (8.19) and
X
vVv=| X, (8.25)
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uX1+pXo =1X;
uX, + %X3 =1X;. (8.26)
pa’X, +uXs = A Xz
Therefore, with A = u + a,
uX,+p X, =uxa)X,
uX, + %X3 =wxa)X,
pa*X, +uXs = (u+a)Xs

p X2 =*aX, .
(double sign corresponds).

X3 = :i:an2

The eigenvectors are

0
Forii=u+a, Vi=|a , (8.27)
pa’
_ 1Y
Forv,=u—a, Vo=| —a |. (8.28)
pa’
For A = u, (8.26) yields
uX;+p0Xs =uX

1
uX, +-—-X3=uX,.
0
pa2X2 +uX;=uXjs
Therefore,

X, arbitrary
X, =0
X;=0

Therefore, with generality,

1
Foriz =u, V3=]0]. (8.29)
0



8.2 Characteristic Velocity and Invariants 169

Substituting (8.21) with (8.27) to (8.29),

o pop 1
L=(Vi,Vo,V3)=| a —a0 (8.30)
pa® pa® 0
1
SN OO T e
L = 0a . —pa- a =]|0-—5 2pa]2 . (8.31)
2pa®> 0 —2pa 1 0 —%
Multiplying (8.10) with (8.31),
A oV
L' —+L"'A—=0 8.32
at ox ( )
ap 1 ou + 1 ap
0 L L 9t 2a 0t 2pa? ot
0V 2a0 200 W Bu | 1 du 1 ap
—=|0—5 5= — =l -———+—= (8.33)
at 1 O” re ot 2a 9t 2pa® ot
~@ /| ap ap 1 dp
ot at  a? ot
9p u+adu u+adp
. 2
0 i Tlaz wp 0 ax 2a 0x = 2pa* dx
LflAg— 0_L 1 ou 1L du| | —utadu u—adp
ax 2a 2/’“12 ) P ax | 2a  9x  2pa? dx
1 0 —= 0pa“u 5
a op ap u dp
L 4
dx dx a2 ox
(8.34)
Therefore,
ou a0 1 [op )4
E-F(M—Fa)a_'l‘—a{g"'( + )8_} o
ou ou 1 [adp ap
— —a)— — —{— —a)— 0]. 8.35
8t+(u )ax pa{at+(u )8 } . (8.35)
ap ap 1 (op ap
— u— —_—— — —
ot ox a?\ ot 0x
The variation in ¥ = Y (¢, x) by tracing the velocity c is expressed by
dy 9y Y
—_— = — 8.36
dr at + “ox (8:36)
d
= (8.37)
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Applying this to (8.35), the following relations are obtained:
. 1
Along A} = ¢y = u + a (characteristic C;),dJ. =du+ —dp =0  (8.38)
pa
1
Along A = c_ = u — a (characteristic C_),dJ_=du — —dp =0 (8.39)
pa

1

Along A3z = ¢y = u (characteristic Cy), dp — —2dp =0thatisdJy =0, Jy=s
a

(8.40)

cisacharacteristic velocity, and J is a Riemann invariant. In (8.40), the characteristic

velocity equals to the flow velocity, along which the entropy is kept constant. For
calorically perfect gas,

1
e=—2L (8.41)
y—1p
From (8.3),
1 1
L))
y—1 \p
d d
L_,20 (8.42)
p o
From (8.6) and (8.42),
@=y?
0
2 p 1 p
da” =yd==y|—dp— —=dp
P P
Substituting with (8.42),
d 2d
L =1 (8.43)
pa y—1

Therefore, (8.38) and (8.39) are transformed to explicit forms:

2
dl, =0, Jy=u+ a I along A; = c; = u + a (characteristic C, ) (8.44)

a 1 along A, = c_ = u — a( characteristic C_). (8.45)
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Appendix 8.1 Isentropic Compressibility
An isentropic compressibility, k, equals to the rate of variation in a specific volume
with respect to a pressure.

1 /0v
K= ——(—) (8.46)
v\dp /,
Since
1
p=-, (8.47)
v
1
dv = ——zdp (8.48)

), =(5)G) =5 )
e=—p22 (%Y — (2 (22) = 2(%) (8.49)
pdp<3p s P02 \op s P\Op/

Using «, a is given by

8p> 1
) = . 8.50
<3p s kP (8:30)

8.3 Compression Wave

Let a piston start to move in quiescent air in the x-direction (Fig. 8.3). When the piston
slowly starts moving, it compresses the air in front of it; the compression waves C.,
propagate to the right, such that a flow velocity u(> 0) is induced. Although an
infinite number of compression waves is induced, only small numbers are shown in
Fig. 8.3. Att = 1y, the piston velocity is equal to u, with the pressure distribution as
shown. A compression wave C, propagates at a local characteristic velocity,

c+=u~|—a (851)

Because u and a vary with respect to (x, t), ¢ varies also spatiotemporally. The
leading wave “a” is generated when the piston starts to move at ¢t = 0. In front of “a”,
the air is quiescent without information on the piston movement. The flow velocity
u to the right increases while approaching the piston, and is equal to u,, at the piston
(wave “c”).

In contrast, C_ waves (broken lines) propagate toward the piston from the right.
Since they propagate from the quiescent region (0), they have the same invariant

J_ .. Let us obtain the flow variables from the flow velocity, uy, at “b.” From, (8.45)
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Fig. 8.3 Wave diagram and T |
pressure distribution induced
by a piston slowly
accelerated to a velocity
up(>0)atr =1

Piston

l
0 4
X
P c
b
a
X
«—— Quiescent —
_Up_c b a
-
q—; —— —_ - -
Piston [ 6% C.
2a 2ay
u— =
y—1 y—1
y —1
a = ap —+ 5 u. (8'52)

Using the isentropic relation (2.91),

a\ 2 y —1 2
p=po| — )" =poll+ u) =t (8.53)

2610

As seen in (8.53), the pressure is an increasing function of the flow velocity.
Approaching the piston, the flow velocity and then the pressure gradually increase.
The propagation velocity of C is given by
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Fig. 8.4 Formation of a A ShOCk wave

shock wave from coalesced
compression waves

y—1
—1 1 1 E2 2
c+=u+a0+y u=ao+y+ U= v+ s V—l ap.
2 2 y—1
(8.54)

Because (y — 1)/(2y) > 0, the higher the pressure, the larger ¢, becomes. That
is, in compression waves the propagation velocity is higher at behind than at in front.
As shown in Fig. 8.4, as time elapses, the separation distance between the compres-
sion waves decreases; and the pressure gradient increases accordingly. Eventually,
waves catch up with the preceding waves, and thereby invariants corresponding to the
respective characteristics break up mathematically. Such inconsistencies are solved
by the formation of a shock wave. In other words, if plural compression waves coa-
lesce, the waves cannot keep their smooth variation, thereby making the transition
to a shock wave. At the same time, the assumption of isentropic processes is broken,
and the entropy increases behind the shock wave.

Let us obtain the shock wave formation distance, L, in Fig. 8.4 by considering
the intersection of compression waves that originate from points “a” (x,, 0) and “b”
(xp, 0) at t = 0. Their propagation velocities are

Cra=1Us+a,=ap (8.55)

Cyp = Up + ap (8.56)
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AX = X, — Xp. (8.57)

From geometrical relations,

t, = = = (8.58)
Cta C+b C+b
Here
2 2 2
Joo =ty — 2y S 2 (8.59)
y —1 y —1 y —1
From (8.55) to (8.59),
LExS—xazisz #a—OAx. (8.60)
C+b—Cta Up
With Ax — 0,
L L e 8.61)
Ax  Ax  Ax ax /,_ ’
2 ao
L = - (a_u) (8.62)
ax /1=0
L 2 1
ff=—=——"— ™ (863)
4o v +1(5),2

Equation (8.62) states that L is inversely proportional to the flow velocity gradient.
In practice, the pressure p is measured rather than the flow velocity u. From (8.45)
and (8.53),

2 2 y-1A A
Au = Aa = N P & (8.64)
y—1 y—12y p Y p

Combining (8.62) and (8.64),

2y PO (8.65)

— Tyl (d_p)
dx =0

L is inversely proportional to the pressure gradient as well. In many cases, the
pressure is measured at a fixed point. From (8.54), the time derivative of the pressure
measured at point “b” is given by

y=1
0 ad 1 E3 2 d
W\ ran() o |zt T | 2w o
Jt =0 ox =0 2 Po )/—1 0x t=0
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Fig. 8.5 Generation of

compression waves by a _“mm P e o

. . . - ' i '
high-speed train entering a — - . -
tunnel p

0

— —a0<—p> as pp, = po- (8.66)
ox /,_o

Using (8.66), (8.65) is transformed to

[ = Podo
y+1 (d_p)
T

L is in inverse proportion to the time derivative of the pressure.

When a high-speed train enters a tunnel, the train acts as a “leaky piston,” gen-
erating compression waves (Fig. 8.5). Assume that a train with a nose length of
! = 20 m enters the tunnel with a speed of i, = 100 m/s (360 km/h). Do the
generated compression waves make the transition to a shock wave? We assume that
the pressure increases by 1 kPa Ap/py = 1kPa/100kPa = 0.01 after the nose enters
the tunnel. The period of the entry is [ /uy.m = 20 [m]/100 [m/s] = 0.2 [s]. During
that period, the leading wave advances by aol /uyain = 340 [m/s] x 0.2 [s] = 68 [m].
Substituting these values with (8.65),

(8.67)

214 100 [kPa]
Ta+1 (1 [kpa]>
68 [m]

Based on this estimation, the compression waves make the transition to a shock
wave in a tunnel longer than this value. If the shock wave emits from the tunnel
exit, it is accompanied by a tunnel sonic boom [1]. However, in practice, a boundary
layer grows in the long tunnel, attenuating the shock wave. To avoid the tunnel sonic
boom, the effective pressure gradient upon entry should be minimized.

As will be shown in the following sections, when compression waves make the
transition to a shock wave, their characteristics greatly change with a large accom-
panying force, impulse, or noise. To utilize such characteristics, L should be small,
whereas it should be large to avoid the formation of a shock wave that can cause
various hazards and noises.

L= =~ 7.9 x 10° [m] = 7.9 [km]. (8.68)
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8.4 Expansion Wave

Letus consider a piston motion at a constant velocity u, (<0) in the opposite direction,
as shown in Fig. 8.6. On the right-hand side of the piston, the air expands due to the
depletion, inducing expansion waves propagating off the piston. The leading wave
“a” propagates with a speed of sound, ay, in the quiescent air. On the left-hand side
of “a,” the expansion waves that originate in the origin propagate radially on the x-¢
coordinates, thereby forming an expansion fan. On the wave “d”, which is closest to
the piston, the flow velocity equals to u,. In the regime between the wave “d” and

the piston, the flow is uniform with the velocity

y+1
2

Cyd=ap+ Up.
The waves in the expansion fan are C; waves. For a wave with a propagation
velocity of

cr=u+ta, (8.69)

Equations (8.53) and (8.54) yield

Fig. 8.6 Wave diagram, t
distributions of pressure and
flow velocity induced by
“pulling” a piston with a
constant velocity up (< 0)

Domain of influence

Piston «—Quiescent —

s Po
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Fig. 8.7 Trajectories of Exp ansion waves
expansion waves originate in

a smooth pressure gradient
and are associated by
pressure distributions

2
= — 8.70
u y+1(6+ ao) (8.70)
2 y—lecp\ 2
— +—— y—1 871
b p0<y+l y+1a0> @71
1
a0+y+ Up =C4d < Cc+ < Cy.a = ap. (8.72)

between d and a

The farther the wave is from “a,” the larger the absolute value of u becomes.
However, in the negative direction, the speed of sound becomes lower. At the wave
“d,” u equals to u,. Resultantly, in the case of expansion waves, the leading wave goes
ahead; a preceding wave is not caught up by the waves following behind. With the
elapse of time, the distance between the waves increases, and the pressure gradient
becomes smoothed out. Unlike in the shock waves, the isentropic assumption does
not break up. In this way, an expansion fan is formed, not necessarily centered at a
single point, as shown in Fig. 8.7.

8.4.1 Exercise: Piston Falling in Tube

Problem: A straight tube with a cross-sectional area A vertically stands at the atmo-
spheric pressure, py. At t = 0, a piston with a mass m is released for its free fall
in the tube (Fig. 8.8). The tube is long enough, and perfectly seals the clearance
between the piston. A friction force between the piston and the inner wall of the
tube is negligible. The x coordinated is set vertically downward, and it originates
in the initial location of the piston. The following steps need to be taken within the
condition that compression waves do not make the transition to a shock wave.
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Fig. 8.8 Piston falling in a
straight tube
P
LA
! mg
v
X
(1) The forces on the upper and lower surface of the piston need to be obtained as

@
3

Re
(1)

the function of a piston velocity, U.

The shock wave formation distance needs to be determined.

The piston trajectory and associated wave diagram on x-t coordinates need to
be determined.

sults:

The pressure on the upper and lower surface of the piston, and the gravitational
acceleration are denoted by p, p» and g, respectively. The equation of motion
of the piston is

2

d“x
maz =mg +(p1— p2)A (8.73)
P1 P2
d2 — = = p()A
d_;“ —g+ —(”0 ”°> : (8.74)
t m

Using the piston velocity, U,
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dx
U=—. 8.75
" (8.75)
From, (8.53),
y —1 2y
p1=po|ll— Uuj— (8.76)
2610
y —1
a, =ap — TU 8.77)
y —1 2y
p2=pol 1+ Ut (8.78)
261()
y—1
a, = ap + TU (879)

Then, the respective forces exerted on the upper and lower surfaces of the piston
are

2;

&
DA = poA(l - ”Za U) (8.80)
0

1\
—p2A = —P0A<l + yZa U) (8.81)
0

(2) Since the piston is accelerated downward, expansion waves are generated on
the upper surface, while compression waves are generated on the lower surface.
The transition to a shock wave occurs on the lower side. From (8.74), (8.76),
and (8.78), the acceleration of the piston at # = 0 is

dU y —1 2y y —1 2 | poA
— = 1-— Ul -1 U)r1p——m.
(&) e {1 7 - (e o) 24

(8.82)

Transforming (8.78) and (8.82) by using the condition of U =0 at¢ = 0,
() ()00 () o (), 20 H ()
dt /g ot J,—o ox J,—o ot J,—o ag 2aq dr J,—o
(8.83)

The shock wave formation distance is obtained by substituting (8.67) with (8.82)
and (8.83).
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Piston
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(a) Piston speed and the pressures (b) Wave diagram

Fig. 8.9 Example of solution, m = 1kg, A =1 x 1072 m?, pg =1 x 107 Pa, To = 298 K, g =
9.8 m/s2, air (molecular mass, 29), y = 1.4

_ 2_y pOaO
)
at 0
_ 2y pOaO
- m | y+l ' 2y | 2y R
Doy, Y= ! B - o T poA
L?(] (1 + 2aq U) [g + {(1 2aq U) (1 + 2ay U) } ;)n i|
_ 2 %
e —1 %: —1 % —1 ZTVI A
(1+5v) [g+{(1—V270U) - (1+5tv) PT}

(3) By substituting (8.74) with (8.80) and (8.81), and numerically integrating it,
the piston trajectory is obtained. An example solution is shown in Fig. 8.9.
The acceleration of the piston decreases, because the pressure on the lower
surface increases and that on the upper surface decreases. Eventually, the drag
vanishes with the balance among the pressure forces and the gravitational force.
The pressures asymptotically approach the respective constant values. From
the piston, compression waves C,. propagate downward, while the expansion
waves propagate upward. In the regime depicted in the figure, the transition to
the shock wave has not been done yet.
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8.5 Pressure-Wave Propagation Around Normal Shock
Wave

In Sect. 4.2.1.4, we show that the flow in front of a normal shock wave is supersonic,
while it is subsonic behind it. Let us examine these relations on the laboratory frame
shown in Fig. 8.10. We compare the shock-wave propagation velocity, Us and the
propagation velocities of ¢, in front of the shock wave (subscript 1) and behind it
(subscript 2).

cy1=u+a (8.85)

Us = uy + Mga,. (8.86)

Applying (4.49) and (4.51) to calorically perfect gas.

1 1
_ _ _a 2 2 2 B 2 2
cyp=up+ay=uy+ ESIA |:2(Ms l>+(2yMs y+1) {(y Mg +2} .
(8.87)
From (8.85) to (8.87), because M > 1,
Cr1 < US < C4p2 (888)

These relations are shown in Figs. 8.11 and 8.12. Relation (8.88) is equivalent to
the condition in the frame fixed to the shock wave.

1< M, M, < 1. (8.89)

These imply that pressure waves can catch up with the shock wave from behind
and alter the shock strength. However, the flow in front of the shock wave cannot be
affected by the shock wave before its arrival. Pressure waves in front of the shock
wave eventually catch up with the shock wave.

Fig. 8.10 Wave propagation Normal shock wave
relations in a laboratory
frame uytas U, uta
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propagations in a laboratory t
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1 1
2M2+ (v + DMy =2+ (2 M2 =y +1) o - DM2 42
f(My) = .
) 2y + HM?
IfM;, ~1,
cy ~uy + f(DMsar = uy + Mgay = Us.

