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Shock Waves 
 
Introduction: Sound Waves to Shock Waves 

 

Strings and membranes are ideal systems to study when trying to understand relatively 

uncomplicated continuum mechanics concepts.  These systems allow for limited independent 

variables for certain boundary conditions, and adjacent volume elements remain adjacent.  

Continuum mechanics problems become more complex when we begin studying sound waves in 

fluids because volume elements can move in three dimensions and they are capable of moving 

great distances relative to initially adjacent elements.  Conservation of mass, momentum, and 

energy are used to describe even the most complicated problems involving continuum mechanics 

in fluids. 

 

A sound wave is simply a perturbation of a stationary fluid.  Certain properties of the 

fluid, such as viscosity, density, pressure, compressibility, and thermodynamic qualities, must be 

taken into consideration in order to determine normal modes, velocity, and pressure for the 

system.  As with other continuous waves that we have seen before, we can take the small 

perturbations in mass density , velocity v , and pressure  to first order and 

linearize our system of equations.  (Note: bold characters represent vector quantities.)   

 

As with most topics in classical mechanics, linearized systems and small amplitude 

motion greatly reduce the complexity of fluid mechanics.  Linearization can become invalid once 

convection cannot be ignored, perturbations are relatively large, external forces exist, a process is 

not isentropic, etc.  Opening the door to nonlinearity in the system allows for discontinuities in 

the wave front, and we enter the topic of shock waves.  Because nonlinearities can easily 

complicate a system, in our analysis we restrict the shock wave to one dimension in a 



compressible fluid to fully investigate a simplified system.  Before delving into shock waves 

directly, we will briefly review conservation of mass, momentum, and energy. 

 

Conservation of Mass, Momentum, and Energy 

 

Conservation of Mass 

 

We utilize the eulerian approach where we consider a small fixed volume and the flow of 

matter through that volume.  In the eulerian description we can look at how the whole volume 

changes by investigating a differential element on the surface and utilizing the divergence 

theorem.  This analysis shows us that a change in the mass within our volume is due to matter 

flowing into or out of the volume through the surface (convective term: - ) plus any 

source terms ( ). 

 
 

(1) 

 

In our scenario we are not dealing with any source terms.  So after taking this into 

consideration and after expanding the divergence in Equation (1), we have the following 

continuity equation: 

 

 
 

(2) 

 

Conservation of Momentum 

 

For our momentum analysis it is important to note that we can have applied forces ( is 

the force per unit mass) and impulses on our volume of fluid are proportional to   Newton’s 

second law helps us analyze how the impulse changes the momentum of the fluid in our fixed 

volume.  Our final differential form of the conservation of momentum equation is given by: 

 



 

 
(3) 

 

Conservation of Energy 

 

With nonviscous normal sound waves we consider the system as isentropic where 

entropy is constant.  In this case we have a thermodynamically reversible process because energy 

is not being dissipated as heat.  In this case conservation of energy simply relates the kinetic 

energy density associated with the motion of the center of mass, the internal energy density, the 

work done by the volume force, and the work done by the pressure force on the surface.  The 

relatively simple conservation of energy equation in differential form is given in Equation (4) 

where  is the internal energy per unit mass and f is external force. 

 

 
 

(4) 

 

For shock waves we will make appropriate adjustments to the conservation equations 

taking into consideration the fact that the process will not be isentropic. 

 

What is a Shock Wave? 

 

Now that we have identified some of the important things to consider in a fluid system, 

we can expand on how that relates to shock waves.  A shock wave forms when a wave front 

becomes discontinuous.  The discontinuity associated with the shock front is thin compared to 

the continuous wave front of a normal sound wave.  Unlike normal continuous sound waves, the 

transition between the region in front of the shock front and the region behind the shock front is 

not smooth.  The properties in these two regions are sharply distinguishable.  For the sake of 

clarity, subscript 1 refers to conditions ahead of the shock front and subscript 2 refers to 

conditions behind (or after) the shock front as shown in Figure (1) where u is the speed of the 

shock front.  As previously stated, we will look at a system where the fluid is initially at rest and 

we will restrict the problem to one dimension. 



 

 

Figure 1: The one-dimensional shock front creates a discontinuity separating 

the properties of the fluid such as mass density “”, pressure “p”, and 

velocity “ ”.   

 

Like other types of waves with which we are used to working, a shock wave carries 

energy through a medium.  However, entropy is not constant.  Because the system is not 

isentropic, the energy that can be utilized as work as the shock wave passes through matter is less 

than if the system was isentropic.  Energy is dissipated in such forms as heat and sound, and the 

process is not thermodynamically reversible. 

 

 Unlike the sound waves described earlier, where the small amplitude perturbations to 

pressure, mass density, and the fluid velocity can be truncated to first order, shock waves are not 

linear.  Pressure, mass density, and velocity propagate in space and time as follows 

 

  (5) 

    

The velocity of the shock is treated as a constant.  This is not unreasonable even in real 

applications where the medium through which the shock front is propagating has some 

inhomogeneity.  For the functions in Equation (5), the space and time derivatives are related by 

 .  This can then be utilized for analyzing the conservation equations. 



 

Conservation of Mass 

 

Since we are in one dimension, our conservation equations are greatly simplified.  The 

divergence simply becomes the derivative with respect to the single special component, x. 

Equation (2) for the conservation of mass becomes 

 

 
 

(6) 

 

 

where we have used the handy relation between the time and space derivatives.  If we integrate 

Equation (6) over the shock front, where the regions before and after the shock front are required 

to be steady, we obtain the following 

 

  (7) 

 

Another possibly more intuitive way to think about this is as follows.  Conservation of 

mass basically means mass entering the system must equal the mass leaving the system, where 

mass is equal to the density time the volume: .  If we take a look at our volume of fluid 

we know that our volume on one side of the shock front is equal to the area A (cross-sectional 

area of the volume in Figure 2) times the length.   

