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This article introduces the reader to the exhilarating world of

Shock Waves. With their unique ability to enhance the pres-

sure and temperature instantaneously in any medium of

propagation, shock waves are now being used for many

innovative applications in the industry. The origin of shock

waves, their characteristics, laboratory tools used in their

study, along with a few interesting industrial applications of

shock waves developed at the Indian Institute of Science are

described.

The phenomenon of shock waves is commonly associated with

aerospace engineering/astronautics and in particular with super-

sonic flight. Shock waves appear in nature whenever the different

elements in a fluid approach one another with a velocity higher

than the local speed of sound. In fact if one imagines an aircraft

travelling at supersonic speeds (more than the sound speed at

local temperature) then one can see a shock wave around the body

as shown in Figure 1. Dissipation of energy, rapid changes in

velocity, presure, temperature and flow turning are some of the

features associated with shock waves. Obviously the word ‘shock

waves’ can trigger many basic questions in the reader’s mind. For

example, what is special and fascinating about shock waves?

Why do they occur in nature? What happens to the medium where

shock waves propagate? Can we create shock waves in a labora-

tory? Can we see them in nature? Are they the same as sound

waves and ultrasonic waves? And certainly this list is endless.

This article attempts to answer some of these fundamental ques-

tions and also highlights the fascinating aspects of shock waves.

Further, some of the recent emerging industrial applications

using artificially generated shock waves in the laboratory are also

briefly explained in this article.
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What are Shock Waves?

Shock waves are essentially non-linear waves that propa-

gate at supersonic speeds. Such disturbances occur in

steady transonic or supersonic flows, during explosions,

earthquakes1, hydraulic jumpsand lightningstrokes. Rapid

movement of piston in a tube filled with gas generates a

shock wave. Any sudden release of energy (within few

s) will invariably result in the formation of shock waves since

they are one of the efficient mechanisms of energy dissipation

observed in nature. The dissipation of mechanical, nuclear, chemi-

cal, and electrical energy in a limited space will usually result in

the formation of a shock wave. Because of the dissipative nature

of shock waves they invariably need a medium both for genera-

tion as well as for propagation. Shock waves do not form or

propagate in vacuum. Shock waves are characterized as strong or

weak depending upon the instantaneous changes in flow proper-

ties like pressure and temperature that they bring about in the

medium of propagation. They can be weak waves associated with

bursting of a cracker to the shock wave of enormous magnitude

from a nuclear explosion like the one that took place at Hiroshima,

Japan during the Second World War. In some sense a shock wave

can also be visualized as a very sharp and thin wave front across

which pressure, temperature, density, entropy and velocity of

flow change abruptly.

The typical thickness of the shock front in standard atmospheric

air is about 2.5 Angstrom, very small compared to other charac-

teristic lengths in fluid flow. However this can change in relativ-

istic shock waves which form during the birth or death of a new

star or galaxy. In fact there is a school of research which believes

that the massive shock wave generated after the Big Bang was

responsible for life on Earth. Some of these galactic shock waves

can propagate thousands of kilometres before becoming a weak

disturbance wave front. The shallow water waves and the more

popular Tsunami waves can travel hundreds of kilometres creat-

ing havoc along the propagating path. Many scientists believe

that the impact of a massive meteorite on sea triggered a giant

Figure1.Pictorial represen-

tationof theshockwave en-

velope around an aircraft

travelling at supersonic

speeds.

1 Precursor waves that are

formed before the actual earth-

quake, travel at supersonic

speeds.
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underwater shock wave, which virtually wiped

out the entire aquatic life resulting in mass

extinction. Many of these ideas are still being

investigated by research groups around the

world.

Characteristics of Shock Waves

Physically the occurrence of shock wave is

always characterized in a fluid flow by instanta-

neous changes in pressure, velocity and tem-

perature. This means that the region between

the vehicle and the shock wave usually referred

to as the shock layer will be a region of high

pressure, temperature and density compared to

the freestream flow conditions. In other words,

whenever a fluid streamline crosses a standing

shock wave, instantaneous increase in static

pressure, temperature and density are observed

with substantial decrease in the velocity of the

flow (Figure 2). This sudden change in the

medium of propagation is one of the unique

features that characterizes the shock wave. Be-

cause of the sudden changes in flow properties,

shockwaves areoften regarded as discontinuities

with highly localised irreversibility.