This means, as seen in Fig. 8.12, that the shock speed approximately equals the
average of ¢ across the shock wave.
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8.6 Shock-Wave Propagation in Variable Area Duct

Let us analyze the shock wave behavior propagating in a duct with variable cross-
sectional area [2]. The flow is assumed to be along the x-axis, and inviscid. The
cross-sectional area A(x) does not vary with time. As in Chap. 5, the unsteady flow
conservation equations are applied to the control volume of Fig. 5.2 in a quasi-one-
dimensional flow. From the mass conservation Eq. (3.2),

%(pAdx) = —d(puA) (8.90)

8,0 8,0 ou pu dA
ou __pudd 8.91
o TMax TPy A dx 891

From the momentum conservation Eq. (3.6),
—(,ouAdx) —d(pu*A) — Adp. (8.92)

As explained in Sect. 5.1.1, in the second term on the right-hand side of (8.92),
A is not enclosed in the derivative, because the force component exerting forces on
the duct wall is balanced with the force due to the pressure on the deferential in the
cross-sectional area. Transforming (8.92) with (8.90),

d 0
(,oAdx)Eu + puAdu 4+ Adp = —u{g(pAdx) + d(,ouA)} =

au du 1 8p

du  Ou 8.93
o Yox T oox (8.93)

The momentum conservation Eq. (8.93) does not contain A, as described in
Sect. 5.1.
The isentropic relation involves only the variation of thermodynamic properties.

ap p  ,(9p ap
R Y A ) 8.94
or T'ax T\ ar Tax (8.94)

Comparing (8.90), (8.93), and (8.94) with those without cross-sectional area vari-
ation, only the mass conservation equation contains A. From these equations, the
following equation for C, without a p variation is obtained.

pua® dA
A dx

8‘D+(+) 4 oty
o1 ¢ PO ar T T Vs

=0. (8.95)
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Here,
0 dx 0 _ dx d (8.96)
ar  dr 9x  dr dx '
and with
&t (8.97)
— =U a .
dr
dp+ du+ pua® ldA_0 (8.98)
ar | Pax u+aAdx ’

In (8.98), the third term due to the cross-sectional area variation is added to the
first line of (8.35). Let us apply this equation to the condition behind a shock-wave
propagating in the duct. The condition in front of the shock wave is designated using
a subscript “0”. From the normal shock relations (4.47)—(4.49),

V4 2y 2
Z=14+ (M- 8.99
Do V+1( ) ) (8.59)
1)yM?
p__ DM )25 (8.100)
po (v —DM;+2
261() 1
u= M, — — ). (8.101)
y+1 M,

From (8.99) and (8.100),

2y M2 —y + 1){(y —1H)MZ +2
a_ PP _ \/( Y y+ ity }. (8.102)
ao P Po

(y + DM

Here, u is the flow velocity in the laboratory frame, which is equal to zero in front
of the shock wave. Substituting (8.98) with (8.99) to (8.102), and using ag = yPpo/po,
the equation with respect to M variation is obtained.

M, 1dA
My== + =2 =0 8.103
8( S)dx AT ( )

my=- M (e L) (1 2o (8.104)

S =\ M2 y+1 '

,  (y—DM2+2

= . 8.105
2yM?—y + 1 ( )



8.6 Shock-Wave Propagation in Variable Area Duct 185

Fig. 8.13 M as a function
of A

M

0.0 0.5 1.0 1.5 2.0

Integrating,

A
:exp[—f g(MS)dMS]. (8.106)
Aref Mot

Equation (8.98) depicts a characteristic quantity along C, propagating behind the
shock wave. Without the cross-sectional area variation, the quantity is kept constant
as long as the shock condition does not change. However, with the cross-sectional
area variation, C_ waves from the shock wave are reflected against the duct wall,
thereby interacting with the shock wave as C, waves. Since (8.106) is obtained by
neglecting this effect, it is not strictly correct. However, this equation is often used,
because the simple relation between A and M, reproduces real phenomena with a
reasonable accuracy.

Figure 8.13 shows the examples of M; as a function of A. The larger the A, the
lower M, becomes, and vice versa. The extent of M variation depends on the value
of M at a reference area A. Figure 4.21 explains that a planar shock wave is stable
owing to this relation.

8.7 Blast Wave

When energy is suddenly released from a confined medium, such as explosives,
volcanoes, or heating by a laser pulse, a shock wave is generated, and followed
by an expansion zone, causing large impact or hazards. Such a wave is referred to
as a blast wave (Fig. 8.14). The blast wave is induced by a rapid expansion of an
energetic medium through an interface that pushes the surrounding gas. Usually, in
the explosion of an energetic medium, the contact surface experiences the Rayleigh—
Taylor instability (Chap. 4), becoming disturbed. However, because the shock wave is
stable, it shapes almost as a sphere centered at the point of the explosion. The leading
wave propagates as a shock wave. The pressure behind the shock wave decreases,
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Shock
(r=R)

Contact surface

Energetic medium
(E)

(a) Shock wave and flow (b) Pressure variation measured at a fixed point

Fig. 8.14 Blast wave

because the volume of the energetic medium is finite. During its expansion, the
pressure surplus from the surroundings gradually decreases. The contact surface is
decelerated with generating expansion waves propagating outward. As shown in
Fig. 8.14b, the measured pressure p at a fixed point reaches the peak value p, and
then decreases. During a period At,, the impulse has a positive sign with respect to
the atmospheric value, pg. Then, the pressure becomes lower than py, resulting in a
negative impulse.’

Itis important to estimate the pressure and the impulse induced by an explosion as a
function of a distance from the center. The theoretical model is applicable to a limited
extent. Usually, practical estimation needs to be done by combining measurements
and numerical simulations, as well as theoretical considerations.

Here, from dimensional analyses, let us obtain a similarity in blast waves induced
by a point explosion. In order to ease the analyses, approximations for a strong shock
wave are applied. The energetic medium expands from an infinitesimal to an infinite
volume. Two independent parameters, the energy of the medium, E, and the density
of the surrounding gas, pg, determine the phenomena, meaning that the elapsed
time, ¢, shock speed, Us, pressure immediately behind the shock wave, p;, etc., are
determined as a function of the shock wave radius, R. E and py have a dimension
of [ML? T~2] and [ML3], respectively. They cannot define a characteristic time.
Therefore, a dimensionless quantity, 7, is defined together with r[L] and ¢ [T].

n=E ipirti=— (8.107)

()
Lo

Defining 7 as the value of 5 at a shock location, » = R. From (8.107),

2When the contact surface is decelerated, compression waves are generated, propagating to the
center. These compression waves are reflected from the center, propagating as the secondary shock
wave, which in Fig. 8.14 is not drawn for simplicity.
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E\S »
R= no(—) 5. (8.108)
Lo

Therefore, the shock wave location is proportional to 5. Differentiating (8.108),

s _ 4R _2 (E %t_%_zR_z ei(EY 5.109)
T 5\ ~57 5N ' '

Applying the strong shock relation (4.59),

2y 2ypo UZ  2ypo U?2 2
Py N ———poM? = = = T = poUZ. (8.110)
y+1 y+lag y+150 yv+1
Substituting with (8.109),
2 , L (E
Py~ U2 ~ R3 (= (8.111)
y+1 Po
1
E 3
RN( /po) _ 8.112)
Ps

Equation (8.112) provides a scaling law in the overpressure due to the explo-
sion. In order to reproduce the same magnitude of overpressure, the pressure should
be measured at a distance proportional to the cubic root of the explosion energy.
This relation is useful in estimating a safety distance from an explosive by scaled
experiments.

Appendix: Characteristics and Invariants in Three-Dimensional Flow

Let us derive the characteristics and invariants in the three-dimensional Euler equa-
tion. Transforming the equation to the form shown below, characteristics are obtained
as eigenvalues. Here, we neglect the body force and heat transfer. The conservation
equations shown in Chap. 3 are as follows:

0
Mass conservation : a—/; +V-.pu=0 (8.113)
. ou
Momentum conservation : ,05 +pu-Vyu=-Vp (8.114)
. De
Energy conservation : 'OE =—pV-u (8.115)

In three-dimensional flows, the momentum conservation (8.114) has three com-
ponents. Then, we have five equations in total. Now, we will transform those equa-
tions to differential equations with respect only to the following five parameters, p,
u= (4, v, w) and p.
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From the first law of thermodynamics,
1 p
Tds = de + pd| — =de——2d,0. (8.116)
o o
Assuming isentropic flow,

de p
) = =. 8.117
<8p>s p? ®41

Using the definition of the speed of sound from (8.6),

9 (3_€> p
5 L
oy %) _ B _ P (8.118)
ap ), (a_;;) a2~ p2a?
ap s
Substituting it with (8.116),
De de\ Dp p Dp
Dt dp ), Dt pa* Dt
ap 2 _
§+u-Vp+pa V.ou=0. (8.119)

Expressing (8.113), (8.114), and (8.119) using the velocity components,

0 d du d av J Jw
L (u—i +,0—x> + (v—p +p—> + (w—p +p—z> =0  (8.120)

ot d d dy dy 0z d
ad
By (e e 0
9t ox  pox dy 0z
av v dv 1dp v
— |+ u— +v—+-—-——4+w—|=]0 8.121
at ox dy pady 9z ( )
ow dw N ow N ow n 1dp
-— u— v— w— + ——
ot 0x ay 0z p 0z 0
ap ap ,0u ap 50V ap , 0w
— — — — — — — ] =0.
ot +<“ax+p“ ax ) T\Vay TPy ) T W TR

(8.122)

These are written in a vector form.

A% ~ ~ a ] ]
— 4+ A-V) V=0, A-V)V={A—+B—+C— )V (8.123)
ot ox dy 0z
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000
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o o=

o =

0pa’>00u

v0 p 00
Ov 0 00
B=[00 v 0
00 0 vO
00pa’0v

w00 p
Ow0O O
C=|00w O
000 w
000 pa?

Sx—0 © O

Assuming a wave solution to (8.123),
V = Ve'?®D (i, imaginary unit)

Substituting (8.129) to (8.123),

A - ~ - ap ap dgp 09\ ¢
—V+A - (Vo) V=0 —I+A—+B—+C—|V=0.
o L TA (V) °r<az A TP T
We define the followings:

__J

ot

189

(8.124)

(8.125)

(8.126)

(8.127)

(8.128)

(8.129)

(8.130)

(8.131)

(8.132)
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K=A-k (8.133)

k is a unit normal vector (k| = 1) to a characteristic, where ¢ = const.
Substituting (8.130) with (8.131)—(8.133),

(K—ADV=0 KV=21V (8.134)

I is a unit matrix. In order for V to have a solution other than 0, the following
characteristic equation should be satisfied.

K-l =0 (8.135)

The 5 x 5 matrix, K, has five sets of an eigenvalue, A, and eigenvector, V.Let A
be defined as a matrix that has only diagonal components of the eigenvalues.

KL=LA or A=L"'KL (8.136)
L= (V,V,,...Vs) (8.137)
Al
A= ' (8.138)
As
u-kpk, pk, pk;, O
0 u-k 0 0 L,
i
K=|0 0 u-k 0 2ky |- (8.139)
0 0 0 u-k %kz
0 pazkxpazky,oazkzu-k

Therefore, (8.135) yields

u-k—2xpk, pk, ok, 0

0 u-k—210 0 %kx

0 0 u-k—210 %ky =0 (8.140)
0 0 0 u-k—k%kl

0 pa’k, ,oazky patk, u-k—2x

(u-k—2)[(u-k—21?—a’]=0. (8.141)
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Using the solutions

)\12)\22)\3211-1(
M=u-kK+a=@u+ak) k
AMm=u-k—a=@—ak) -k

X
V= :
Xs
Equation (8.134) is transformed to
u-kX; +pk:Xo +pkyXs +pk. X4 =1 X3
u-kX, +okeXs =4 X
u-kX; +%kyX5 =1X;3.

u-kX, —i—,lOkZXs =1Xy
pa’k. X, +pa2kyX3 +pa’k. X, +u-kXs = A X5

For A =u -k,

X = arbitrary

X\ [k
Xs| | k| =o0.
X4 k.

Xs=0

For example, the following unit vectors satisfy (8.145).

ky ky k.
0 —k, v

V= k|, V,= o, V3=|[ —k
—k, ky 0

0 0 0

For A = u - k £ a (double-sign corresponds),

191

(8.142)

(8.143)

(8.144)

(8.145)

(8.146)
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1
X, = ;X5
ky
X, =4+—X;
pa
X . (8.147)
y
X3 =+—X;
pa
k.
Xy=£—X5
0
For example,
L
2a
ke
V= g forr=u-k+a, (8.148)
2
ﬂ
2
L
2a
ke
Vs = _é forA=u-k—a. (8.149)
-3
p_a
2
The inverse matrix of (8.137) is
ke 0 k. —k, —’%‘—;
ky =k, 0k, —%—3
L=k ky —ko 0 —2% (8.150)
0 —k, k, k pla
0 ke —ky —ke o2
Multiplying (8.150) to the left of (8.123)
A% ~
L—lW +L'A-V)V=0 (8.151)
9 ) ) ke 0
kxg—f ) +k. 5 —kyg—';’ —g—zg—’t’
P u w y op
LA I PR
k,C% +kyg—t +k138_t +p]—a§
u v w
—heg —kyG —heG toa%
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3 3
u-vVopg ey Py 0
0 u-v 0 o 12
~ p Ox
A.v=l 0 0 wu.V 0 & (8.153)
0 0 0 u-V lai
2.9 2.9 20 S
0 paapaa}paa—zu-v
L'A . v)=
. _
keu-V 0 ku-V —kyu -V kz%a%—ky%a%—gu~v
ku-V  —ku-V 0 keu-V —kz%%+kx%£—ka%u-v
1 a 19 73
k.u-V kyu-V —kyu-V 0 ky;ﬁkazﬁfﬁu-v
a il ) 1 d 19 10 1
0 kyu-V+az: kyu-V—O—azTV kaw-V+az: kx;x+ky;37+k55+ﬁu v
i) 9 i) 1d 19 19 1
0  —ku-Vtag: 7kyu~V+a$ —kzu-V+ay *kX;H*kyﬁzTy*kZ;sz+p7“'v
(8.154)

Substituting (8.151) with (8.152) and (8.154), the first line yields

P 1/9 3 1 ap P) 1 0p
= +u-V)p— (= +u-V)p|—ky | = +u-V ficy o Y A fcay
*[(ar“’ )” a2(at+“ )”] ’[(ar“’ )“’Uaz}“[(at” )”Uay} 0

(A) (B) ©

(8.155)

For this equation to be satisfied for arbitrary wave number components,
dx 1 .
(A) Along T u,dp — —dp =0thatisds =0 (8.156)
a

(B) is equivalent to the momentum conservation equation in the z-direction.
(C) is equivalent to the momentum conservation equation in the y-direction.

The same results are obtained from the second and third lines of (8.151). From
the fourth line,

ad 1[0
k-|:<—+u-V>ui|+aV~u+—|:—+(u+ak)~V]p=O. (8.157)
at pa | ot

Here, we assume two unit vectors, 1 and m, which are normal to each other and
to k.

k- l=k-m=1-m=0, 1] = |m| =1. (8.158)
Since

Vi=k-V, V=1V, Vp=m-V (8.159)
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Vou=k-{(k-V)u}+1-{1-V)u} + m- {(m - V)u}

(8.160)

k is anormal vector, which does not change alongl and m, thatis.1:V = m-V = 0,

Vou=k- - {(k-V)u}.

From (8.157) and (8.161),

k-Hi+(u+ak)-v}u]+pia[i+(u+ak)-v]p=0-

at ot

Defining

9
dy =2 +(u+tak)V

1
k- d+u+ —d+p = 0
pa
In the same way, from the fifth line of (8.151),

d
d_=

2 _4k) -V
8t+(u ak)

R 170
k-[{— —ak) -V - = —ak) -V |p =
[{8t+(u ak) }u:| pa|:8t+(u ak) i|p 0
1
k-du——d p=0.
pa

Along the characteristics, therefore,

¢t =uzxak
1
dJiEk~diu:|:—dip=O
pa

J, and J_ are Riemann invariants.

(8.161)

(8.162)

(8.163)

(8.164)

(8.165)

(8.166)

(8.167)

(8.168)

(8.169)

In summary of the above results, taking k to the direction of the wave propagation,

dx 1
Along T =cr=u+ak, dJy =k -dju+ p—ad+p=0

(8.170)



8.7 Blast Wave 195

d 1
Along &= —¢c —u—ak, dJ_ =k-du— —d_p=0 8.171)
dr pa
dx
Along = = ¢ =u, ds = 0. (8.172)
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Chapter 9 ®)
Riemann Problem Becit

Using the characteristics and invariants dealt with in Chap. 8§, an initial value problem
with two one-dimensional elements can be solved. This is termed as the Riemann
problem, which gives a solution to Euler’s equation that may include a discontinuity.
In this chapter, we study Riemann’s solutions in detail and apply them to practical
problems.

9.1 Definition and Solution

Here, we deal with the interaction between two pressure waves or the interaction
between a pressure wave and a contact surface appearing in two one-dimensional
elements in contact. As shown in Fig. 9.1, at a time ¢ = 0, two uniform states L.
and R in which thermodynamic properties and/or a flow velocity may differ, start to
interact at the origin O. We do not consider the history before the interaction (¢ < 0)
and solve this initial value problem.