 



 

Figure 2:  Our fixed eulerian volume.  We can use the relative speeds of 

particles on either side of the shock front to analyze conservation of mass.  

 

The length  as shown in the figure is given by the distance a particle travels relative to 

the shock front.  This is simply  where v is u-  (relative velocity).  So our mass is 

given by  where i is 1 or 2 representing the mass in front of or behind the shock front.  

We equate the incoming and outgoing masses because the continuity equation and have: 

 

  

 
(8) 

 

which can be rewritten to match Equation (7) exactly. 

 

Conservation of Momentum 

 

 From Equation (3) we can use the stress tensor and set f = 0.  This gives us the following 

equation for the conservation of momentum 

 

  (9) 



 

From another perspective, the conservation of momentum comes from the fact that any applied 

force to our control volume must equate to the rate of change of the momentum as we go from 

the region before the shock front to the region after the shock front.  This applied force is given 

by the pressure difference across the shock front times the area where the force is applied:   

 

  (10) 

   

The area A is again the cross-sectional area of our control volume.  The time rate of 

change of the momentum is .  Here we can plug in our known value of mass from 

the conservation of mass: , and the rate becomes  

 

 

 
(10) 

   

We equate this to our force in Equation (10) and cancel the area and time terms.  This gives us 

the following result for conservation of momentum:  

 

  (11) 

   

After multiplying everything through the parentheses we obtain the same result as Equation (9), 

as expected. 

 

Conservation of Energy 

 

 As with conservation of momentum we can set f = 0 in Equation (4) to obtain an equation 

for the conservation of energy.  We can set  and call . This gives us the 

simplified energy equation where  are the energies given by an equation of state dependent on 

pressure and density. 

 



 
 

(12) 

 

 

 

 

Utilizing the Conservation Equations 

 

We have derived three equations and hope to be able to say something substantial about 

the system.  If we are given some initial conditions, say the initial pressure, density, and velocity 

of the fluid before the shock front propagates through the material, we can determine certain 

relations between the remaining unknown variables.  Hugoniot curves are used to relate pressure, 

particle velocities, and shock velocity.  In the pressure-particle velocity Hugoniot, the line 

joining the initial and final states is known as the Raleigh line.  We can determine the shock 

velocity by taking the slope of this line.  This is just one example of information we can glean 

from determining the relationship between the variable pressure, mass density, and particle 

velocities.  We can also determine differences across the shock front of temperature and entropy 

from our conservation equations.  Additionally, if we look at strong versus weak shock limits we 

see that weak shock conditions are very similar to the “normal” sound waves we discussed.  

Weak shocks are only slightly deviated from isentropic systems.   

 

Real World Applications 

 

 In real world applications of shock waves, we are usually not dealing with ideal gases and 

isentropic fluids where the shock wave undergoes no type of dissipation.  Even in air we see 

relatively rapid attenuation of the shock wave amplitude and the energy it is carrying is 

dissipated as heat and sound.  Figure 3 illustrates how attenuation affects a shock wave and how 

the pressure or energy carried by the wave decreases with time or distance. 

 

 

 



 

Figure 3: Attenuation of a shockwave as it propagates through a material and 

converts to a sound wave when the pressure drops below the elastic limit.  

 

As a shock front propagates through a medium, the front edge of the wave compresses 

the medium.  The back end of the wave is therefore moving at a high speed through a now more 

dense material.  This allows the back edge of the wave to catch up with the leading edge of the 

wave causing a pressure drop from the shock wave, as shown in Figure 3.  There is a point where 

the pressure drops below the elastic limit of the material, and the shock wave is diminished to a 

sound wave.   

 Depending on the application, a sharply attenuated shock front might be useful or it 

might be detrimental.  For example, explosives can be used for avalanche control.  A strong 

shock wave that penetrates deep into the snow might only affect a relatively small surface area of 

snow, and the desired effect of intentionally setting off an avalanche might not occur.  Ideally the 

pressure from the shock front will reach a broad surface area of snow.  Also, considering the 

weight of an average adult can trigger an avalanche, the pressure from the shock wave does not 

necessarily have to create a deep crater.  To obtain the desired result charges can be detonated 

above the surface of the snow allowing the shock wave from the detonation to be attenuated by 

the time it reaches the snow surface.  This also allows the shock front time to expand so it has 

less of a pinpoint effect in disturbing the snow.  However, if the charge is placed too far above 



the surface of the snow, the pressure from the shock front can be attenuated to the point where it 

no longer exerts a strong enough force on the snow to trigger an avalanche. 

 In the realm of mining, pulverizing the rock might be the goal or just causing widespread 

fractures in the rock might be the goal.  Therefore the properties of the explosives that create the 

shock wave are very important and application specific.  Pulverizing the rock requires a great 

deal of energy to be released in a relatively short period of time.  This high energy is therefore 

attenuated quickly.  To create a fracture that reaches deep into the rock, the energy in the shock 

front must remain minimally attenuated for a relatively long period of time.  These types of 

problems unite classical mechanics, shock physics, and thermodynamics. 

 

Conclusion: Why are Shock Waves Important in Classical Mechanics? 

 

There are many interesting applications for shock waves in continuum mechanics 

problems.  Once the conservation of mass, momentum, and energy equations are fully 

characterized, we can derive many properties of a material as a shock wave propagates through 

it.  Complexities arise when we deal with inhomogeneous fluids, barriers, and various 

thermodynamic properties of certain materials.  However, the basic conservation and continuity 

equations get us pretty far in solving this nonlinear phenomenon. 
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