In aerodynamics the non-dimensional param-

eter Mach number (ratio of flow velocity to the

local speed of sound) is generally used to de-

scribe the various flow regimes. Depending on the Mach number

of the flow we can immediately learn if shock waves are formed

around the bodies travelling at the given velocities. Figure 3

shows schematically the various flow regimes in aerodynamics. It

is clear that once we are in a flow regime close to Mach number

of one, we are entering the domain dominated by shock waves.

Then why do we not see shock waves in subsonic flows? To find

an answer to this question see Boxes 1 and 2.

Figure 2. Schematic dia-

gram of a normal shock-

wave (a) Moving normal

shock wave, (b) Pressure

and velocity distributions,

(c)Stationarynormalshock

wave, (d) Pressure and ve-

locity distributions.
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Box 1. How are Shock Waves Formed in Fluid Flow?

It is well known that any disturbance in a given flow always travels at local acoustic velocity. For example, let

us consider a subsonic flow scenario. If we generate a whistle sound from point A this disturbance reaches the

flow always at the local acoustic speed. If we assume that the local temperature of the atmospheric air is

300 K, then the speed of sound will be ~ 340 m/s (speed of sound a = TR , where  is the ratio of specific

heat, R is the universal gas constant and T is the temperature of the fluid). Let us say the velocity of flow is

~ 30 m/s (subsonic), then the flow will have prior knowledge of the disturbance wave. On the other hand when

the velocity of flow is supersonic say 400 m/s, then the disturbance waves will never be able to catch up with

the flow, and all the disturbance wave fronts will coalesce to form a shock wave. In fact the angle formed by

these compression wave fronts is a unique signature of the flow and in some sense shock waves are the means

of information transfer in supersonic flow. Since the information transfer can take place through acoustic

disturbance, there will be no shock waves in the subsonic flow regime.

The propagation ofdis-

turbances in subsonic

and supersonic flows:

V is the velocity of

flow, a is the acoustic

speed at local tempera-

ture,  is the Mach

angle;  = sin –1 [1/M],

where M is the Mach

number.
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Box 2. Pictorial Representation of Streamlines

Around Bodies as a Function of Flow Velocity

Since the flow in subsonic speeds has prior knowl-

edge of the disturbance, the streamlines diverge and

go around the body consistent with continuum prin-

ciple. However in supersonic flow because of the

presence of shock waves ahead of the body, the

velocity of flow suddenly reduces to subsonic values

after the shock wave and this in some sense informs

the fluid streamlines about the presence of the body.

In supersonic flow, shock waves perform the dual

function of information transfer as well as a mecha-

nism by which the flow can turn towards itself.

Brief History

The modern concise definition of shock wave was first given by

a young Hungarian physicist G Zemplen from the University of

Budapest in the year 1905. According to Zemplen and I quote “A

shock wave is a surface of discontinuity propagating in a gas at

which density and velocity experience abrupt changes. One can

Figure 3. Different aerody-

namic flowregimes indicat-

ing the presence of shock

waves in the flow field

around generic bodies.
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imagine two types of shock waves: (positive) compression shocks

which propagate into the direction where the density of the gas is

a minimum and (negative) rarefaction waves which propagate

into the direction of maximum density”. However in the 19th

century the shock wave phenomenon was still a mystery to many

researchers. In fact without mentioning the word shock waves

Euler in the year 1759 talks about the “size of disturbance” of a

sound wave meaning its amplitude. In 1808 Poisson mentions

about an intense sound wave as the case “where the molecule

velocities can no longer be regarded as very small”. Famous

scientists like Stokes (1848) used the term “surface of discontinu-

ity” and Riemann (1859) introduced the modern term of  “shock

compression” and “compression wave” to illustrate the jumplike

steepening of the wave front. However Toepler in 1864 was the

first to use the term shock waves in the present day sense after he

successfully visualized a shock wave during an electric spark

discharge process using stroboscopic method.  However in recent

times many researchers regard shock

waves as mechanical waves of fi-

nite amplitude that is generated

when matter is subjected to a rapid

compression.