The boundary between these two states at O is equivalent to a contact surface.
Let us denote the states after the interaction as L* on the left and R* on the right. A
left-running wave linked with the motion of the interface propagates in L, and sub-
sequently a right-running wave propagates in R. Here, the direction of propagation
refers to the interface, which is not necessarily the same as in the laboratory frame.
Each wave is either compression or expansion. In the case of the compression, we
assume that the compression waves coalesce right after the interaction, and the tran-
sition forms into a shock wave. In Fig. 9.1, each wave is represented by two straight
lines. In the case of the shock wave, they should merge to a single line. In the case of
expansion, they represent the leading wave and the tail of an expansion fan between
which the flow experiences a smooth variation.

The solution of the Riemann problem is categorized depending on the type of
waves. In extreme situations, vacuum regions may appear. Figure 9.2 shows all
possible patterns without the vacuum region. Since a possible wave is either a shock
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Fig. 9.1 Wave diagram of the Riemann problem in general form
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Fig. 9.2 Solution patterns without a vacuum region

wave (SW) or an expansion fan (EF), four patterns exist: (a) is a shock—shock pattern,
(b) and (c) are the combinations of SW and EF, and (d) is an EF-EF pattern.

Figure 9.3 shows solution patterns with vacuum regions. In all the patterns, the
gas only expands, it is not compressed. Neither a shock wave nor a contact surface is
formed. Including the right and left difference, there are three patterns: (a) the gases
on both sides expand outward, and a vacuum region is formed in the middle; (b) and
(c) one of the initial states is in vacuum; the gas on the other side expands toward
the vacuum.

In the following analyses, the gas is assumed to be ideal and calorically perfect.
With the given states L and R, let us obtain states L* and R* after the interaction
with accompanying wave conditions. Each state is defined by a flow velocity and
two thermodynamic properties. Here, we employ the pressure, p, and density, p as

independent parameters.
When the left-running wave is a shock wave with a shock Mach number of M,

and pr+/pL > 1, the states L and L* are related using (4.47) to (4.50),
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Fig. 9.3 Solution patterns with a vacuum region
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Py 22— ) ©.1)
pL y+1°
oL (DM ©2)
oL (y— DM +2
2aL 1
—u s +up = Mg, — 9.3
L L y+1( s.L Ms,L) 9.3)
—Usp+u
My = —=1 % (9.4)
ar

Here, the flow velocity u is based in a laboratory frame and has a positive value
to the right. The shock Mach number, M, refers to the upstream flow in the frame
fixed on the shock wave, always having a positive value. From (9.1) and (9.3),

1
2 2
PL* 1
U — UL, = —CZL< — 1) <%> . (95)
L DREZ

From (9.1) and (9.2),
. -1
PL* I;zLL ;):4-1

y=1 pue
PL v+l pL +1

9.6)
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If the left-running wave is an expansion fan (pp+/pr < 1), the Riemann invariant,
J+, s kept constant across it. From (8.44),

2
U + aps = up + a,. 9.7)
y—1 y—1
The isentropic equations of (2.91) yield to
1
pLe _ (pm> ©.8)
PL pr
r=t
* * 2y
A = <pL ) : 9.9)
aL pL

From (9.7) and (9.9),

y-1
2 N

Uy — uy = 2k {1—(”) } (9.10)
y—1 pL

To integrate the results, the pressure ratio is given as an implicit function of the
flow velocity difference.

2
_(&—1){ ™ } (&>1
UL — UL, L y[gjrl)’,,—ﬁry*l} pr 9.11)
ar, 2 1_<m)2y}’ (&S]
y—1 L PL
pLx g y—1
= AL ril (& > 1)
« —1 pLx ’ L
P _ S\ . (9.12)

o T
“\pn) o=

Next, let us obtain the relation between R and R*. These states are separated by a
wave propagating on the right-hand side of the contact surface. By carefully noting
the direction and the invariant of the wave, the following equations are obtained. For
a shock wave (pr+/pr > 1),

PRy 2 (2 - 1) ©.13)

(9.14)
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2ar (4 ! (9.15)
UR* — UR = — .
R R y +l s,R MS’R
U _
Mg = 2R"IR (9.16)
(4523
Therefore,
. 2 3
e — g = aR<pR" - 1) (%) (9.17)
PR e T
DR« y—1
% + =
R ©1)
PR mﬁ + 1

In the case of an expansion fan (pr+/pr < 1), a Riemann invariant, J_, is kept
constant. From (8.45),

UR* — AaR* = UR — aR. (919)

y —1
Because isentropic equations equivalent to (9.8) and (9.9) are applicable,

y—1
2 2
UR* — UR = IR (pR ) —13. (920)
Yy — 1|\ pr
Those relations are integrated as follows:
PR* Ech(uR* — I/LR)
PR ar

2
Pre 2 PR*
URs — UR (PR 1){yi(y+1>”§+y—1}} ’ (PR = 1)

*

- roeny 9.21)
S N R A
Y PR PR
= [;f‘{ﬁj (& > 1)
* y—1 PR* ’
PR _ s -]H PR ' 9.22)

PR ’ PR —
In the extreme condition where the gas expands such that the pressure and the

temperature vanish, the flow velocity has the following limiting value corresponding
to its total enthalpy. Substituting (9.10) with this condition,
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Fig. 9.4 Pressure ratios, ®r, @
and ®r with respect to flow 5 Py
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(9.23)

ue = [ups —urlp,,/po—0 = —
u. is the highest velocity achievable by unsteady expansion, which is referred to as
the escape velocity. A similar result in the opposite direction is obtained from (9.20).

As solutions with the appearance of a vacuum region by the left-running expansion
fan, two patterns of Fig. 9.3a, b are possible. In the pattern of Fig. 9.3a, a vacuum
region appears in the middle of the two states L and R. A left-running expansion
fan propagates between L and L*, while a right-running expansion fan propagates
between R and R*. In the pattern of Fig. 9.3b, L* and R are in vacuum. In either
case, the wave-propagation velocity on the right-hand side is given by

261]_
y—1

Copx = ULx — ALy = UL + Ue = U, + (9.24)

Similar results are obtained for the right-running expansion fan, as shown in
Fig. 9.3a, c. The propagation velocity of the left boundary is given by

2ClR
y—1

Cy4 R* = UR* + arx = UR — Ue = UR — (925)

Figure 9.4 depicts (9.11) and (9.21). A symbol without and with * corresponds to
a quantity before and after the interaction. For the right-running wave (®g), when
a positive flow velocity is induced, the pressure increases, corresponding to a shock
wave solution. When a negative flow velocity is induced, the pressure decreases,
corresponding to an expansion fan. @1 is symmetrical to ®g, and thus opposite
relations hold.

Figures 9.5, 9.6 and 9.7 show possible solution patterns in dimensional coordi-
nates. After the interaction, a contact surface is generated between L* and R*. Across
the contact surface, # and p are constant, yet p and other thermodynamic properties
are not necessarily kept constant, as shown in Figs. 9.5b, 9.6b, and 9.7b.
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Fig. 9.5 Example of SW-SW solution (Fig. 9.2a)
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Fig. 9.6 Example of EF-SW solution (Fig. 9.2b)

. . Left-running
Left-running

Right-running
Right-running

o] u 0 u
(a) on u-p coordinates (b) on u-p coordinates

Fig. 9.7 Example of EF-EF solution (Fig. 9.2d)
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Figure 9.5 shows an example of the SW-SW pattern, as shown in Fig. 9.2a. Before
the interaction, L and R have counter-flow velocities. After the interaction, two shock
waves appear on both sides of the contact surface, and the pressures increase on both
sides.

Figure 9.6 shows an example of the EF-SW pattern, as shown in Fig. 9.2b. After the
interaction, the flow velocities increase in the positive direction. In L*, the pressure
decreases due to expansion, while in R* the pressure increases due to the generation
of a shock wave.

Figure 9.7 shows an example of the EF-EF pattern, as shown in Fig. 9.2d. After
the interaction, the flow velocities are induced such that the gases on both sides are
expanded, and the pressures are decreased.

9.2 Shock Tube

The shock tube is a device in which a shock wave is generated using a pressure differ-
ence between two gases as a solution of the Riemann problem with u;, = ug = 0. As
observed in Fig. 9.8, the straight tube with a closed end on both sides is separated into
high- and low- pressure channels using a sheet of a diaphragm. The gas in the respec-
tive channels can be of different species and/or temperature. Once the diaphragm is
suddenly removed, a shock wave starts propagating in the low-pressure channel, and
an expansion fan in the high-pressure channel.

The test section is placed near the end wall in the low-pressure channel, equipped
with windows, pressure transducers, and other sensors. Using a shock tube, we can
investigate the interaction between a normal shock wave with objects. Moreover,
as will be seen later, a shock tube is useful for investigating characteristics of a
high-temperature gas generated behind the reflected shock wave.

Fig. 9.8 Example of wave A
diagram in shock tube

operation, with air in the 8 '%@0 6
low-pressure channel, and q‘% 7.
helium in the high-pressure 339%. (5| Reflected shock
channel, p; = 1.0 x 10*[Pa], % Contactsurface .~ \A" wave

Ty = 290 [K], 0, ’

ps = 1.0 x 103[Pa],

T4 =290 [K]
. Incident shock wave
Expansion fan 4

I

o X
Diaphragm

Driver gas Testgas |




9.2 Shock Tube 205

As shown in Fig. 9.8, the initial states at # = 0 in the low- and high-pressure
channels are labeled “1” and “4” (ps > p;), respectively. Once the diaphragm is
removed, an incident shock wave starts propagating in the low-pressure channel. The
state behind the shock wave is labeled “2”. After the removal of the diaphragm, the
two gases that are separated by the diaphragm directly contact with each other at the
contact surface move at a velocity u, to the right. The state left to the contact surface
is labeled “3” (u3 = u5). In the high-pressure channel, an expansion fan is formed. In
the expansion fan, the gas experiences unsteady expansion, and the flow state varies
smoothly. The leading wave of the expansion fan is a sound wave propagating with
a velocity —ay. The tail of the expansion fan corresponds to the state 3.

The initial conditions 4 and 1 correspond to the states L and R in the Riemann prob-
lem described in Sect. 9.1. The respective gas can have different species, temperature
and/or value of y. Applying (9.11) and (9.21),

va—1
2a4 (PS ) E
Uy = - (2 (9.26)
’ va—1 { D4

2 2
Uy = al(& - 1) STIEATS S (9.27)
D1 % + i

n+l

For the contact surface,

non (9.28)
R (9.29)
From (9.26) to (2.29),
P4 _ P2 (va — 1)%(% _ 1) -

| , (9.30)
T \/27/1 [2)/1 + 0+ D(% N 1)]

Using (9.30), the pressure ratio p,/p; is obtained as an implicit function of the
initial operation parameters (p4/p1, ai1/as, 1, y4). The shock Mach number, Mj, is
obtained from (9.13).

1 1
M= |[ntir n-1 9.31)
2y1 pi 2y

The densities of “2” and “3” are obtained from (9.22) and (9.12), respectively.
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P2 n—l

£ + 4 S
B2 noni 9.32)
ProFe T

1 1
P (&)” — <&>”. (9.33)
P4 P4 P4

The speeds of sound are as follows.

a _ (g)i(&>i _ Mg — on - D} {on-Dm2 + 2} 034

a D1 o1 (y1 + DM,

r=l =l
2y, 2y,
a _ (&) C <&> " 9.35)
as P4 P4
Let us obtain the pressure distribution in the expansion fan. Here, the origin is set
to O in Fig. 9.8. From (8.44), (8.45), and (2.91),

2 2
w4 2 2 (9.36)
y—1 y—1
) (9.37)
dt =C_=U a .
1/;77]
V4
4 _ (ﬁ> . (9.38)
as P4

From these equations, the relation between the lay slope and the pressure is given

by
;/47—1
dx _l y+1/p\ 2 | 2a4
dr ) 2 \ps y —1

L41
P froif 2 (e 039
P4 y+1ly—1 as\dt

Herewith, all conditions of “2” and *“3” are obtained. Figure 9.9 shows the distri-
butions of the pressure, density, and flow velocity, and Fig. 9.10 shows the solution
with respect to dimensionless pressure-flow velocity coordinates.

Figure 9.11 shows the shock tube operation performance as the function of the
initial pressure ratio. All the quantities shown in Fig. 9.11a are an increasing function
of ps/pi1. Only p>/p; becomes saturated with ps/p; — oo. As seen in (9.30) and
Fig. 9.11b, the higher a4/a;, the stronger the shock wave becomes, that is the higher
P2/ p1 becomes. To do so, a light gas, hydrogen or helium, is used. As calculated
using (8.5) and (8.6), the speed of sound of molecular hydrogen gases is 3.8 times
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Fig. 9.11 Shock tube performance

as high as that of air, and that of helium 2.9 times as high. Moreover, increasing the
temperature of the driver gas also results in an increase in the shock strength.

Column: Counter-Driver Shock Tube
Using a shock tube in the usual style of Fig. 9.8, the interaction between the post-
shock flow “2” and the reflected shock wave can be investigated. However, as explained
later, the strength of the reflected shock wave is uniquely determined by the shock
Mach number of the incident shock wave. Therefore, their conditions cannot be set
in an independent manner, and the counter-driver shock tube (CD-ST, Fig C9.1) was
developed to perform this function [1]. Ithas two high-pressure channels (“drivers”) on
both sides. By setting the relative timing of diaphragm rupture, the interaction of the
interest can be placed at a desired location. In Fig. C9.1a, for example, the interaction
between the post-shock flow R-PSF behind the incident shock wave R-SW(i) driven
by the right driver (R-Driver) and the transmitted shock wave L-SW(t) driven by the
left driver (L-Driver) is set to occur at the test section. Each diaphragm is made of
cellophane and ruptured using the needle (Fig. C9.1c) driven by a pneumatic cylinder,
which in turn is driven by the high-pressure air supplied through an electromagnetic
valve. The mutual diaphragmrupture timingis controlled with electrical trigger signals
to the respective electromagnetic valves, as shown in Fig. C9.1d.

In the CD-ST, the conditions of a shock wave and a counter flow can be controlled
in an independent manner. Naturally, experiments of the interaction between two
shock waves with different strengths are also possible.
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Fig. C9.1 Counter-driver shock tube at Nagoya University

9.3 Reflection of Normal Shock Wave

Let us consider a normal shock wave that is reflected on a solid wall as an application
of the Riemann problem. This occurs on the right end of the wall in the shock tube
in Fig. 9.8. After the incident shock wave SW(i) is reflected on the wall, the reflected
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shock wave SW(r) appears. The post-shock state behind SW(r) is labeled “5.” Since
the flow in “5” should have a null velocity, which equals to that of the wall, shown in
Fig. 9.13a, the condition of “5” is obtained using this boundary condition. In (9.5),
L and L* refer to “2” and “5,” respectively. The condition of “2” and us(= 0) are
known.

1
2

2
—u2=—a2<ﬁ—1>{%} . (9.40)
P2 T

SWi1) X
M 3.0

(a) x—t diagram; thick solid line, shock wave; dash-dotted line, contact surface
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Fig. 9.13 Reflection of normal shock wave on a solid wall
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Solving (9.40),
u +1u +1ur\?
bs gy ppnrie gt g (9.41)
)2 a 4 a 4 a

Using (9.31)—(9.33), the shock Mach number of SW(r), M;,, the density ratio,
and the speed of sound ratio are obtained.

+1 -1
M, = BB 1 9.42)
2)/1 P2 2)/1
s on-l
=R (9.43)
P2 ALl 41
3 1
o (E> _ 12 = 0= D] {On =DM + 2 (9.44)
@ \I (1 + DM, : :

Note here that M is the shock Mach number referring to “2”, which has a positive
flow velocity. For SW(i), (9.17) and (9.18) are applied.

1
2 2
uy = ay (ﬂ - 1) _pnty (9.45)
pi By a

yi+1
22 yi—1
02 o T
PRy (9.46)
vi+1 pi

From (9.40), (9.45), and (9.46),

-1 3y — 1 —1
{(y‘ Q+1)ﬁ— n—_hkon }(QE—1> =0. (947
vi+1p p2 v+l pr vi+1j\pp2

With ps # pi,

<_3V1—1 ) n_
Ds vi—1 ) p
_—= (9.48)
)2 yi+1
P2 p—f + ﬁ
Substituting (9.42)—(9.44) with (9.48), the post-shock condition of SW(r) is related
to the condition of SW(i). For example, applying (9.13) and (9.1) to SW(i) and SW(r),

respectively, the following equation is obtained.



212 9 Riemann Problem

- 2nMZ — (1 — 1)
YTV - DME+2

Figure 9.14 shows the variation in the pressure and temperature ratios and M, as a
function of M ;. For linear waves, including sound waves, pressures of an incident and
reflected waves can be superimposed on each other. The pressure amplitude equals
to the sum of the corresponding amplitude. However, a shock wave is a nonlinear
wave, and thus such superimposition is not applicable. Instead, the pressure of the
post-shock state “5” is obtained by multiplying the pressure ratios across the incident
and reflected shock waves, as shown in Fig. 9.14a. The same scenario applies to the

(9.49)
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Fig. 9.14 Post-shock condition and Mj as a function of M ;
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post-shock temperature (Fig. 9.14b) As seen in Fig. 9.14c, M, is an increasing
function of Mj;. The higher Mj;, the higher the pressure and temperature ratios.

