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Fig. 1. A supersonic exhaust jet trailing the Bell X-1 rocket plane, the first manned aircraft to break the sound barrier. The
beaded appearance of the jet is due to a network of internal shock waves that repeatedly compresses and reheats the exhaust gas.
(From “Orders of Magnitude'’ by F. W. Anderson, NASA Special Publication 4403, 1981.)

The results we present here were achieved
in collaboration with Larry L. Smarr of the
University of Illinois and are based solely on
numerical simulations carried out on a Cray-
1 computer at the Max Planck Ingtitut fur
Physik und Astrophysik in Garching bei
Munchen. Working in West Germany, we
were constantly reminded of the dual defini-
tion of a supersonic jet as NATO forces
maneuvered overhead. This was strangely
appropriate, however, for the history of re-
search on supersonic gas jets goes back nearly
a century to the pioneering work of Ernst
Mach at the behest of the Austrian military.
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Ernst Mach
and the Military Connection

Back in the 1880s the concept of a shock
wave was till brand new. In Europe the
theoretical properties of these nonlinear
compression waves were being hotly debated
by the likes of Riemann, Rankine, Rayleigh,
and Hugoniot. It was till uncertain whether
it was energy or entropy that is conserved
across the surface of discontinuity created by
a shock front (see Sidebar 1, “Shock Waves
versus Sound Waves").

Meanwhile, artillery experts and ballisti-
cians were groping for explanations of two
curious phenomena brought to light during
the France-Prussian War. The first was the
double report heard when a shell was fired at
high speed from an artillery piece; only a
single report was heard when a projectile was
fired at low speed. The second was the crater-
like nature of the wounds inflicted by the
French army’s new high-speed bullets. Ex-
ploding bullets—expressly forbidden by
treaty—were suspected as having been used.

The Belgian ballistician Melsens proposed
an explanation for the second phenomenon

Opening figure (previous page): Looking between the dark pressure boundaries of a calculated supersonic jet, we see a radio-
brightness map for a long extragalactic jet extending south some quarter of a million light-years from radio galaxy 3C200 and
terminating in a radio lobe. In this map, which was taken at the Very Large Array (VLA) near Socorro, New Mexico, by Jack
0. Burns, regions of high emission are depicted in red, intermediate emission in yellow, and low emission in blue. The jet
powering the radio lobe north of the radio galaxy isfor some mysterious reason not seen. (Collage by Jim Cruz.)
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that so intrigued Ernst Mach that he set
about to confirm it experimentaly. Melsens
conjectured that a high-speed projectile
pushes ahead of itself a considerable mass of
compressed air, which may cause explosion-
like effects on the body it strikes. In other
words, Melsens was proposing the existence
of the bow shock that precedes a supersonic
Melsens was right. e
In 1886 Mach and his experimental col-
league Peter Salcher were the first to obtain
schlieren photographs of a bow shock. These
_..and other gas shocks are easy to record
-+photographically because the abrupt change

~’Iin density across a shock causes refraction

anomalies in light transmitted through the
shock. Mach correctly interpreted the bow
shock as the envelope of sonic disturbances
originating at the projectile. (The formation
of shocks through convergence of sonic dis-
turbances is discussed in Sidebar 2, “Shocks,
Rarefactions, and Contact Discontinuities, ")
He derived the famous equation sin a =
c/v relating the Mach angle a (the opening
half angle of the bow shock) to the projectile
speed v and the ambient sound speed ¢ (see
drawing on this page).

Such a bow shock explains the first phe-
nomenon. the double report: the first bang is
produced by the powder gases escaping from
the muzzle of the gun, and the second bang is
the sonic boom associated with the bow
shock of the supersonic projectile.

Ernst Mach is, of course, also remembered.
for his principle of relativity (Mach's prin-
ciple), which states that physical forces exist
only because of the motion of matter relative
to the rest of the matter in the universe.
Mach’s belief in the relative nature of physi-
cal laws must have played arole in the design
of a novel setup for his ballistics experi-
ments. he held the projectile fixed in the
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laboratory and fired air
past it supersonically.