The cartoon (Figure 4) from Cou-

rant and Friedrichs’ classic book

(1948) on supersonic flow illustrates

the formation of a steep front in a

discontinuous medium, namely, a

train of skiers. The skiers, barrelling

single file down the narrow run pile

up in a heap as the first skier gets

wrapped around a tree, and then,

before he can warn the skier behind

him to slow down, the next skier

crashes into him, and so on. The

pile up of human wreckage creates a

steep front moving up the slope away

Figure 4. An example of a
receding shock wave, From
Supersonic Flow and Shock
Waves by R Courant and K
O Friedrichs (Interscience
Publishers, Inc., New York,
1948).
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from the tree analogous to a receding shock front. As in a conti-

nuous medium, formation of the front depends critically on the

fact that the flow of the skiers is ‘supersonic’ in the sense that it

is faster than the speed with which the medium, in this case the

skiers, can respond to new boundary conditions. The high ‘pres-

sure’ of the skiers behind this front is analogous to the change of

state experienced by shock-processed media. A similar phenom-

enon occurs in traffic flows.

Length and Time Scales of Shock Waves

One length scale that is always present is the thickness of the

shock wave in the medium of propagation. For monoatomic

gases, shock wave thickness is about four mean free paths. This

means that it takes about four molecular collisions to adjust the

equilibrium state upstream of the shock wave to that in the

downstream of the wave. A shock wave is thicker in polyatomic

gases since molecular rotation and vibration require more colli-

sions for equilibrium. Chemical reactions, dissociation and

ionization processes increase the thickness of the shock wave.

But for most of the aerodynamic problems in the continuum flow

domain, it is sufficient to consider only the equilibrium state on

either side of the shock wave and not bother about the thickness

of the shock wave. This is also referred popularly as Riemann

problem. The time scale of the shock wave is also important

especially when the shock wave becomes unstable and splits into

two waves moving in the same direction. This phenomenon is

observed in when a strong shock wave propagates through metal

which results in compression beyond the yield point. In this case

we will have a precursor shock wave that compresses the metal to

its yield point followed by a second compressive wave which

might result in the phase change of the material. These kinds of

interactions in metal are observed at very high pressures

(~ 10 GPa) and today shock waves are routinely used to synthe-

size new materials. (In fact artificial diamonds can be produced

using shock compression.) However there will be no time scale

consideration if there is no phase change in material.
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Box 3. How are Sound Waves Different from Shock Waves?

Sound waves have verysmall or infinitesimal amplitude while shock waves can be characterised by four unusual

features: (a) a pressure-dependent, supersonic velocity of propagation; (b) the formation of a steep wave front

with abrupt change in all thermodynamic quantities; (c) for non-planar shock waves, a strong decrease of

velocity of propagation with increase in the distance from the point of origin; and (d) non-linear superposition

(reflection and interaction) properties.

Note that shock waves have been observed in all the four states of matter and also in multiphase media.

(A) (B)

(A) Effects of the passage of a sound wave and of a shock wave. As a sound wave passes through a gas, the

pressure and density of the gas oscillates back and forth along an adiabat (a line of constant entropy], which is

a reversible path. In contrast, the passage of a shock front causes the state of the gas to jump along an irreversible

path from point 1 to point 2, that is, to a higher pressure, density, and entropy. The curve connecting these two

points is called a Hugoniot, for it was Hugoniot (and simultaneously Rankine) who derived, from the

conservation laws, the jump conditions for the state variables across a shock front, After passage of the shock,

the gas relaxes back to point 3 along an adiabat, returning to its original pressure but to a higher temperature

and entropy and a lower density. The shock has caused an irreversible change in the gas.

(B) Self-steepening of a finite amplitude sound wave. In the region where the state variables of the wave (here,

pressure) would become multi-valued, irreversible processes dominate to create a steep, single-valued shock

front (vertical dashed line).
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Box 4. Shock Waves Observed from Man-made Phenomena

Spherical shock waves generated by the firing of

the huge guns of the USS Iowa are clearly visible

on the ocean surface.