In this way, the shock tube is a useful tool to generate the high-
pressure/temperature state by utilizing the principle of unsteady, compressible fluid
dynamics. It is often used to measure chemical reaction rates at high temperature.
The pressure and temperature ratios obtained as a function of the initial pressure
ratio, by a shock tube is shown in Fig. 9.15. Here, a regime where ps > p4 exists.
This implies that when using the unsteady fluid dynamics principle, a pressure higher
than the initial value can be generated, which is not possible in steady compression.
However, this does not mean that the total energy of the whole system is increased,
but that part of the system can become more energetic during a limited period.

9.4 Reflection of Expansion Fan

In the high-pressure channel of the shock tube in Fig. 9.8, after the diaphragm is
ruptured, the expansion fan propagates to the left end wall and is reflected there.
Unlike the shock wave, it is composed of expansion waves, which form a fan in the
x-t diagram. Accordingly, the reflected waves also span a finite width.

Let us obtain the condition of “8,” the state behind the reflected expansion fan in
Fig. 9.8, with the condition of “3” and “4” being known. The reflected waves are
right-running expansion waves, to which (9.20) applies. Moreover, because ug = 0,

2 ra—1

2y4
4 (ﬁ) —1 (9.50)
va—1[\ps

-1 T
ps _ (1 _n M3)” | ©.51)
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Fig. 9.16 Pressure variation 10°
behind incident and reflected
expansion fan
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The relation between “3” and “4” are obtained using (9.9) and (9.10) and u4 = 0.

24

—1 —1
? _ (1 n ”42 M3>” . (9.52)
3
Therefore,
ya—1 2yitl
ps_ (L= 7 Ms )" (9.53)
P4 1+ 22wy
1
% - (?) ' (9.54)
4 4

Figure 9.16 shows the pressure variation behind the incident and reflected expan-
sion fan as a function of Mj3. Regarding the expansion waves, the pressure variation
is nonlinear, lowering to a large extent with increasing M3.

In the shock tube operation, if the length of the high-pressure channel is not
sufficiently long, the incident shock wave is contaminated by the reflected expansion
fan, and thereby the effective test time may be shortened or even vanish. Figure 9.17
shows the trajectory of the leading wave of the reflected expansion fan. The effective
test flow that is not contaminated by the reflected expansion fan is colored gray.
As long as the reflected expansion waves do not arrive (0 < x < xy,), the effective
test time behind the (incident) shock wave increases in proportion to the distance
from the origin. However, for x > x,, the reflected expansion wave propagates in
“2” before the contact surface arrives, thereby the test time becomes shortened. As
shown in Fig. 9.17, there is an optimum distance, x,, to maximize the effective test
time to T,. In order to obtain this condition, let us trace the trajectory of the leading
wave of the reflected expansion wave.



9.4 Reflection of Expansion Fan 215

Fig. 9.17 Reflection of Contact
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For a calorically perfect gas, xy, is obtained analytically. In Fig. 9.17, the reflection
point of the leading wave of the reflected expansion fan is labeled “A”, and the point
where this wave terminates the interaction with the incident expansion fan is labeled
“B.” X(x, t) is an arbitrary point in between A and B on the trajectory. In region 3,
the flow condition is uniform. If we can obtain g, at which the leading reflected wave
terminates the interaction, we can readily trace the trajectory to the contact surface.
At A, the following equation holds.

XA

Uy — Ay = —Ayg = —. (955)
Ia

At X, from the geometrical relation and Riemann invariant,

X

Uu—a= (9.56)
2 2 2
w2 gy S S (9.57)
ya—1 va—1 y—1
Solving (9.55) to (9.57)

“=a-t ; (9.58)

2 —1
Y (9.59)

a = —.
v+l y+1t

Because the reflected wave propagates at a characteristic velocity c,
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dx
—=u+a=

1
= T {(3 - y4)— + 4a4} (9.60)

Equation (9.60) is ahomogeneous differential equation, which can be solved using
the transformation of

y=2 9.61)
t
dy dt
. (9.62)
~ 2(u—1)
};4-4-1 y+ 4+1
From (9.59), (9.61), and (9.62),
1
dy=—"*114
va—1
ya+1
"0 _dt (9.63)
a t ’

Integrating (9.63) with the condition that A is equivalent to “4,”

4+l

t T 2D
l=<“_"> . (9.64)

Iz aa

Applying (9.64) to B, the condition that is equivalent to that of “3,”

_ y4+l
t 24—D
B _ (a_3> T (9.65)
7N ay

The duration of the wave passage is expressed by such a simple equation. Using
this, and from Fig. 9.17,

Xm =Usjitc = ustp = (u3 +az)(tp — 18) + xp

xg =(u3 — az)ip.
Therefore,

=215
2M3
Us,i

fc = 1B.

From the above equations and substituting (9.9) and (9.26) with (9.65),
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— ! _ _ratl _ntl
az\ s az\ a0 |xa| P3\ 7 lxal
[B =| — [A = —_ _— = u— —_—
ag as as P4 as

_

-1
4 B £
X = 1 (ﬁ> ’ <@> N (9.66)
Vs — 1 D4 D4
2 £ N
Y4 Y4

tn=tp—tc=2|1— da 1—<ﬁ) (ﬁ> Al 9.67)

va—1 Us,i P4 P4 ay

In (9.66) and (9.67), all the variables on the right-hand side including Us; and
p3/ p4 are determined from the shock tube operation condition, and thereby x,, and
T are obtained from the operation parameters. They are proportional to the length
of the high-pressure channel, |x4|.

9.5 Shock-Shock Interactions

9.5.1 Head-on Collision

Figure 9.18 shows the head-on collision of SW(a) and SW(b). SW(a) propagates
with M, = 3 to the right, in the positive direction of the x coordinate, SW(b)
with M, = 2 to the left. The state ahead of the shock waves is labeled as “1”’; those
behind SW(a) and SW(b) are labeled “2”” and *“3,” respectively. After the collision, the
shock waves change their strength and direction of propagation as SW(c) and SW(d).
Between them, a contact surface that separates “4” and “5” appears. The condition
of “4” and “5” is obtained in Fig. 9.18c as the intersection between the left-running
shock polar ®_ ; and the right-running shock polar @ 3. The pressures in “4” and
“5” are equal to each other as the flow velocities. However, across the contact surface,
the speed of sound (temperature and density) is different. This is because the shock
compression processes and the entropy productions are different on the respective
sides, although the pressures become equilibrated. The appearance of the contact
surface is an important difference from the interaction between isentropic waves
dealt with in Chap. 8.

In “4” and “5,” the pressure rises to a very high value. For example, in the case of
Fig. 9.18, the pressure increment behind SW(a) and SW(b) equals (p,—p1)/p1 = 9.3
and (p3 — p1)/p1 = 3.5. If the linear relation is applied, both (p4 — p1)/p1 and
(ps — p1)/p1 would equal to 12.8. However, the solution is nonlinear, and thus
(ps — p1)/P1 = (ps — p1)/p1 = 28.3. As observed in this example, the shock
wave is a highly nonlinear wave; the stronger the shock wave, the more significant
its nonlinearity, i.e., the increment in the pressure ratio, will become. Utilizing this
characteristic, we can generate high-pressure/temperature states.
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9.5.2 Shock Overtaking Another One

Figure 9.19 shows the case in which the preceding shock wave SW(a) is caught up
with by SW(b) from behind. After catching up, the strength of SW(a) is enhanced;
yet behind the contact surfaces an expansion fan is generated. The pressure across
the CS is constant, whereas the speeds of sound are different.
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9.6 Shock Interaction with Contact Surface

Here two media A and B having different densities (and/or speeds of sound, tem-
perature) are in contact. In A, a shock wave SW(i) propagates to the right, being
incident to the contact surface. Let the initial states of A and B be labeled “1” and
“3,” and the post-shock state behind SW(i) be labeled “2” (u; = u3z = 0, p; = p3).
In A, the pressure always increases past SW(i). After the interaction with the contact
surface, a reflected wave propagates in A, and a transmitted wave in B. The pressure
variations after the interaction depend on the interface condition across the contact
surface.

Applying the transformation from a shock-fixed frame to a laboratory frame
(4.25), Rankine—Hugoniot relations, (4.19) and (4.20), are expressed as

p1Usi = p2(Usi — u2) (9.68)
2
p1U% + p1 = p2(Usi — u2)” + pa. (9.69)
Therefore,
p2 — p1 = p1Us us. (9.70)

Note here that (9.70) is equivalent to (1.23), which gives an impulsive force. The
same relation applies to the post-shock state “4” behind the transmitted shock SW(t).

ps — p3 = pa— p1 = p3Us s, 9.71)

The condition that a reflected wave is not generated is ps = p, and us = uo,
yielding

P1 Us,i = pP3 Us,t (9.72)

pU is referred to as the shock impedance. From (9.72), the condition of no reflected
wave is equivalent to the equality in the shock impedance. However, (9.72) is not
explicitly set using the initial conditions, because in general U is not known a priori.

In the limiting case of an infinitesimally weak shock wave, U approximately
equals to a, and (9.72) to

prar = p3az (9.73)

pa is known as acoustic impedance, and it is a more convenient parameter, because
it is determined only by thermodynamic properties of the medium. On the interface
between media with an equal acoustic impedance, sound waves are not reflected.
Recalling that in Sect. 4.2.1.3, a shock wave solution is equivalent to an isentropic
wave to the third order in its pressure, the above reflection criterion is effectively
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Fig. 9.21 Shock interaction with contact surface from high-to-low acoustic impedance
(p1a; > pzaz). Gray zone marks the expansion fan

applicable to a weak shock wave. The pressure increment, Ap, approximately equals
to

Ap = palAu (9.74)

This implies that the slope of p — u equals the acoustic impedance. The type of
the reflected wave, either the shock SW(r) or the expansion fan EF(r), is determined
from the relative magnitude of their acoustic impedances.

Let us consider the case where SW(i) is incident on the interface from a high-to-
low acoustic impedance, pja; > pzas (Fig. 9.21). In p —u coordinates, the respective
shock polars are plotted from the common initial state “1”” and “3”. In this case, SW(i)
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curve marks upper, and SW(3) the lower polar. The curve of SW(t) drawn from “2”
should intersect with the SW(t) curve at “5”. Because ps < p», the reflected wave
is an expansion fan EF(r).

Next, let us consider a low-to-high incidence pja; < psasz (Fig. 9.22). In this
case, the p — u curve of SW(t) is above that of SW(i), and the reflected wave curve
from “2” intersects with SW(t) at “5”, with ps > p,. The reflected wave is a shock
wave.

Column: Wave Drag Reduction by Energy Deposition

It is known that the drag on an object in supersonic flow can be reduced by depositing
an energy in front of it. As shown in Fig. C9.2, A “bubble” that is a high-temperature,
low-density region, is generated by local heating ahead of the object. The heating can
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Fig. 9.22 Shock interaction with contact surface from low-to-high acoustic impedance
(p1a1 < p3az)
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Fig. C9.2 Schematic
illustration of energy
deposition; 1, upstream
without energy deposition; 2,
immediately behind the bow
shock wave; 3, thermal
bubble generated by energy
deposition

be performed using a laser pulse, electrical discharge, etc. After the bubble enters
the shock layer in front of the object, the wall pressure and subsequently the drag
is reduced. This scheme is referred to as energy deposition, and it is reported to be
effective particularly for high-Mach number flows [2].

Figure C9.3 shows experimental results with a flathead, circular cylinder (diam-
eter, 20 mm) set in Mach 1.94 flow. The laser pulse energy is repetitively sent to the
focal point at 40 mm upstream from the cylinder head. Without energy deposition,
a bow shock wave is formed ahead of the cylinder. When thermal bubbles are repet-
itively generated using a pulse laser, the thermal bubbles transitioned to a toroidal
vortex ring are piled up in front of the cylinder, which in turn act as a virtual spike
to reduce the wave drag.

Although the actual mechanisms of the drag reduction are complicated, here we
analyze the drag reduction as a Riemann problem. The initial condition shown in
Fig. C9.2 is equivalent to the Riemann problem of Fig. 9.21. Here, they are in different
coordinates, as the direction of the wave propagation is opposite.

A part of the region “1” is heated at constant volume by an energy ¢ per unit mass
(state 1°). The state after expansion to the equalized pressure is labeled “3.” Here,
the expansion process is assumed to be isentropic. For a calorically perfect gas, the
following equations hold [3].

Py=n (C9.1)
] 1
— RTy= — RTi+gq (C9.2)
y—1 y—1
br _ P (C9.3)
v T,
Y Y
B_n_ (ﬁ) = (ﬁ) (C9.4)
pv pr or o1

-~ i
@ _ <_3> _ (&) , (C9.5)
ay Ty 01
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Fig. C9.3 Example of supersonic drag reduction with energy deposition; f, repetition frequency of
laser pulse; E, laser pulse energy; Do, drag without energy deposition

Therefore,

B +0) (C9.6)
L1
B4 (C9.7)
ap

B8 _ 140y 5 (< 1) (C9.8)

pr1ay
0= Rin -4 (C9.9)

-1

From (C9.8), the acoustic impedance is decreased with the energy deposition.
Using the normal shock relation, the L and R states in a Riemann problem apply to
“3” and “2,” respectively.
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2

PR_P2_P2_yyp (2o (C9.10)
PL P3Pl y+1

LMy

ag aq
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(SIS

Since for a normal shock wave,

P202

— >1

priay
pLaL  p3as p3a3 P1a]
= = < 1.

PRAR p2a2 p1a p2a3

After the bubble enters the shock layer, a transmitted shock wave propagates in the
bubble, whereas behind the bow shock the pressure is decreased due to the expansion
fan. Applying the relation to (9.11) and (9.21), the solution of this Riemann problem
is obtained by combining the following equations.

1
o
E_EZ_@<&_1){—W+”}Z (©9.13)
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Substituting (C9.13) with (C9.15), the flow velocity after the interaction, u,, is
obtained. From normal shock wave relations,

Px 2y 2
— =1+ M: —1 C9.16
pi )/+1( s,3 ) ( )
1 -1
Moy = i(&Jr”_) (C9.17)
2y \pr y+1
1 1
; . M2 —y + 1) {(y — M2, +2}2
@y _ @y oo CrMG —y H DO - DMG 42 g
aj a, az (y + DM, 3.

The velocity of the transmitted shock wave in the bubble, U 3+, is given by

Us 3+
ag

us — 1Ms,3*a3* A3
= =M, — — M3~
aq aq

(C9.19)

As observed in Fig. C9.4, by the energy deposition, the pressure behind the bow
shock wave is decreased; the flow velocity in the opposite direction to the upstream
flow is induced. The transmitted shock wave propagates toward the upstream in the
thermal bubble. This is experimentally observed and termed as the lens effect [4].
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(c) Propagation velocity of transmitted shock wave in the thermal bubble.

Fig. C9.4 Post-shock pressure, flow velocity and propagation velocity of transmitted shock wave
due to interaction with the thermal bubble
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With a low flow Mach number, 1 < M; < 2, the effects of the pressure decrease
and the induction of the counter flow are large. The direction of the flow becomes
reversed with M, > 8. With a high flow Mach number, 5 < M|, those effects become
saturated, yet the speed of the transmitted shock wave in the opposite direction,
|US,3* , continues to increase. Thus, the extrusion of the bow shock wave due to the
lens effect becomes significant.
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Chapter 10 ®)
Method of Characteristics Geda

In a steady, two-dimensional flow (Chap. 7) and an unsteady, one-dimensional flow
(Chap. 8), the flow velocity and thermodynamic properties are expressed as func-
tions of two independent variables by applying Euler’s equation. In those cases, the
differential equation is hyperbolic and can be solved by sequentially solving inter-
actions between characteristics with an appropriate boundary or initial conditions.
This method, called the method of characteristics, is useful in such simple problems
and will be dealt with in this chapter.

10.1 Design of Supersonic Nozzle

Let us design a supersonic nozzle as an example of steady, two-dimensional flow.
Here, the gas is assumed to flow along the nozzle wall without separation. In the one-
dimensional flow in Chap. 5, the flow Mach number is a function of the cross-sectional
area uniquely. Yet, in reality, the flow is multidimensional.

10.1.1 Characteristics and Flow Variation

If supersonic flow turns such that the flow passage area increases, its flow Mach
number is increased due to the Prandtl-Meyer expansion. Transforming a smooth
curve of a nozzle wall profile to a polygonal line, the flow is accelerated through an
expansion fan at each corner, as shown in Fig. 10.1a. The expansion fan is sandwiched
by the upstream (1) and downstream (2) regions by the respective Mach waves.
However, such flow variations with a finite width complicate the design procedure of
the flow passage. Instead, in the method of characteristics an expansion fan is replaced
by a “representative” characteristic, as shown in Fig. 10.1b, which is defined as the
bisection line of the two Mach waves. The flow on the upstream side should be
uniform as Region 1, and the downstream side as Region 2.
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If the supersonic flow is deflected for compression, an oblique shock wave is
generated, and the flow condition varies in a discontinuous manner. However, if the
deflection angle, |A6|, is small, the associated flow variation can be approximated
as isentropic, and the oblique shock angle is approximated to that of the bisection
line of the upstream and downstream Mach waves. In summary, no matter whether
the flow deflection is expansive or compressive, the bisection line is regarded as the
representative characteristic, across which the flow experiences a small discontinuous
change. Applying this scheme to the whole flow field, it is divided into finite uniform
regions. The finer the division, the better the accuracy of the flow design becomes.