The supersonic air stream
was produced by allowing
highly compressed air to escape
from a reservoir through a col-

more than a few centimeters in diameter.
Mach quickly discovered that a projectile
immersed in this modestly sized supersonic
air stream created a network of standing
shock waves far more complex than the
single bow shock he expected (see Fig. A in
Sidebar 3, “Steady-State Jets’). To quote the
1889 discovery paper of Mach and Salcher,
“The stream exhibited a customary appear-
ance so remarkable, that a detailed study of
the jet itself seemed worthwhile.” Such was
the serendipitous discovery of the complex
structure of supersonic gas jets and the begin-
ning of a systematic research program car-
ried out by Ernst Mach’'s son Ludwig to
determine the properties of the jets. Further
research was also carried out by Emden and
Prandtl around the turn of the century.

Steady-State Supersonic Jets
in the Modern Era

Interest in supersonic jets essentialy van-
ished for two generations until World War I,
when military considerations again made
them the topic of research—this time at the
Aberdeen Proving Grounds by a group of
Americans who were investigating the phe-
nomenon known as gun flash.

When an artillery piece fires, gas from the
burnt powder exits from the cannon muzzle
a supersonic speeds (the cause of the first

sentially the same apparatus is h
flIS'_'égLLodif to produce supersonic
- ...-=""Bas jets in the laboratory.) For prac-
tical reasons the nozzle could be no m\' ™, fﬂi'r; oc = - - ___L;

bang) and produces for a brief instant the
network of oblique crisscrossed shocks that
Mach had discovered. These standing shock
waves are set up by nonlinear radial oscilla-
tions of the gas jet caused by a pressure
imbalance at the nozzle orifice (in this case
the end of the muzzle). Of particular concern
to the Aberdeen researchers was the occur-
rence in the jet of atype of shock known as a
Mach disk. Mach disks, which are perpen-
dicular to the jet flow and much stronger
than the oblique shocks, produce “gun flash”
by reheating the powder gas.

Since these flashes could reveal the posi-
tion of a gun to the enemy, Ladenburg, Van
Voorhis, and Winckler were interested in
designing a muzzle to eliminate them. They
discovered that the crucial parameter is the
pressure ratio at the nozzle, that is, the ratio
of the pressure of the gas in the jet to the
pressure of the ambient, or atmospheric, gas.
As shown in Sidebar 3, pressure ratios far
from unity produce Mach disks, and pressure
ratios near unity produce X-shaped “reg-
ular” shock reflections. To eliminate Mach
disks, one need only flare the muzzle wall
outward so that the emerging gas expands
and repressurizes before reaching the at-
mosphere.

continued on page 45
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Shock Waves versus Sound Waves

SIDEBAR 1

xplosions, projectiles whizzing by at
Esupersonic speeds, high-speed colli-

sions of solids—what do these phe-
nomena have in common?

They dl create very large changes in local
pressure over very short times, and these
violent pressure changes self-steepen into
shock fronts, or shock waves. Unlike a sound
wave, which is a small-amplitude com-
pression wave that propagates at the loca
sound speed and leaves the state of the me-
dium unchanged, a shock front is a nonlinear
wave that abruptly changes the state of the
supersonically approaching gas. The gas is
generally at a higher temperature and pres-
sure after it has passed through the shock (or.
equivalently, after the shock has passed
through the gas). Moreover, the shock-
heated gas moves subsonically with respect
to the shock. As we describe below, the nar-
row region defined as the shock front is a
region where thermodynamic processes arc
irreversible.

The cartoon from Courant and Friedrichs
classic book on supersonic flow illustrates
the formation of a steep front in a discon-
tinuous medium, namely, a train of skiers.
The skiers, barreling single file down the
narrow run. pile up in a heap as first one 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 pileup of human wreckage creates a
steep front moving up the slope away from
the tree analogous to a receding shock front.
As in a continuous medium. formation of the
front depends critically on the fact that the
flow of 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.