(Ref: http://www.navsource.org/archives/01/

61h.htm)

Credit: US Navy photograph by Phan J Alan Elliott

A U.S. Navy fighter jet breaks the sound barrier,

creating a shock wave. Credit: Courtesy of the

U.S. Navy. One of the most commonly observed

forms of shock waves is the sonic boom produced

by high-speed aircraft. As a supersonic aircraft

exceeds the speed of sound (or Mach 1), it catches

up with its own sound waves. The sound waves

become compressed together into a cone-shaped

“shock” which travels outwards towards the

ground and produces the familiar “sonic boom”

when a supersonic aircraft flies by. The sonic

shock is usually invisible to us, but in one case, a

Navy ensign was able to capture a spectacular

photograph of a shock wave extending behind a

low-flyingaircraftover theocean.Aswatervapour

in the air was compressed by the shock wave, it

condensed into droplets and formed a conical cloud behind the tail of the jet. (http://www.spitzer.caltech.edu/

features/articles/20060303.shtml); Courtesy: NASA/JPL-Caltech.

Shock Tunnels

Shock waves have numerous applications in different fields like

aerodynamics, chemical kinetics, medicine, process engineering,

drug delivery, agriculture and biology. In aerodynamics shock

tubes are used to generate shock waves of required strength in a

constant area tube. The shock tube consists of a high pressure

driver section and a low pressure driven section separated by a

thin metal diaphragm. Once the diaphragm ruptures it generates a

shock wave which compresses the gas in the low pressure section.
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By the time the shock wave reaches the other end of the driven

section, behind the shock wave we will be able to generate a

packet of high pressure and temperature gas. By adding a super-

sonic nozzle at the end of the shock tube we can in fact generate

high speed flow in the laboratory. Such devices, which generate

hypersonic flows in the laboratory for a few ms, are called shock

tunnels. A photograph of the shock tunnel in IISc is shown in

Figure 5. The shock tunnel is a very useful facility to simulate

Figure 5. A photograph of

the hypersonic shock tun-

nel in IISc.

Box 5. Properties Across a Normal Shock Wave

Using the fundamental principles of conservation of mass,

momentum and energy it is possible to derive the jump condi-

tions across a shock wave. In the illustration below p, T, , s and

u are the static pressure, temperature, density, entropy and

velocity of the flow and subscripts 1 and 2 correspond to

conditions before and after the shock.

The relationship between vari-

ous flow parameters before and

after the shock wave can be

derived from first principles

as shown .
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hypersonic flows over models in the laboratory and then study the

shock wave reflection and interaction phenomena. Using this

facility we can actually simulate the flight conditions over bodies

flying at hypersonic Mach numbers. We can measure the aerody-

namic forces, surface heat transfer, pressure, and skin friction on

bodies in the shock tunnel. Figure 6 shows the schematic diagram

of the shock tunnel while Figure 7 shows the evolution of the

shock wave over a blunt cone placed in the test section of the IISc

shock tunnel captured using a high speed camera. The camera is

arranged in special schlieren optics to visualize the shock waves

in laboratory conditions. Special optics and light source are

required to see the shock wave around the body since air is

transparent. The changes in the refractive index due to density

change across a shock wave is used in schlieren technique.

Figure 6. A schematic dia-

gramof the IISc hypersonic

tunnel.

Figure 7. The shock wave

formation process over a

blunt body visualized us-

ing high speed camera in

the IISc hypersonic shock

tunnel. In this facility we

can simulate hypersonic

flow over bodies (Mach

number 6–14) for about 1–2

ms.
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Industrial Applications of Shock Waves