Figure 10.2 shows a simple, two-dimensional Laval nozzle design employed in this
section. The incoming subsonic flow is accelerated in the converging section, which
then becomes sonic at the throat (x = 0). The flow is supersonically accelerated due
to the characteristics generated on the nozzle wall in the expansion section. y = 0
corresponds to the centerline, which is the axis of symmetry. The characteristics are
reflected on the centerline, such that the flow is deflected to the x-direction. The
reflected characteristics are incident to the nozzle wall in the “cancelation” section,
where the wall angles are set such that the respective incident characteristics do
not cause a reflected wave, and so that the flow condition does not change in the
downstream, meaning in the test section.

In the expansion section, the wall has a positive curvature, which is convex toward
the downstream. With increasing the wall angle, expansion waves are generated,
accelerating the expanding flow. The exit of the expansion section (x = x,) is
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Fig. 10.3 Relation among
regional elements in contact

an inflection point; in the downstream the wall is either straight or has a negative
curvature, which is concave toward the downstream. Thus, the expansion wave is not
generated. In the expansion section of Fig. 10.2, the total deflection angle is equally
divided to nine segments of an increment of Af and the expansive characteristic
at each corner is drawn. Each characteristic is reflected on the centerline, and the
reflected characteristics interact with other incident characteristics before arriving
to the “cancelation” section on the wall. The sections between the expansion and
cancelation are connected by a straight line.

Figure 10.3 shows the relation among regional elements that are in contact. The
flow condition in the element “3” is determined by the interaction between the char-
acteristic ¢_ | from the element “1” and ¢, ; from “2.” As shown in Sect. 7.1, an
invariant v + 6 is conserved between “1”” and “3,” v — 0 between ‘“2” and “3”, where
v and 0 are Prandtl-Meyer function and a deflection angle, respectively.

v3+ 03 =v + 6, (10.1)

V3 — 93 =V — 92 (102)
Therefore,

0, — 0
vy = ”1;v2+ ‘2 2 (10.3)

V1 — V2 91+92
2 + 2

05 = (10.4)

Let the angle of the “1”—*3” boundary from the x-axis be oy 13, and the angle of
the “2”—“3” boundary be «_ »3. They are obtained as follows:

_ (01 + Bma) + (05 + Buma)
oy 13 = 5

62 — Bm2) + (B3 — Bm3)
o_23 = 3 .

(10.5)

(10.6)
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All angles have a positive value for the anticlockwise direction, and By is the
Mach angle.

1
By = sin~! (M) (10.7)

Figure 10.4 shows the relation on the centerline. The flow in Region “1”, before the
reflection should be parallel to the centerline. The characteristic c_ |, is reflected on
the centerline, and subsequently the characteristic ¢, »3 is generated as the reflected
wave. In Region “3,” after the reflection, the flow should be aligned to parallel to the
centerline.

0, = 0; + AO = AO(> 0) (10.8)

0y =6 = 0. (10.9)

Using the Riemann invariants,

vy — 6 = v — 6 (10.10)
v3+ 63 = v, + 6. (10.11)
Combining these equations,
vy = v + AO (10.12)
v3 = vy + A6. (10.13)

Therefore, the flow is accelerated past ¢_ 5, and then again accelerated past ¢, »3.
The corresponding deflection angles have equal magnitudes, but opposite signs.

Figure 10.5 shows the general case of the wave reflection on the upper nozzle
wall. The characteristic ¢, is reflected on the upper wall with a reflection angle
AB(< 0), as the reflected wave, ¢_ »3 is generated from the corner. Depending on
A, it is compressive or expansive.
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63 =6, + A9 (10.14)
U3 — 93 =V — 92 (1015)
Therefore,
v3 = vy + 03 — 0. (10.16)
In order for the reflected wave to be canceled, A9 should be set such that
V3 = V) (1017)
05 = 6,. (10.18)
From (10.14) and (10.18),
AO = 0, — 6. (10.19)

Following up the above procedure, the whole flow field is obtained.

Let us label a number (7, j) to the elements as shown in Fig. 10.6. The sonic flow
at the throat is labeled (1, 1). Subsequently, along the upper wall, i is sequentially
increased, j is sequentially increased after passing across the reflected waves. Let us
specify the deflection angle A6 (i, 1) such that
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i—1 i—1
0G, 1) =0(1,1)+ ) A0k =Y _ AO(K)
k=1

k=1

AG(k) =0k +1,1) —60(k, 1).
Using the Riemann invariant,

v, ) —0G, 1) =v(1, ) —6(1,1)=v(l,1)=0
i—1

v, ) =061 =Y AOK).

k=1
In the same way,
j—1
(i, )+ 00, ) =v(, D+03, 1) =2 A0K)
k=1
0(j,j)=0
j—1
v(j, j) =2 AO(K).
k=1

Using the above results,

i—1

v, )+ 06, j)=vE, D+06 1) =2 A0k)

k=1
j—1
v(i, j) =06, ) =v(j, ) =0G, ) =2 A0K).
k=1
Then,
i—1 j—1
v, j) =Y AOK)+ Y AOGK) =0, 1) +6(. 1)
k=1 k=1

i—1 Jj—1

0. j) =Y A0k =D A0K) =0, 1) —0(j. 1).

k=1 k=1

Here, v and 6 were simply related to (i, j) by (10.24) and (10.25).

(10.20)

(10.21)

(10.22)

(10.23)

(10.24)

(10.25)
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10.1.2 Design Procedure of Laval Nozzle

The design of the Laval nozzle of Fig. 10.6 is performed in the following procedure:

ey
@

3

“

&)

The height, y., and Mach number, M., are given at the exit.
Integrating (5.27) with the appropriate influence coefficient, an equation relating
ve and M. is obtained.

dM?  (y —1)M? +2dA

M2 1— M2 A
_yHl
Ye 1 [(y— M2 +2720D
Lo | Le % ) 10.26
Yo Me[ y+1 ( )

A smoothy curveis given in the subsonic section (x < 0). The choking condition
is
dy
— =0 (x=0) (10.27)
dx
In order for the derivative in the flow variables to be continuous at the throat,
the second derivative at the throat should likewise be continuous at x = O..
The y-variationin 0 < x < x, is given under the following boundary conditions:
Atx =0,

Y= (10.28)
dy
= =0. 10.29
. ( )
At x = x,,
d
Y tan (10.30)
dx
dzy
—= =0. 10.31
a2 ( )

To satisfy the above conditions, y(x) should be cubic at least.

2 3
Y7 tan@max[(ﬁ> — —(1> ] 0<x<x,). (10.32)
Xa X, 3\ x,

The number of divisions, n, is given, and Eq. (10.32) is drawn by an n polygonal
linewith6(@,1) (G =1,...,n).
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(6) v(,j) and 6(i, j)(@ = 1,...,n) are obtained using (10.24) and (10.25),
respectively.

(7) v(@i,1)and 8@, 1)(i =n+1,...,2n) are obtained using (10.19).

(8) Starting from (0, yp) in the element (1, 1), characteristics are sequentially
obtained applying (10.5) and (10.6).

Here, we have designed the supersonic nozzle. The method presented is the simplest
one, to ensure that readers easily understand the design principle. In real applications,
more sophisticated schemes and/or know-hows should be introduced to improve the
test flow quality. A possible modification is to assume a curved sonic line, and to
set a partial expansion section to moderate the sudden cross-sectional area variation.
One of the most important modifications is the boundary layer correction. In a real
nozzle flow, a boundary layer is developed on the wall, decreasing the effective
cross-sectional area. To obtain a desired test Mach number, the height of the nozzle
should be increased by the boundary layer. If a desired test flow Mach number is
high, the total enthalpy of the test gas becomes so high that the so-called real gas
effect becomes significant, and consequently the assumption of a calorically perfect
gas needs to be revised. In such complicated cases, the method of characteristics
only provides limited information, and the design should be aided by computational
fluid dynamics.

10.2 Wave Diagram of Shock Tube Operation

In unsteady, one-dimensional flow, one of two spatial coordinates in Sect. 10.1 is
replaced by a time coordinate. Yet, a similar approach is possible. Even if shock
waves appear, in many simple problems the method of characteristics is useful by
using the solution of the Riemann problem. Here, we will analyze the behavior
of expansion waves in the high-pressure channel in Fig. 9.8. This problem has an
analytical solution presented in Sect. 9.4.

Consider, as shown in Fig. 10.7, the interaction between the characteristic C,..
originating in L and the characteristic C_g in R. Using the results of Sect. 8.2,

ur + ar = uy, + 2 arp, (10.33)
y—1 y —1
Fig. 10.7 Interaction t % -
between characteristics in an ‘ I 4
unsteady, one-dimensional
ﬂOW L= ka i @
s ‘o R

Lé
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2 2
uy — a) = UR — aR. (1034)
y —1 y —1
Therefore,
= MetUR AL R (10.35)
2 y —1
—1 a, +a
a="Y =) + % (10.36)

Assuming that the total enthalpy is uniform in the entire flow field, py is obtained

as
2y 2y
ap \ ! ap \ !
pr= PL<_I> = pR(—I> . (10.37)
ar, ar

The above procedure should be sequentially applied to the incident and reflected
waves.

As shown in Fig. 10.8a, the end wall of the high-pressure channel and the
diaphragm are located at x = x5 and x = xg = 0, respectively. The diaphragm
is instantaneously ruptured at time # = 0. As shown in Fig. 10.8b, the expansion fan
incident to the end wall is divided into n expansion waves, which are numbered as
i = 1...n.Here,i = 1referstothe state “4,” and i = n to the state “3.” In this exam-
ple, the difference in the propagation velocity between adjacent expansion waves is
set to a constant. The reflected waves are numbered by j based on the sequential
order of reflections. j = O refers to the incident wave. The label (i, j) refers to the
intersection between the i-th incident wave and j-th reflected wave.

I

7,0

Xs

Fd oo
Expansion fan 4 1
*, (1,0) x
X (=0)
(a) Whole diagram (b) Interaction among expansion

waves, zoom into the gray zone in (a)

Fig. 10.8 Wave diagram of shock tube operation, the operation condition from Fig. 9.8



238 10 Method of Characteristics

Because u4 = 0, the propagation velocity of i-the incident wave is

i—1

c_r(,0) = —as + (U3 — az + ay) (10.38)

n—1

The invariant and the propagation velocity of i-th incident wave before the
interaction with a reflected wave is given by

J_() =u(i,0) — 1a(i, 0) (10.39)
y —
c-r(,0) =u(,0) —a(,0) (10.40)
. 2 . 2
u(@,0) + a(i,0) = as. (10.41)
y—1 y—1
From (10.39) to (10.41),
A A .
a(i,0) = " 1c,,R(l, 0) + - 1a4 (10.42)
i,0) = 2 i, 0 2 10.43
u(i, )—y_’_lc—,R(l’ )+y+1a4 (10.43)
. 4 . 2(y —3)
J_ ()= ——c_r(@(,0) + —————ay. 10.44
@) y+lc RE0) + (y+1)(y_1)a4 ( )

Next, let us obtain the condition behind the reflected wave of the tail wave of the
incident expansion fan (i, 7). From (10.39), with

u(i, i)y =0 (10.45)
J (i) =— aG, i)
y —1
a, i) = —”T_IL(I'). (10.46)

The Riemann invariant and the propagation velocity of i-th reflected wave are

2

J (i) = -

a(i,i) (10.47)

cy (i, i) =a(,i). (10.48)

The j-th reflected wave intersects with the i-th incident wave on the order of
i = j+1...n.Lettheintersection point between j-th reflected wave and i-th incident
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wave be P(i, j). Except for the end wall (x = x4), the right-running, reflected wave
past P(i — 1, j) in a Riemann invariant J(j) and the left-running, incident wave
past P(i, j — 1) with a Riemann invariant J_ (i) intersect at P(i, j).

J+(j) = ul, j) + v a ) (10.49)
J_(@) =u(,j) - a(i, j). (10.50)
y—1
Therefore,
. v—1 . .
a(i, j) = y) {(V+ () = J-(D)} (10.51)
1
u(i, j) = 5{J+(j) + J_(D)}. (10.52)

Following (10.51) and (10.52), solving with i = j + 1...n sequentially for
Jj = 1...n provides the entire incident and reflected expansion fan.

=1L ) =ul—1,j)+al—1,j) (10.53)
corG, j—D=uG, j—1)—aG,j—1 (10.54)
x(i, j) = x(, j =D 4cr@ j =D j) =10 j = D} (10.55)
x(@, ) =x( =1 j)+ e =L PG j) —1G =1, )} (10.56)

XA j—D—x(( -1 D4+ep (-1 DG =1 j) —c_rG j—DtGj -1

i e
@) crLli—1Lj)—c rGj—D

(10.57)



Chapter 11 ®)
Generation and Utilization ez
of Compressible Flows

By utilizing the characteristics of compressible flow, we can generate high-speed
flow, high-pressure, and/or high-temperature states. The design of rocket engine noz-
zle and that of air intake for an aircraft engine need to be conducted based on the prin-
ciple of compressible fluid dynamics. In this chapter, we will illustrate representative
examples of such devices.

11.1 Nozzle and Orifice

In Chap. 5, we studied one-dimensional flows with varying cross-sectional areas.
A nozzle is a device that accelerates the flow using this principle. The shape of the
nozzle depends on the purpose and the flow Mach number range.

A converging nozzle is used to accelerate subsonic flow, as shown in Fig. 11.1a.
It is used, for example, at the exit of a spray bottle. The same principle is applied
when blowing out a candle flame.

A Laval nozzle (Fig. 11.1b) is composed of a converging part and a diverging part
smoothly connected to each other. During the choking condition, the flow becomes
sonic at its throat at which the cross-sectional area has a minimum value. In a rocket
engine and a supersonic wind tunnel, the flow is accelerated to a supersonic speed.
This shape is also used to set a constant flow rate. For this purpose, the device is
termed a critical nozzle or a sonic nozzle.

An orifice (Fig. 11.1c) is a blockage in a flow with a circular hole that has a
known cross-sectional area. Near the orifice, circulation zones are formed. The cross-
sectional area of the flow past the orifice has an effective minimum value in the
downstream that is smaller than the geometrical value.

© Springer Nature Singapore Pte Ltd. 2020 241
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Fig. 11.1 Orifice and
nozzles

M<1 /\ M<l
/—

(M=1)
(a) Converging (b) Laval nozzle
Geometrical Effective
M<1 : '

(¢) Orifice

The usage of a nozzle is categorized as follows:

(1) To obtain a constant flow rate (mass flow control valve, fuel injector, etc.)

(2) To generate high-speed flow (spray bottle, shower, blowing out a candle flame,
whistle, etc.)

(3) To set a flow speed or Mach number (wind tunnel)

(4) To generate thrust (aircraft and rocket engines).

11.1.1 Isentropic Flow with Varying Cross Section

Assume here a steady, quasi-one-dimensional flow without heat transfer, body force,
or shock waves. The flow variables are obtained using the equations in Chap. 5 if
the pressure difference between the inlet and exit is sufficiently large. The relation
between the flow Mach number M and the cross-sectional area A is given by

dM?  (y —DM?+2dA
M2 1— M2 A’

(11.1)

Integrating (11.1),

y—1
A2 M2

i+ 2)”
—————~—— = const. (11.2)
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Attaching a subscript * to variables in the choking state, that is, M, = 1 and
A = A*5

y+1
y—1 142 2 \2r-Dh
A (mM +m)
== p . (11.3)
*

Equation (11.3) gives M as an implicit function of A. In the same way,
d 1 dM? = 3
au _ —|_ 2 + 2 |am?
u (y—1M?*+2 M? (y—DOM2+2 M2
u? _u2 (y + 1)yMm?

w_w _ T 11.4
uz a2 (y—1)M?*+2 (114
dp y M? dA y Ju
p 1—-M2A (y—DM2+2
Y
-1 2 1
P_(Y =2y o (11.5)
P+ y+1 y+1

The thermodynamics properties are expressed based on the stagnation state using
a subscript ¢ with M; = u; = 0.

p_ (2 \7 11.6
E‘<<y—1>M2+2) (1.0

where p, is the total pressure. Likewise,

dT da>  (y — 1)dM?

T  a*> (y—-DM?2+2

T a\’ 2

- =) =—, (11.7)
T a (y —DHM?2+2

where T, is the total temperature.
2 &

LA (—2> . (11.8)
o (y —DM=+2

As seen in Fig. 11.2, the flow variables that are normalized by the choked or
stagnation value become a function only of M. The increment in the cross-sectional
area, dA, has a negative value when M < 1 and a positive value when M > 1. A
has a minimum at the choking point (A = A,). With increasing M, the gas expands
while p, T, and p monotonically decrease.