About a hundred years ago Stokes,
Earnshaw, Riemann, Rankine, Hugoniot,
and Lord Rayleigh deduced the conditions
that prevail a shock fronts in gases. The
framework they used to analyze this com-
pressible flow are the equations of ideal gas
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An example of a receding shock wave. From Supersonic Flow and Shock Waves by
R. Courant and K. O. Friedrichs (New York:Interscience Publishers, Inc., 1948),

dynamics. These nonlinear equations de-
scribe conservation of mass, momentum,
and energy in an idea fluid, a fluid in which
al changes in kinetic and internal energy are
due to pressure forces. Heat conduction and
viscous stress are ignored and entropy is
constant, so all thermodynamic changes are
adiabatic and reversible. It was known that,

within this context, infinitesimal pressure
changes generate linear compression waves,
better known as sound waves, that travel

But what happens when the amplitude of a
compression wave is finite?

Figure A illustrates what happens. At time
twe have a finite-amplitude sound wave
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Supersonic Jets

P. Variationsin pressure imply variationsin

Thus each point on the waveform propagates
with its local sound speed, which is greater at
the peaks than in the troughs. With time the
waveform steepens (as shown at t,) and
eventually breaks (as shown at t,) to produce
multiple values for the state variables of the
gas, P, p, and T. Of course this prediction is
wrong. Instead nature inserts a shock front
(dashed line) just before the wave breaks,
and the flow variables remain single-valued.
How does this happen? On a microscopic
level large gradients in temperature and ve-
locity at the front of the steepening wave

X—ct

Fig. A. Sef-steepening of a finite-
amplitude sound wave. | n 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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Fig. B, 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 pointsis 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.

cause the irreversible processes of heat con-
duction and viscous stress to dominate in a
region with a width equal to a few collision
mean free paths and to counteract the self-
steepening process so that a single-valued
shock front forms. The net effect on a macro-
scopic level is that mass, momentum, and
energy are conserved across the shock front,
but entropy is not; it increases as relative
kinetic energy is dissipated into heat through
atomic or molecular collisions.

In 1864 Riemann was the first to anayze
wave-steepening within the context of ideal
gas dynamics. He mistakenly assumed that
entropy was conserved (in other words, that
all processes were adiabatic) across shock
fronts as it is for finite-amplitude sound

waves. Later, Rankine, Rayleigh, and
Hugoniot showed that an adiabatic shock
front would violate conservation of energy,
and therefore shock fronts must be non-
adiabatic and irreversible. Figure B shows
the irreversible changes caused by the pas-
sage of a shock front in contrast to the re-
versible changes produced by a sound wave.
To model these irreversible effects, the form
of the Euler equations of gas dynamics we
have adopted must be modified as described
in Fig. 2 of the main text.

The dissipative nature of a shock front
implies that it can maintain itself only in
the presence of a driving force. A simple
example of a driven shock front is given in
Sidebar 2. W
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Shock Waves, Rarefactions, and

SIDEBAR 2

Contact Discontinuities

he nonlinear equations of ideal gas
T dynamics support three types of
nonlinear “waves’: shock fronts.
rarefactions, and contact discontinuities.
Contact discontinuities are surfaces that
separate zones of different density and tem-
perature. By definition such a surface is in
pressure equilibrium, and no gas flows across
it. When, as often happens, the tangentia
velocity of the gas on one side of the surface
differs considerably from that of the gas on
the other side, the surface is called a dip
discontinuity. The boundary between a

Fig A. Compression in a Shock Tube

supersonic jet and the ambient gas is an
example of a dlip discontinuity.

The other two types of nonlinear waves
arise from abrupt changes in pressure. Shock
fronts accompany compression of the me-
dium, and rarefactions accompany ex-
pansion of the medium. As a simple example
of how these waves arise, consider the one-
dimensional flow of gas in a small-diameter
cylindrical tube, which is fitted with a piston
atone end (x = 0) and closed at the other end.
Figure A shows the time-dependent flow that
results when the piston is suddenly pushed

into the cylinder and how a shock front
forms as sonic disturbances generated by the
piston converge. These sound waves travel
along trajectories called characteristic paths,
or simply characteristics. In general, the
characteristics of a set of hyperbolic partia
differential equations are the paths along
which certain variables are conserved and
are thus the paths along which information
travels. The characteristics for the equations
of ideal gas dynamics are (1) the streamlines
along which matter flows and entropy is
conserved and (2) the pius and minus

Fig B. Expansion in a Shock Tube
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Supersonic Jets

SIDEBAR 2

characteristics along which information
travels from one point to another by sound
waves, The so-called Riemann invariants,
which are linear combinations of the fluid
velocity and sound speed, are conserved
along the plus and minus characteristics, In
general, characteristics form a curvilinear
coordinate system that reduces a com-
plicated set of nonlinear partial differentia
equations to a coupled set of ordinary dif-
ferential equations.