The ability of shock waves to instantaneously increase the pres-

sure and temperature in a medium of propagation enables their

use for many novel industrial applications. In some sense the

presence of a shock wave propagating in an enclosed medium can

be similar to a furnace where, in addition to temperature, even

pressure can go up instantaneously and remain at elevated levels

for a short time and then come back to ambient conditions. There

is no other method by which you can achieve high pressure and

temperature in a medium so quickly. As a result shock wave

loading of materials can be very fascinating and new industrial

applications can be developed using shock waves. Some of the

applications that have been developed in IISc include shock wave

assisted gene transfer, preservative injection into wood slats, oil

extraction, drug delivery, metal forming and reduction of bio-

burden in natural products. The typical signature of the overpres-

sure in a biological medium comprising of bacterial cells and

DNA, measured using a high sensitivity pressure transducer, is

shown in Figure 8. When such pressure levels are felt by the

bacterial cells it is possible to push a DNA inside the cell without

Figure 8. Typical signature

of shock wave measured

inside a biological sample

comprising of bacterial

cells and the DNA to be

transformed. The shock

wave was generated in an

underwater electric dis-

charge unit. About 100 J of

energy was dumped in a

time scale of 350 ns be-

tween two steel electrodes

1 mm apart immersed in

water to create the shock

wave. The biological

sample in a test tube was

placed above the elec-

trodes (2 mm stand-off dis-

tance) and the shock wave

propagates externally sub-

jecting both the test tube

and the sample inside to

higher pressures and tem-

perature.
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destroying it. This method is referred as cell transformation and is

widely used for various biological applications. Shock waves can

also be used to push preservative solutions into wood samples

like bamboo where conventional methods do not work.  In IISc,

shock wave assisted preservative injection system has also been

developed for pencil manufacturing industry resulting in dra-

matic reductions in the process time. Figure 9  shows the photo-

graph of the pencils manufactured using the vatta wood slats

treated with shock waves. Because of the preservatives, the wood

slats will be protected against microbial attacks. A new

diaphragmless shock wave reactor has been developed for this

application.

Conclusion

For designing aerospace vehicles flying at hypersonic speeds, it is

very essential to have a proper understanding of the shock wave

propagation and reflection dynamics. In the study of explosions

the blast wave signature is a very vital parameter, which dictates

the strength of the explosions. In fact, by detecting the precursor

shock waves generated during earthquakes in Japan they are able

to shut down the power supply to bullet trains in 20 seconds

thereby reducing the possible damage during earthquakes! Al-

though the phenomena of shock waves emerged from the cradle

of supersonic compressible flow regime, with their inherent

ability to instantaneously enhance the pressure and temperature

Figure 9. Pencils manufac-
tured using vatta wood
samples treated with shock
wave assisted preservative
injection system. The wood
samples were immersed in
hot preservative fluid (80
C) and then subjected to
repeated shock wave load-
ing. Under high pressure
the permeability of wood is
instantaneously enhanced
pushing the water soluble
preservative solution in-
side the wood slats.
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Box 6. Unique Relationship between Shock Wave Angle and Mach Number in Supersonic Flow

Regime

Flow defects across an oblique shock wave. There exists a unique relationship between the shock wave

angle (β), flow deflection angle (θ)  and the free stream Mach number (M) in supersonic flow.

in the medium of propagation, they have attracted many research-

ers around the globe. Today many research groups around the

world are investigating the possibility of utilizing shock waves

for various industrial applications. In more than 85% of cases,
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Box 7.  Generating Shock Waves in the Laboratory

(a)  Shock Tubes: These are popularly referred as the test tubes of gas dynamicists. You will find these in

every laboratory in the world working on shock waves. By allowing the gas from a high pressure region

to enter the low pressure region suddenly, say by bursting a metal diaphragm, we can generate a planar

shock wave.

(b)  Using Micro-explosives:  By exploding small

quantities of explosives (~ few mg) we can gener-

ate spherical shock waves that we can visualize

using optical schlieren technique. The spherical

shock waves generated using HMX micro-explo-

sive in IISc are shown below.

(c)  Shock wave generation using a bull whip:   The

easiest way of generating a shock wave is using a bull

whip! Interesting isn’t  it? The rope used in the bull

whip tapers from the handle to the tip. When the whip

is snapped you usually hear a “crack” sound. This

happens if the disturbance wave travelling down the

whip exceeds the speed of sound. While snapping, the

momentum from the motion at the handle is conserved.

The wave speed increases as it travels down the whip as

the diameter keeps decreasing.  When the velocity of

the wave crosses the speed of sound,  it generates a

sonic boom that we hear as a crack.
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kidney stones are removed using a technique called extra-corpo-

real lithotripsy where a shock wave is used shatter the kidney

stones! In the coming years shock wave dynamics will emerge as

a strong area of interdisciplinary research and we may see many

commercial devices working based on shock wave phenomena.
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