244 11 Generation and Utilization of Compressible Flows

Fig. 11.2 Flow variables as 1.0 _—— 25
a function of flow Mach i
number M /'
0.8 :'— 20
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11.1.2 Mass Flow Rate

Let us consider a converging nozzle with dA = 0 at the exit. The following applies
to a choked flow in an orifice and Laval nozzle. The mass flow rate m is determined
by the cross-sectional area at the exit, A,, p;, and the ambient pressure, p,. Let us
attach to variables at the exit. Using (11.7) and (11.8),

v+l

2 2y=1)
] oA (11.9)

(y —)M? +2

"ua
m= ,O/l/l/A* = p__/_p[atA* = M’[
Pra

From (11.6),

M = L[<E)V —1:|. (11.10)
y—1 Pt

From (11.6), (11.9), and (11.10),

v+l y—1
i N |2 N7
$=— =<5) = (5) 1l (11.11)
PraAy Pt y—1 Pt

Equation (11.11) gives the normalized mass flow rate ¢ as a function of p’/p.
Nulling the differentiation of the rightmost hand of (11.11) with respect to p’/p,, ¢
has a maximum of

y+1

= 2 v 11.12
¢C:(m> (11.12)
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’ ’ 2 -
P _ (3) _ <—> . (11.13)
Pt Pt/ ¢ y+1

Under this condition, (11.10) yields to

with

M =1

This is equivalent to the choking condition. This condition is termed the critical
state, (11.12) is the critical mass flow rate, and (11.13) is the critical pressure ratio.!
From (11.11) and (11.12),

y+1 y+l1 y+1

. 2 2(-1) 2 2(v=1) pt 2 2(y=D y
== Ay = —— — VYR Ay = —— A | o=
m <y+l) PratAx (}/-i-l) RT, Y KltAx <y+l) PtAx RT,
(11.14)

With a constant value of T;, the critical mass flow rate is in proportion with the
cross-sectional area at the throat and the total pressure. This is a useful relation to
keep the flow rate as a constant.

If the flow is choked, the mass flow rate is kept constant even with further decreas-
ing p, because the downstream signals do not propagate past the choking point. In
many flow devices, the mass flow rate is controlled using this principle. Substituting
(11.6)—(11.8) with the choking condition M = 1,

P _ <_2 )” (11.15)

Dt y+1
T, 2 2
L _ (“_*) - (11.16)
T; a y+1
1
2 N\
P _ <—> , (11.17)
P y+1

where, for y = 1.4, p,/p; =~ 0.528. The flow is choked when p, < p,. In other
words, in order to obtain a constant mass flow rate using the choking condition, the
stagnation pressure needs to be almost twice (= 1/0.528 =~ 1.89 times) as high as
the ambient pressure. With p, > p,, the flow is not choked; ¢ follows (11.11) with
p’ = pa, see Fig. 11.3.

I'The critical mass flow rate is also expressed by ¢. = Cmpr/(prar), where Cy, is termed the mass
flow coefficient.
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Fig. 11.3 ¢ versus p,/pi, 1.0 : = ; :
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Fig. 11.4 Gas release from
container Container

Py V

Column: Gas Release from a Container
Let us consider gas (initial pressure py, initial temperature Ty, and specific heat ratio
y) being released from a container with an inner volume of V through an orifice with
a cross-sectional area of A, to the atmosphere with p, (Fig. 11.4). Let us obtain the
period for the gas flowing out while keeping the critical condition.

Here, 1 is the time elapsed from the starting moment of the gas release. The critical
mass flow rate is given by (11.14) and the equation of state for calorically perfect
gas.

d [ p@V 2\
4OV (2 N LY (11.18)
dt \ RT (1) y+1 RT

For isentropic expansion, (2.91) applies.

TN\ 7T
%=<70> . (11.19)
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Combining (11.18) and (11.19),

y+1 1 y+1
T 2 2 -0 A,
<£> d(ﬁ) :<_> ’ N (11.20)

Po Po y+1

The solution is

y-1
_y+l 2
-1 2\ 0 A,
p_1 Y < ) G, b (11.21)
Po 2 y +1 \%

This equation gives the time variation of the pressure in the container. At t = f,,
the flow becomes the critical condition (11.13).

y+1 y—1 1
2 2 2D 2 2 2 %4
f = —<—> <@> ' <—> —1 . (11.22)
y—1\y+1 Da y+1 A

11.1.3 Thrust

The gas charged in the chamber of Fig. 11.5 is released through the Laval nozzle.
Let us obtain the thrust F'. The chamber has a constant cross section of A; and is
connected to the Laval nozzle. The gas on the upstream end is assumed to be under a
stagnation condition, designated by the subscript ¢. The states at the nozzle entrance,
throat, and exit are 1, *, and 2, respectively. The time variation of the pressure is
neglected. Around the outer wall of the chamber and the nozzle, the gas is quiescent
at an ambient pressure of p,.

If we plug the exit of the nozzle, the chamber and the nozzle are exposed by a
gas with p,, and no net force is exerted no matter how the pressure is distributed on
the inside. The thrust is the net force difference from this state and is obtained by

Fig. 11.5 Pressure Champer Laval nozzle
distribution in a : i |
high-pressure chamber : p '

[ a :

releasing gas jet
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integrating the force in the right direction owing to the wall pressure on both sides
of the wall. The exit of the real nozzle is not plugged by a wall; on its projection
area on the left-side wall, a negative force of p,A, is exerted on the outside. On the
inside of the end wall, a positive force p A, is exerted. The thrust F is obtained by

2
adding the force in the right direction inside of the side wall, f pdA, to the forces
1

on the end wall and the exit.

2
F =—p,A + plAi +/PdA
1
2
= — paAz + piAi +[pA]?—fAdp
1

2
= — paAz + pA1 + p2Ar — p1Ay —/Adp- (11.23)
1

Neglecting the viscous force on the wall, the momentum conservation in the zone
from ¢ to 1 yields

DAL= pIAL + pi AL = piAy F iy 0= pug Ay (11.24)
From (5.12),
dp = — pudu
2 2
/Adp =— / pulAdu = —m(uy — uy). (11.25)
1 1

Substituting (11.23) with (11.24) and (11.25),
F =muy + (p2 — pa)As. (11.26)

Equation (11.26) gives F by using only the variables at the nozzle exit, implying
that the thrust equals the momentum ejected in the unit time. The first term on the
right-hand side is the momentum thrust, and the second term is the pressure thrust.
Usually, a rocket engine is designed so that p, < p, on the ground; the pressure
thrust has a negative value on the ground.

The thrust performance of a nozzle is evaluated using the thrust coefficient Cp,
defined by



11.1 Nozzle and Orifice 249

F 1 D2 P2 Da)\l| A2
Cr= = pauz Az + (p2 — pa) Az} = {VM2—+(——— —.
g DAy PtA*{ 2 } 2 4 Pt Pt A,
(11.27)

The upper a rocket goes, the lower p, becomes, and the larger Cr results owing
to the increase in the pressure thrust. A,/A, is termed the expansion ratio. For an
isentropic flow, the flow Mach number at the exit, M,, and p,/p; are functions of
the expansion ratio. From (11.10),

vl
2 -5
M= (2> 1. (11.28)
y—1 Pt

Combining this with (11.3),

v+l

v+l _rrl
2 20-0 ( p 2y
Ay (m) (E)
A, i '
\/L[(&) v _1]
y—1 Pt

Equation (11.29) gives p,/p; as an implicit function of A,/A,. Substituting
(11.27) with (11.28) and (11.29), CF is given as a function of A,/A,. Figure 11.6a
shows Cp variation in the ultimate condition of p, = 0. The larger the expansion
ratio, the larger Cr becomes, although the pressure thrust decreases.

As seen in Fig. 11.6b, for a constant value of p,/p; there exists a value of A,/A,
that maximizes C. Differentiating (11.27) with respect to p,/ p,

(11.29)

2.0

Pressure

\

\ ]

] =
g s ] \

0.5[ zg ) id ] 0.5 [ y ]
e F o ip=0 ] - 3 ]
I p/p=0 ] : . =13
9_0_ . EFETNET. | 1 L .....: 0‘0_ 223 el i
10° 10' 10 10” 10' 10°
AJA, AJA,

a) Thrust components, =0 b) For various /. =0
P, P, /P

Fig. 11.6 Cp versus Ay/A,,y = 1.3
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Ay

A A M3 (/T)
~22 (g 41) 4 22, 22 20 +{VM§%+<&_&>}

* t

From (11.6),

IM? (y —DM3; +2

o) (%)

Then, using (11.5),

A
(%) 1-m s
a(z) Mz R
Dt t

WCr Ay D 4 y 3
P: A2 ) {VMZZ%+<%7%>}+{VM%%+<17 Zl>} 7Y Ax
P2 r2 't 't A
8<pt) *a( ) 't t t t a(p) *

Therefore,

2 Ay
aCr _QOM%H) (=DM +2 Ay Q+{ w2 (&_@)}1—%&
- = 2 2
3(1;%> Ay ),(%) a7 p pe \pe p)) oymz B

_(1_@>17M%g
P2 }/M22 Ay
In order to maximize Cr for M, > 1,
P2 = Pa (11.30)

Cr is at a maximum if the pressure at the nozzle exit equals the ambient pressure.
This operation corresponds to optimum expansion, as seen in (11.27), the pressure

thrust vanishes.

11.1.4 Nozzle Flow Patterns with Various Nozzle Pressure
Ratios

So far, we assumed an isentropic flow in the nozzle and neglected the influence of the
ambient pressure on the nozzle flow. However, under most operation conditions, the
pressure at the nozzle exit differs from the ambient pressure. In order to compensate
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¢-1: Overexpansion

c-1-1  Normal shock wave

c-1-2 Normal shock wave

—_— M>1 | M<1

0.528--eeeereeeees

Mach disk Expansion fan

c-1-4 Slip surface  Oblique shock wave

b _ .
c-2: Optimum expansion

—_— M>1

e-3: Under-expansion Slip surface

Expansion fan

Fig. 11.7 Nozzle flows under various ambient pressures, y = 1.4, expansion ratio of 2.4

this difference, shock waves and/or expansion waves appear in and/or outside the

nozzle.?
We define the nozzle pressure ratio (NPR) as

NPR = 2 (= 1). (11.31)
Pa

Using NPR, the flow patterns are categorized as shown in Fig. 11.7.

(a) Subsonic flow in entire region: With NPR close to unity, the subsonic flow is
accelerated in the converging section. Past the throat, the flow decelerates in the
diverging section.

2In real nozzle flows, complicated phenomena (for example, interactions with the boundary layer)
and flow separation can occur.
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(b) Ceritical flow: When increasing NPR to a critical value (critical pressure ratio),
that is, decreasing p, to a critical value with p. kept constant, the flow becomes
sonic at the throat. However, in principle, past the throat, the flow can either be
supersonically accelerated or decelerated as subsonic flow. From (11.15),

Px 2 =
= ; = m . (11.32)
t

(c) Choked flow: With NPR > 1/8., the flow past the throat becomes supersonic,
which is not influenced by p,. Therefore, the mass flow rate is not affected by
p.. If the flow is kept isentropic, the flow Mach number becomes a function
of only the cross-sectional area. As a result, the flow Mach number at the exit
of the nozzle does not equal p,. In order to compensate this mismatch, with
increasing NPR, the flow condition changes as follows:

Be

(c-1) Overexpansion

A nozzle flow in which the static pressure becomes lower than p, is termed an
overexpansion. In order to achieve pressure matching, shock waves appear in the
inside and/or outside of the exit. The wave pattern is determined so that the static
pressure of the flow and the back pressure are balanced with each other. The flow
pattern changes from c-1-1 to c-1-4 in Fig. 11.7.

(c-1-1) When p, is high, a normal shock wave stands in the nozzle. The flow
becomes subsonic behind it so that the static pressure equals p, at the exit.

(c-1-2) The normal shock wave is generated at the exit.

(c-1-3) At the nozzle exit, the static pressure of the flow still is lower than p,,
yet not so much as to have the appearance of a normal shock wave. At the exit, an
oblique shock wave is generated so that the flow is bent inward. On the center axis,
the oblique shock wave is reflected as a Mach reflection; a Mach disk, which is a
normal shock wave, appears.

(c-1-4) At the nozzle exit, an oblique shock wave appears. On the center axis, there
is a regular reflection in which the oblique shock wave appears as a reflected wave.
Then, the reflected wave experiences reflection on the free jet boundary and slip
surface. Expansion waves appear as reflected waves. These processes are repeated
until the flow becomes subsonic.

(c-2) Optimum expansion

At the nozzle exit, the flow static pressure equals p,. If the passage at the nozzle exit
is parallel to the flow, no wave appears because the flow is not bent. A slip surface
appears against the ambient gas.

(c-3) Underexpansion

Even with further decreasing p,, the flow in the diverging section is kept supersonic
and unchanged. At the nozzle exit, the flow static pressure is still higher than p,
(underexpansion); expansion waves are generated with the nozzle flow bent outward
across them. The expansion waves are reflected as compression waves on the outer
boundary where the flow static pressure is matched with p,.
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11.2 Supersonic Diffuser

A diffuser is a device that decelerates flow. With deceleration, the flow static pressure
is increased. In an aircraft engine, air is introduced to its intake and is decelerated
by a diffuser. In a wind tunnel, the test flow is decelerated in a diffuser so that it
is damped or recirculated with low noise and pressure loss. A supersonic diffuser
should decelerate a supersonic flow to subsonic with a small pressure loss. Figure 11.8
illustrates the operation modes of a supersonic diffuser.

In a real flow, it is impossible to isentropically decelerate the supersonic flow
as shown in Fig. 11.8a. Instead, as shown in Fig. 11.8b, the supersonic flow is
decelerated once in the converging section, supersonically passes the throat, and is
accelerated again in the diverging section. In the diverging section, a normal shock
wave is generated so that the flow is decelerated to a subsonic speed. The flow static
pressure is matched at the exit condition. This flow pattern is robust against flow
fluctuations.

However, if the flow matching is not accomplished, the flow reaches an unstart
situation, as shown in Fig. 11.8c. This leads to large losses in the flow rate and total
pressure and an increase in the drag.

Here, we deal with the supersonic diffuser performance based on quasi-one-
dimensional flow without taking the effects of the boundary layer, flow separation,
etc., into consideration.

M =1 ' \0§ g =
— M>1 i M« S
_ﬂmat\
M=1 Shock wave(sw)
(a) Isentropic deceleration, impossible (b) Typical operation

(c¢) Unstart

Fig. 11.8 One-dimensional operation model of supersonic diffuser
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11.2.1 Quasi-One-Dimensional Operation

Let us analyze the operation of a supersonic diffuser based on quasi-one-dimensional
flow. In real operation, the entropy of the supersonic flow is increased during its
deceleration with the appearance of shock waves. However, it is assumed here that
the flow is isentropic as long as the flow is kept supersonic. From (11.2), the relation
between the flow Mach number M and the cross-sectional area A is

A M [-DM* 42" 11.33
AI_M{(J/—I)MIZ—I—Z} (11.33)
Figure 11.9 shows the relation among M, p, and A in supersonic flow. The flow
enters the diffuser at the entrance with A = A;. Then, the flow is decelerated in the
converging section, and A decreases. The diffuser works only when the flow does not
reach the sonic condition (M = 1), in other words, only if the flow is not choked. Past
the throat, the flow is accelerated in the diverging section with A increased, as shown
in Fig. 11.10a. Figure 11.10b shows a critical operation in which the flow becomes
choked at the throat. The condition in which the flow becomes sonic in the converg-
ing section (see Fig. 11.10c) is impossible. Therefore, the necessary condition for

supersonic diffuser operation is that the flow is not choked in the converging section.
Athroal > A, (1 134)

where A, is the value of A for the choked condition. Hereafter, the subscript * will
designate the choked condition. Substituting (11.34) with (11.33),

Fig. 11.9 Isentropic
operation in supersonic
regime y = 1.4

A“ Athroat Al A



11.2  Supersonic Diffuser 255

M, >1

I‘.hm( bi

\_ - \._-‘ \
e M >1 : M, >1 ¥l
T :.‘Ikhm.r /—ll
/_ thr /- ~

(a) Supersonic (b) Choked at throat  (c) Choked in converging
section (impossible)

Fig. 11.10 Isentropic flow patterns in converging section
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Fig. 11.11 Flow patterns with normal shock wave at inlet

v+l

2(y-D
Athroat . Ml {()/ ) throat + 2}
Al Mo | (v — DME+2
A (y—1-1242 iy y+1
_Al_ 1 (y —OM? +2 - (y —HM? +2 '
A +1 i
. throat > M 14 > (11.35)

The left-hand side of (11.35) is termed the contraction ratio. Equation (11.35),
which corresponds to the isentropic unchoked condition, is a necessary condition
for a supersonic diffuser to operate properly. The equality corresponds to a choked
condition at the throat, for example, when M| = 3 Agon/A1 > 0.236.

From (11.6) (see Fig. 11.9), the pressure is given by

— M2 7o
P _ [W} (11.36)

o Ly —DHM? 42

Next, let us consider flow patterns with a normal shock wave at the inlet (see
Fig. 11.11). Here, we do not consider the flow spillage at the inlet. The flow behind
the shock wave is subsonic and is thus accelerated in the converging section. In the
present quasi-one-dimensional flow, the flow Mach number M is a function of only A.
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If M is kept lower than unity even at the throat (see Fig. 11.11a), a normal shock
wave cannot stand at the inlet but is “shallowed” down the throat. As a result, the
flow pattern of Fig. 11.11a appears. In this case, the diffuser always becomes started.
Figure 11.11b shows the critical condition for the diffuser to be started in which the
flow becomes sonic at the throat, known as the Kantrowitz limit [1].

If the flow becomes sonic in the converging section (Fig. 11.11c), the flow does
not satisfy the choking condition. The normal shock wave stands in front of the inlet,
and part of the incoming flow that should be introduced into the diffuser spills out,
thereby resulting in unstart (see Fig. 11.8c).

The Kantrowitz limit corresponds to a sufficient condition for a supersonic diffuser
to be started, in which a normal shock wave is swallowed down even if it appears
at the inlet. For a calorically perfect gas, the Kantrowitz limit is given in an explicit
form. Here, as shown in Fig. 11.11b, variables immediately behind the shock wave
have a subscript of 1’. From the normal shock wave condition (4.60),

— Mz 4+2)"?
My = {(”2#} . (11.37)
2yMi —y +1

Substituting (11.37) with (11.3) and the choking condition,

y+1
y=lps2 o 2 \% D
A <y+1M1' + y+1>

A throat M Iy

Therefore, the condition for the shock wave being swallowed down is

Athroat > {(V - 1)M12 + 2}1/2{2)/M12 —(y — 1)}#

iy 1
Al v+ DT M

(11.38)

The equality corresponds to the Kantrowitz limit. Based on (11.35) and (11.38),
three operation domains exist:

(1) Always started, wherein both (11.35) and (11.38) are satisfied.

(2) Dual-solution domain, wherein (11.35) is satisfied but (11.38) is not. In this
domain, whether the diffuser is started or in unstart mode depends on the flow
history.

(3) Always unstart, wherein neither equation is satisfied.

These conditions are displayed using Mach number-flow passage area coordinates
(Fig. 11.12). In the dual-solution domain, whether the diffuser is in a started or
unstart state depends on the flow history and disturbances experienced by the flow.
For example, if the flow enters this domain from the low-Mach-number side, that is,
the unstart side, the operation to some extent stays in unstart even in the dual-solution
domain. Conversely, if the flow enters from the higher Mach-number side, that is,
the start domain, to some extent, the diffuser is maintained in a started state in the
dual-solution domain.
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In order for the supersonic flow to be decelerated to a subsonic speed, a normal
shock wave needs to stand as is in Fig. 11.8b. Behind the shock wave, the entropy is
increased. The higher the Mach number in front of the shock wave, the greater the
increase in entropy. In order for the entropy increment to be suppressed, the location
of the shock wave should be close to the throat so that the flow Mach number is close
to unity. However, the shock wave cannot stay at the throat.

As will be shown later, the location of the shock wave is determined by the pressure
at the exit, p,. Here, the flow passage area at the shock wave is designated by Agy.
The flow variables in front of and behind the shock wave have subscripts swl and
sw2, respectively. For the isentropic flow up to the shock wave, by using (11.2), My
is obtained as the following implicit form:

y+1
2y=D

Aw M, {(y—l)Mflerz}
Al Mswl

h (y —DOM? +2

The pressure is obtained as

A
Pt _ [y =DM +2 |7 (11.39)
pi (v =DM, +2) '
From normal shock wave relations (4.47) and (4.60),
P2 _ o W g 11.4
p~1: +y+1(Mswl_) (11.40)
M2, +21"?
My = | = DM 2 2) w1 : (11.41)
2y Mg, — v +1

The flow Mach number and the pressure at the exit are obtained as
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v+l

Ay Moy — DM5 +2}077

== — (11.42)
W My{(y — DM, + 2700
P2 _{(y—l)M3w2+2}/‘ (1143)
P2 | (v =DM +2 ' :

Note thatin (11.42), the subsonic solution should be chosen. With the exit pressure
p2 being given, the location of the shock wave is determined so that (11.43) is
satisfied.

11.2.2 Multidimensional Effects

The diffuser operation analysis so far was based on a quasi-one-dimensional flow.
In reality, however, the flow condition is not only determined by the cross-sectional
area ratio. Figure 11.13 shows three configurations with an equal throat-to-inlet flow
passage area ratio but with different configurations. In Fig. 11.13a, an axisymmetric
center body is set on the center axis of a circular cylinder duct. An oblique shock
wave stands at the leading edge of the center body. It repeatedly reflects between the
duct and the center body walls. Among the three configurations shown in Fig. 11.13,
the shock wave is weakest; the pressure loss is smallest.

In Fig. 11.13b, the configuration is two dimensional, and the shock wave is
stronger than that in Fig. 11.13a. Hence, the pressure loss is greater. In Fig. 11.13c,

(a) Circular cylinder with axisymmetric

center body

(b) Two-dimensional view

(c) Axisymmetrical converging symmetric
center body

Fig. 11.13 Three diffuser configurations with equal throat-to-inlet cross-sectional area ratios



11.2  Supersonic Diffuser 259

the flow passage is converged in an axisymmetric manner. The shock wave generated
at the inlet is strongest and experiences Mach reflection. On the axis, a normal shock
wave (the so-called Mach stem) appears, accompanied by a subsonic flow behind it.
The pressure loss is largest among the three configurations, readily leading to unstart.

In a supersonic combustion ram (SCRAM) jet engine, supersonic flow is intro-
duced in an intake. The flow is then decelerated in a diffuser, mixed with fuel, and
burned with its Mach number kept higher than unity. The smaller the pressure loss,
the better the diffuser performance with a widened operational regime. For this pur-
pose, the configuration of Fig. 11.13a is favorable, although the structure to support
the center body is necessary. The configurations of Fig. 11.13b, ¢ have structural
simplicity but have aerodynamics drawbacks.

11.2.3 Pseudo-Shock

So far, we have not dealt with the boundary layer in a duct flow, while a real flow
often is strongly influenced by the boundary layer. The shock wave-boundary layer
interaction (SWBLI) is an important problem in high-speed flows. The flow speed in a
boundary layer is lower than of the outside. If a shock wave exists over the boundary
layer, an inverse pressure gradient is formed in the boundary layer. In other words,
the high-pressure region behind the shock wave penetrates the boundary layer. If
SWBLI becomes significant in duct flows, a pseudo-shock is formed, and thus the
supersonic flow is decelerated to subsonic under a condition different from that by a
single shock wave. A pseudo-shock is generated in the intake of a supersonic engine
and strongly influences the engine performance.

A pseudo-shock (Fig. 11.14) is composed of a shock train in which a boundary
layer and shock waves repeat their interaction, and a mixing region [2]. In the shock
train, Mach/regular reflections appear over the boundary layer. Even a subsonic flow
behind a Mach stem in the Mach reflection can be accelerated through expansion. By

Fig. 11.14 Transition from Supersonic | :
: A personic | Subsonic
supersonic to subsonic past a |
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repeating the reflections, the flow is gradually decelerated with the subsonic portions
increased.

In the mixing region, the flow is supersonic around the center but subsonic near
the wall. Even without shock waves, the flow is decelerated by compression waves,
thus eventually becoming subsonic all through.

With regard to the pseudo-shock, the supersonic flow at the entrance (label 1)
becomes subsonic at the exit (label 2) over a distance that is greater than the tube
diameter. At the exit, the static pressure is increased; however, the pressure is lower
than that behind a shock wave for the same entrance Mach number. In the down-
stream of the pseudo-shock wave, the flow is accelerated while the static pressure is
decreased owing to a friction force against the wall.

11.3 Supersonic Test Facilities

Special facilities are necessary for supersonic flow testing. Although their operation
principle is simple, they are expensive with respect to size and cost. There are two
methodologies: the generation of supersonic flow or the launching of a model at a
supersonic speed. In this section, representative facilities will be introduced.

11.3.1 Supersonic Wind Tunnel

In order to generate steady-state supersonic flow, a Laval nozzle is used (Fig. 11.15a).
Gas under a high-pressure stagnation condition is introduced to a converging section,
is choked at the throat, and is accelerated supersonically in a diverging section before
the test section, where the flow is diagnosed and/or the force components are mea-
sured. After the test section, the flow is decelerated to subsonic speed, and exhausted
or recirculated. There are three categories of tunnel:

In a continuous, closed-circuit tunnel (Fig. 11.15b), steady-state operation is pos-
sible with (1) and (2) in Fig. 11.15a connected to form a closed cycle. Flow from (2)
is compressed, cooled, and often dried, and is then introduced to (1) again. Usually,
a facility of this type usually has a large size and necessitates a high running cost. In
an intermittent wind tunnel, (1) and/or (2) in Fig. 11.15a is connected to a chamber
with a finite volume.

A facility connected to a high-pressure gas reservoir at (1) is a blow-down tun-
nel (Fig. 11.15c), and that with a vacuum chamber at (2) is an in-draft tunnel
(Fig. 11.15d). In the latter, the air sucked in the Laval nozzle contains moisture
that may be frozen through the expansion. In order to eliminate this influence, in
some in-draft tunnels, dry air is packed in a bag that is connected to the intake of the
nozzle (1). In intermittent wind tunnels, the test time is limited by the volume of the
airbag or the vacuum chamber.
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Fig. 11.15 Supersonic wind tunnels using Laval nozzle

— Reservoir —s «———— Compression tube —————— «— Shock tube -

I Test gas

— /

Piston driver gas —  Driver gas

—, Free piston Diaphragm

Fig. 11.16 Free-piston driver connected to shock tube




262 11 Generation and Utilization of Compressible Flows

In an impulse tunnel, also categorized as an intermittent tunnel, high-enthalpy
flow, which is of course supersonic, is generated by unsteady compression. In a shock
tunnel, high-pressure gas in a stagnation state that is generated behind a reflected
shock wave is accelerated through a Laval nozzle. In an expansion tube, the gas is
accelerated by unsteady expansion.

11.3.2 Supersonic Free Flight

Experiments of supersonic flow should usually simulate real supersonic flight. Of
course, using available measurements of real flight is the best approach, but this is
expensive and has slim availability. A ballistic range is a test facility that launches
a scale flight model in a test section. If the similarity exists, this is convenient with
respect to availability and cost.

11.4 Unsteady Operation Driver

In an impulsive wind tunnel, an unsteady drive can generate a high-pressure/high-
temperature test flow, which cannot be realized in steady-state operation. A free-
piston driver boosts a driver gas to a high-pressure/temperature state by using the
inertia of a piston. This is widely used in shock tubes, shock tunnels, expansion tubes,
ballistic ranges, etc. It is composed of a (high-pressure) reservoir, free piston, and
compression tube (Fig. 11.16), which is connected to a shock wave or acceleration
tube in a ballistic range, etc.

The high-pressure gas, usually air, is charged in the reservoir. Once the separation
at the end of the reservoir is removed, the free piston is accelerated in the compression
tube. The free-piston compresses the driver gas charged in the compression tube
using its inertia. Usually, the compression processes are almost isentropic. When the
pressure of the driver gas reaches a preset value, the diaphragm is ruptured. Thus, in
the case of Fig. 11.16, a shock wave propagates in the shock tube.

In order to increase the pressure and temperature of the driver gas, the inertia
and then the speed and mass of the free piston need to be increased. However, if the

— Dump tube — Driver tube +— Shock tube -
Igniter
| Shock wave
(Vacuum) ‘ Driver gas —t— »
. Detonation wave / G f:
Diaphragm ctonation wave \ ontact surface

Expansion waves

Fig. 11.17 Retarding detonation driver
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initial pressure of the test gas in the shock tube is too low, the free piston will collide
against the end wall of the compression tube, causing serious damage.

On the other hand, if the initial pressure in the compression tube is too high, the
free piston stops moving before a sufficiently high pressure is obtained. Moreover,
it is important to maintain the high-pressure state of the driver gas in a sufficiently
long duration time. In the tuned operation by Ito et al. [3], the free-piston motion is
designed so that the duration for the driver pressure to be kept constant is maximized,
and the free-piston lands softly before the end wall.

A free-piston driver is a powerful tool to obtain high-enthalpy flow. However, it
is difficult to obtain a long test time. Yu [4] invented a retarding detonation driver
(Fig. 11.17). It does not use a free piston but a high-pressure/temperature state behind
a detonation wave, thereby increasing the duration time of a constant pressure. The
driver tube is initially filled with a detonable mixture. A detonation is ignited at the
diaphragm to the shock tube, not at the other end. A detonation wave thus initiated
propagates toward the other end, in the direction opposite the shock wave.

When the detonation wave arrives at the other diaphragm of the dump tube, the
diaphragm is ruptured, and the incident detonation wave is attenuated in the dump
tank. During the period in which the detonation wave propagates in the driver tube,
a shock wave is driven and propagates in the shock tube. The test gas between
the shock wave and the tail of the expansion fan is shock-compressed to a constant
pressure. Compared to a free-piston driver, a retarding detonation driver can maintain
a constant pressure of the test gas during a much longer period, although its attainable
total enthalpy is lower.

11.5 Shock Tunnel

When a vehicle (re)enters the atmosphere of Earth or other planets, the flight Mach
number exceeds 20 or is even higher. In front of the vehicle, a strong shock wave is
generated. Behind the shock wave, a shock layer at a high temperature is formed.
The heat shield from the shock layer is critical in designing the (re)entry vehicle.

In addition, when designing an air-breathing engine at a flight Mach number of 5
or higher, the heat transfer and aerodynamic forces need to be accurately estimated.
In such flows, the largest part of the total enthalpy is the kinetic energy. In order to
characterize the flow, the total enthalpy is used more often than the Mach number.
For example, a total enthalpy in Mach-10 flight at an altitude of 20 km equals about
4.6 MJ/kg, which is comparable to the internal energy of typical explosives.> With
an entry speed of 7.9 km/s at an altitude of 200 km, the total enthalpy becomes
31 MJ/kg.

A shock tunnel is an impulsive wind tunnel composed of an unsteady driver,
shock tube, and a Laval nozzle at the end. Initially, the shock tube and the nozzle are
separated by a diaphragm (Fig. 11.18a). After the incident shock wave is reflected at

3The energy released in the detonation of trinitrotoluene (TNT) equals about 4.2 MJ/kg.
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the shock tube end wall, a high-pressure/temperature stagnation state (5) is generated
behind the reflected shock wave (Fig. 11.18b). Then, the diaphragm is ruptured and a
high-enthalpy flow is generated in the downstream of the nozzle (Fig. 11.18c). Once
the gas (5) starts to flow out of the shock tube, the pressure (5°) decreases. During
a period in which the pressure is kept almost constant, the test flow with almost the
same condition continues.

Let us understand the principle of the entropy increase owing to the incident shock
wave. Figure 11.19 illustrates the total enthalpy gain mechanisms behind the shock
wave. Initially, the gray gas segment (which has a null velocity) is compressed by
the incident shock wave. The mass that is compressed in a unit time equals pUs; A
(Us,, propagation speed of the incident shock wave; A, cross-sectional area of the
shock tube). While the left-hand end of the segment is compressed with a force of
Pp2A at a velocity of u,, the right-hand end does not experience any work. Therefore,
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the segment gains an energy of p, Au,.
1,
p1UsAA| e + S )= p2Au; > 0. (11.44)

Next, let us obtain the increment in 4, of the test flow with a constant specific heat
ratio of y. According to our custom, the quiescent state in front of the incident shock
wave, the state behind the incident shock wave, and that behind the reflected wave are
labeled as 1, 2, and 5, respectively (see Fig. 11.18). The shock Mach number of the
reflected shock wave is M ;. Note here that the flow speed u refers to the laboratory
frame. From
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Let us consider the post-shock state of the reflected shock wave (5). From (9.49),
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Because us =0,
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As seen in Fig. 11.20, h is increased by the incident and reflected shock waves.
The higher the M, the larger the increments become. For example, when M;; = 10,
the increment becomes 34 and 45 times larger than the initial value. However, in real
flows, this ratio becomes lower because the degree of freedom is increased at such
high temperatures, and thus y is decreased.
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From (11.48) and (11.50), the upper limit in the total enthalpy increment behind
the reflected shock wave is

h 3y — 1
s = (11.52)
ht,Z Mg;— 00 V+1

When y = 1.4, this ratio equals about 1.3, implying that the total enthalpy is not
increased significantly behind the reflected shock wave.

If we neglect the heat loss to the wall, the total enthalpy of the test flow is deter-
mined uniquely by the shock Mach number of the incident shock wave. In order to
increase this, a free-piston driver is used in many high-enthalpy facilities. A free-
piston shock tunnel (see Fig. 11.21), that is, a shock tunnel with a free-piston driver,
is also known as a Stalker tube [5].
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(b) High-Enthalpy Shock Tunnel (HIEST) at Japan Aerospace Exploration
Agency (JAXA) (courtesy of JAXA)

Fig. 11.21 Free-piston-driven shock tunnels
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Fig. 11.22 Retarding detonation-driven shock tunnel JF12 (HYPER DRAGON), Institute of
Mechanics, China Academy of Science. Courtesy of China Academy of Science

Jiang et al. developed a 265-m-long shock tunnel in which a retarding detonation
driver is employed (Fig. 11.22). The researchers achieved a test time longer than
200 ms in a test section with a nozzle diameter of 2.5 m [6, 7].

With either driver, in order to obtain a long test time, it is favorable that pressure
waves are not reflected on the contact surface between the test and driver gases toward
the end wall of the shock tube. This condition is referred to as the tailored condition,
which is obtained by solving the relevant Riemann problem.

11.6 Expansion Tube

An expansion tube is a device in which the flow behind a normal shock wave is
further accelerated through unsteady expansion without stagnation. Let us compare
here the unsteady expansion from a steady expansion through a nozzle. In the steady
expansion through a nozzle (Fig. 11.23a), the flow passage area increases in the
supersonic acceleration section. The resultant force on the flow element in the control
volume is directed downstream.

However, no work is done on the element owing to this force because the wall
does not move, so the total enthalpy is not increased. In an isentropic flow, the flow
Mach number M, static pressure p, and total pressure p; are related by (11.10).

y—1
) Cm
M=l (ﬁ) Tt (11.53)
Pt
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Fig. 11.23 Steady and unsteady expansions

The force balance in an unsteady expansion of a driver gas in a shock tube is
shown in Fig. 11.23b. In the flow element (gray section), the force owing to the
pressure on the high-pressure (left) side is larger than that on the right side; it is
accelerated to the right. A work is done to the element from the high-pressure gas on
the left, and a work is done from the element to the low-pressure gas on the right. The
work imbalance per area equals to the difference in the product of the pressure and
flow velocity between the left and the right. The pressure decreases and the velocity
increases from the left to the right. If the product is larger on the left than on the
right, then the total enthalpy of the flow element is increased.

Let us formulate the gain in the total enthalpy by unsteady expansion. The
substantial derivative of total enthalpy is

Dh _Dh D (11.54)
Dr Dt Dt\2) '

Because we assume isentropic flow,

Ds Dh 1D
S22 12P (11.55)
Dt Dt p Dt

Taking the inner product of Euler’s Eq. (3.18) with f = 0 and u,

Du

p<E> -u=—(Vp)- u (11.56)

Combining (11.54)~(11.56),

1[|ap 1dp
— =—-———-—(Vp)- u=—{—+(u~V)p—(Vp)~ u} =——. (11.57)
Jo p | ot p Ot
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Equation (11.57) implies that the total enthalpy is increased by unsteady expansion
during which the pressure measured at a fixed point increases, see Fig. 11.23b.

Let a quiescent, high-pressure state (with subscript t) and a state after unsteady
expansion (without a subscript) correspond to the states L and L*, respectively, in
the Riemann problem of Chap. 9. From (9.11),

y—1
2 P
w_ua _ gt __2 1_(3) . (11.58)
a.  aa a y-—1 Dt
u
m=" (11.59)
a
From (2.91),
y—1
2y
a4 _ (E) _ (11.60)
ag Pt

Substituting (11.58) with (11.60),

M:L{<£)_2V—l}. (11.61)
y—1 Dt

Equation (11.61) is the relation between the flow Mach number and the pressure
ratio in the unsteady expansion.

As seen in Fig. 11.24, if the flow element is accelerated to a sufficiently low
pressure, the unsteady expansion (11.61) yields a higher flow Mach number than
the steady expansion (11.53). During steady expansion, the total enthalpy is kept
constant. In unsteady expansion, the total enthalpy can be locally increased, although
the total energy in the system remains unchanged.

An expansion tube (Fig. 11.25) has an acceleration tube attached to the end of a

Fig. 11.24 p/p, versus M.
Steady expansion with M < 1
is possible in converging duct

0 TR RTTIT R R AT TTT W RTT 7 M L

10* 107 107 10" 10 10’
pip,
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Fig. 11.25 Expansion tube, components, and operation wave diagram

low-pressure channel of a shock tube. The initial pressure in the acceleration tube
is even lower than that in the low-pressure channel. A flow element that is shock-
compressed in the low-pressure channel experiences unsteady expansion, thereby
being accelerated with its total enthalpy increased in the acceleration tube. The test
section is at the exit of the acceleration tube. The test flow state 30 (Fig. 11.25) is kept
intact in the region enclosed by the expansion fan during the test time. Since the flow
element is not stagnated, it does not experience an extremely high-temperature pro-
cess that is accompanied by a nonequilibrium condition such as electronic excitation,
dissociation, or ionization during combustible mixture ignition in the acceleration
processes.

However, the test time is considerably short and should be kept intact against
the expansion waves and reflected waves from the contact surface to the driver gas.
The wave diagram of the associated processes (Fig. 11.25) is rather complicated.
Depending on the operation condition and the location of the test section, the test
time might not be obtained.

Let us analyze the unsteady acceleration of flow element 2 in Fig. 11.25. The total
enthalpy is given by

_ 12_ y—1_,
h,yz—h2+§u2—h2 1+TM2 . (11.62)
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When this flow element experiences unsteady expansion, from (8.44),

2a _ 2a;

(11.63)

Labeling the stagnation state of 2 with the subscript “#,2”, the corresponding
isentropic relation is

Therefore,

R V= U 2 5
o 2 =7/122 _ (y+1)<L>V _4<L> V_|_2 .
hip hio “r_zl y—1 D12 D12

(11.64)

From (11.61),

2 P _VZ;VI
M=—1| — —1z. (11.65)
y—1 P12

Differentiating (11.64) with (11.65),

1
dh 1 5 d
an _ ”_<L> (a-m, (11.66)
) Y \Di2 D12

h is increased during supersonic expansion in which M > 1 and dp < 0. As seen
in Fig. 11.26, at a relatively low pressure (p/p., > 0.058) or low Mach number
(M < 2.5), the total enthalpy decreases. Yet, when accelerating to lower pressure, it
increases.

From (11.60), in the ultimate condition of null pressure,

h 2
-t = (11.67)
heo L0 y—1

This corresponds to the total enthalpy at the escape speed (9.23). When y = 1.4,
(11.67) equals 5. Considering that the total enthalpy behind a reflected shock wave
is increased by a factor of 1.3 at most, the unsteady expansion is very effective for
locally increasing the total enthalpy.
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Fig. 11.26 Variation of total enthalpy and Mach number through unsteady expansion
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Fig. 11.27 Expansion tube X-3 at University of Queensland. Courtesy of University of Queensland

The X-3, a large expansion tube at the University of Queensland (Fig. 11.27),
uses a free-piston driver as the shock tunnel (Stalker tube) in the same place.

11.7 Ballistic Range

A ballistic range (Fig. 11.28) is a high-speed launcher in which a flight model, often
termed a projectile, is accelerated using high-pressure gas. This realizes a supersonic
flight experiment in the laboratory, thus vastly saving on the costs of full-scale flight.
The range is also utilized in hypervelocity impact experiments. The flight model is
accelerated by a driver gas at high pressure. The higher the speed of the flight model,
the lower the driver gas pressure behind the flight model.

Before launch operation, the gas in front of the flight model is quiescent with a
static pressure in the test section. The higher the acceleration of the flight model,
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Fig.11.29 Two-stage, light-gas gun at Institute of Fluid Science (IFS), Tohoku University. Courtesy
of IFS

the greater the compression of the test gas in front of the flight model. Eventually, a
precursor shock wave appears and propagates ahead of the flight model.

Figure 11.28 shows a wave diagram of the projectile (or flight model), the pre-
cursor shock wave, and associated pressure waves. The lower picture indicates their
locations at ¢ = ¢t;. If the driver section has a finite length, then the expansion waves
behind the projectile can be reflected from the (leftmost) end wall. As long as the
reflected waves do not catch up with the projectile, the condition immediately behind
the projectile is obtained from a Riemann invariant.

High-speed launch experiments are important not only in fluid dynamics but also
for investigating hypervelocity impact phenomena. For example, in low Earth orbits,
space debris moves at an orbital speed on the order of 8 km/s. During a mutual
collision, the relative speed can even double. In order to obtain a high launch speed,
the speed of sound of the driver gas needs to be high. For this purpose, light gas
(hydrogen and helium) is often used.

In order to further increase the speed of sound, the driver gas is sometimes heated.
Another method to increase the speed of sound is to utilize a free-piston driver. A two-
stage, light-gas gun (Fig. 11.29) is a typical hypervelocity ballistic range. So far, we
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Fig. 11.30 In-tube catapult launch method

have dealt with only the aeroballistic range. Other devices utilizing electromagnetic
forces (rail gun, coil gun, etc.) can be used.

Usually, the cross section of the acceleration tube in a ballistic range has a circular
bore. Many or most flight models do not fit this shape. In order to fit the projection
area to the tube cross section, a sabot of the same cross-sectional shape as the bore,
and contacts the flight model during the acceleration is used. The sabot needs to be
separated from the flight model before the test section. Usually, the sabot separation
is done after the muzzle, which is the exit of the launch tube.

The in-tube catapult launch [8] is a unique method to separate the sabot before
the muzzle. In this method (see Fig. 11.30), in the launch tube after the acceleration
section there exist a ventilation section and a sabot separation section, thereby sep-
arating the sabot before the muzzle. In the acceleration section, the flight model is
accelerated together with the sabot. In the ventilation section, the gas in the launch
tube is exhausted through many ventilation holes so that the precursor shock wave
is attenuated and the pressure behind the sabot is also decreased.

When the flight model and the sabot enter the sabot separation section, which has
the same cross-sectional shape as the acceleration section, the pressure in front of
the sabot and behind the precursor shock wave should be higher than that behind the
sabot, thereby decelerating the sabot. However, the pressure around the flight model
is kept uniform because the speed of the post-shock flow behind the precursor shock
wave equals that of the flight model, and the flight model is drag-free. Owing to the
difference in drag between the sabot and the flight model, the sabot is separated from
the flight model in the sabot separation section. However, this separation should be
completed near the muzzle in order to suppress the yaw and pitch motions of the
light model to be as small as possible.

Figure 11.31 shows an aeroballistic range with an in-tube catapult launch scheme
and an example of a free-flight experiment. Helium was used as the driver gas. Before
the launch operation, the driver gas was separated from the launch tube using a free
piston. Once the gas behind the free piston was released, the separation is broken
with the free-piston pushed back by the driver gas. Then, the flight model held in the
sabot starts to be accelerated.

The launch tube has a rectangular bore (Fig. 11.31b) so that a flight model with
a large aspect ratio such as a winged body (Fig. 11.31c) can be launched. In the
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Fig. 11.31 Rectangular-bore ballistic range with shot example (Nagoya University)

experiment, the flow field around the model was visualized by a high-speed Schlieren
arrangement (Fig. 11.31d) and the pressure history was measured on a flat plate at
a separation distance of 1.5 model lengths (shown as the variation in the pressure
coefficient, C), in Fig. 11.31e).



276 11 Generation and Utilization of Compressible Flows
References

Kantrowitz A, duP Donaldson C (1945) NACA ACR No. L5D20

Matsuo K, Miyazato Y, Kim HD (1999) Prog Aerosp Sci 35:33-100

Itoh K et al (1998) Shock Waves 8:215-233

Yu H (1988) Proceedings of the fifth national symposium on Shock Waves & Shock Tubes, Nov,
1988, Xi’an, China./Yu HR, Esser B, Lenartz M, Gronig H (1992) Shock Waves 2(4):245-254
Stalker RJ (1967) AIAA J 5(12):2160-2165

Jiang Z-L et al (2102) Chinese J Theoret Appl Mech 44:824

Jiang Z-L, Yu H (2017) Natl Sci Rev 4(3):290-296

Sasoh A et al (2015) AIAA J 53:2781-2784

Ealbadi s e

®© N



	Preface
	Contents
	1 Propagation of Pressure Waves
	1.1 Propagation of Sound
	1.2 Sound Waves from Flying Object
	1.3 Motion of One-Dimensional Beads and Wave Propagation
	1.3.1 Piston–Bead Collision
	1.3.2 Bead–Bead Collision
	1.3.3 Motions of Piston and Beads
	1.3.4 Characteristic Velocity
	1.3.5 Mean Bead Velocity
	1.3.6 Mean Kinetic Energy
	1.3.7 Compression Ratio
	1.3.8 Force on the Piston

	1.4 Pressure-Wave Propagation After Solid–Solid Collision
	Reference

	2 Motion of Gas Particles and Thermodynamics
	2.1 Basics of Thermodynamics
	2.2 Thermal Speed and Flow Velocity
	2.3 Pressure
	2.3.1 Column: Thrust of a Rocket Engine

	2.4 Internal Energy and Temperature
	2.4.1 Column: Velocity Distribution Function and Thermodynamic Properties in LTE

	2.5 Equation of State of Ideal Gas
	2.5.1 Column: Mean Free Path
	2.5.2 Column: Real Gas

	2.6 Isentropic Processes
	2.7 Enthalpy, Total Temperature, and Total Pressure
	2.8 Multicomponent Gas Mixture
	References

	3 Basic Equations
	3.1 Conservation Equations
	3.1.1 Conservation of Mass
	3.1.2 Conservation of Momentum
	3.1.3 Conservation of Energy
	3.1.4 Other Relations
	3.1.5 Similarity in Inviscid Flow

	3.2 Galilean Transformation
	3.2.1 Inertial Frame of Reference
	3.2.2 Galilean Transformation


	4 Discontinuity
	4.1 Condition and Classification of Discontinuity
	4.1.1 Rankine–Hugoniot Relation
	4.1.2 Classification of Discontinuity

	4.2 Normal Shock Wave
	4.2.1 General Characteristics
	4.2.2 Equations for Calorically Perfect Gas
	4.2.3 Glancing Incidence
	4.2.4 Stability of Shock Wave Front
	4.2.5 Shock-Wave Propagation with Boundary Layer

	4.3 Oblique Shock Wave
	4.3.1 Oblique Shock Relations
	4.3.2 Mach Wave
	4.3.3 Two Solutions and Their Post-shock Mach Numbers
	4.3.4 Attached and Detached Shock Waves

	4.4 Interface and Its Stability
	4.5 Rayleigh–Taylor Instability
	4.6 Richtmyer–Meshkov (R–M) Instability
	4.6.1 Kelvin–Helmholtz (K–H) Instability

	References

	5 Quasi-One-Dimensional Flows
	5.1 Control Volume and Basic Equations
	5.1.1 Control Volume and Associated Equations
	5.1.2 Equations in Derivative Form

	5.2 Flow Characteristics
	5.2.1 Influence Coefficients
	5.2.2 Effects of Variation in Cross-Sectional Area
	5.2.3 Effects of Heating/Cooling
	5.2.4 Effects of Friction
	5.2.5 Effects of Body Force
	5.2.6 Choking Condition

	5.3 Duct Flow with Friction

	6 Systems with Source Terms
	6.1 Generalized Rankine–Hugoniot Relations
	6.2 Detonation/Deflagration
	6.2.1 Solution Regime
	6.2.2 Detonation
	6.2.3 Deflagration
	6.2.4 Entropy Variation
	6.2.5 Energy Variation
	6.2.6 ZND Model
	6.2.7 Cellular Structure

	6.3 Ram Accelerator
	6.3.1 Operation Principle and Characteristics
	6.3.2 Derivation of Thrust
	6.3.3 Thermally Choked Operation
	6.3.4 Experiments on the Ram Accelerator

	6.4 Thrust by Exhaust Jet
	6.5 Air-Breathing Engine
	References

	7 Two-Dimensional Flows
	7.1 Compression/Expansion Waves
	7.2 Prandtl–Meyer Expansion
	7.3 Supersonic Flow Around a Cone
	7.4 Reflection of Shock Waves
	7.4.1 Shock Reflection Patterns in Steady Flow
	7.4.2 Shock Polar
	7.4.3 Two Shock Theory
	7.4.4 Three-Shock Theory
	7.4.5 Transition Criteria
	7.4.6 Shock Wave Reflection in Pseudo-Steady Flows

	7.5 Shock Wave—Boundary Layer Interaction
	7.6 Practice: Supersonic Flow Incident on an Inverted Triangle Wing
	References

	8 Unsteady, One-Dimensional Flows
	8.1 Sound Wave
	8.2 Characteristic Velocity and Invariants
	8.3 Compression Wave
	8.4 Expansion Wave
	8.4.1 Exercise: Piston Falling in Tube

	8.5 Pressure-Wave Propagation Around Normal Shock Wave
	8.6 Shock-Wave Propagation in Variable Area Duct
	8.7 Blast Wave
	References

	9 Riemann Problem
	9.1 Definition and Solution
	9.2 Shock Tube
	9.3 Reflection of Normal Shock Wave
	9.4 Reflection of Expansion Fan
	9.5 Shock–Shock Interactions
	9.5.1 Head-on Collision
	9.5.2 Shock Overtaking Another One

	9.6 Shock Interaction with Contact Surface
	References

	10 Method of Characteristics
	10.1 Design of Supersonic Nozzle
	10.1.1 Characteristics and Flow Variation
	10.1.2 Design Procedure of Laval Nozzle

	10.2 Wave Diagram of Shock Tube Operation

	11 Generation and Utilization of Compressible Flows
	11.1 Nozzle and Orifice
	11.1.1 Isentropic Flow with Varying Cross Section
	11.1.2 Mass Flow Rate
	11.1.3 Thrust
	11.1.4 Nozzle Flow Patterns with Various Nozzle Pressure Ratios

	11.2 Supersonic Diffuser
	11.2.1 Quasi-One-Dimensional Operation
	11.2.2 Multidimensional Effects
	11.2.3 Pseudo-Shock

	11.3 Supersonic Test Facilities
	11.3.1 Supersonic Wind Tunnel
	11.3.2 Supersonic Free Flight

	11.4 Unsteady Operation Driver
	11.5 Shock Tunnel
	11.6 Expansion Tube
	11.7 Ballistic Range
	References