Since sonic disturbances travel in the gas
at the local sound speed c, and since the gas
immediately ahead of the piston is moving
with the piston speed v, (X), the sound
waves emanating from each point aong the
piston path travel at a speed of v, (X) + C.
Hence at each point x the characteristic
makes the same angle with the piston trajec-
tory. As a result, the characteristics (red)
emanating from the curved portion of the
piston path (the acceleration phase) converge
to form a shock front, (The bow shock of a
supersonic projectile also forms where sonic
disturbances generated aong the trgjectory
converge, except that in this case the sonic
disturbances move through a stationary
rather than a moving medium and therefore
all travel at speed c.) The shock front ahead
of the piston travels aong the tube at super-
sonic speeds. Gas particles farther away from
the tube remain stationary until the shock
front passes, and then they travel at a speed
equal to the final constant speed of the
piston. The closer spacing of the particle
paths (dashed lines) gives graphic evidence
of shock compression.

Figure B shows the time-dependent flow
that results when the piston is suddenly
withdrawn from some position within the
cylinder. As in Fig. A, characteristics drawn
at a constant angle to the piston path rep-
resent the path of sonic disturbances gener-
ated in the gas immediately adjacent to the
piston. In this case the characteristics (blue)
emanating from the curved portion of the
piston path diverge to form a rarefaction
zone (gray). The greater separation of the
particle paths in the rarefaction zone in-
licates that the gas is expanding. M
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continued from page 41

Other data on supersonic flows arc avail-
able from studies of jet and rocket pro-
pulsion. Since these studies were aimed at
designing more efficient, higher thrust en-
gines, virtualy all of them have focused on
the steady-state, or time-averaged, properties
of the jet flow, as has our discussion so far.

Time-Dependent Jetsin Nature

The time-dependent evolution of-jets be-
comes important when we consider super-
sonic “jets’ in nature. One example is the
supersonic jet produced by the eruption of a
gas-rich volcano, such as the eruptions of
Krakatoa and Mount St. Helens. The blast
wave that accompanies the formation of
such a volcanic jet produces widespread dev-
astation. Experiments have shown that these
transient supersonic jets have structural
properties resembling those of steady-state
jets.

Other examples are the numerous jets
emanating from astrophysical objects. In our
galaxy protostars, old binary star systems
associated with supernova remnants. and
planetary nebulae produce jets of’ ionized
gases. A number of these stellar jets have
knots of bright emission that remind one of
the bright spots in the exhaust jet shown in
Fig. 1, Spectral lines from highly excited
atoms in the knots indicate that these bright
spots are regions of high temperature,
probably produced by shock heating. The
Doppler shifts of the spectra lines demon-
strate that these jets arc still evolving with
time.

Our final example of time-dependent jets.
and the ones that exhibit the most re-
markable and mysterious stability, are the
enormous jets emanating from quasars and
other galaxies, These jets, known as radio jets
because most of them can be observed only
with radio telescopes, range from thousands
to millions of light years in length, or about
fifty to one hundred jet diameters. Many of
them exhibit bright knots of radio emission
in the beam. A radio jet typically ends in a
“hot spot”-a small region of intense radio

emission—embedded in a larger amorphous
lobe of fainter emission (the opening illustra-
tion is an exception).

The emission spectra of radio jets, which
are continuous and polarized, are produced
by synchrotrons emission from a nonthermal
population of relativistic electrons gyrating
in a magnetic field. This nontherma compo-
nent probably coexists with a diffuse thermal
plasma in some uncertain mixture to form
the “stuff” of extragalactic radio sources. We
know little else about the composition of the
jets and the lobes and, in the absence of
spectral lines, have no direct measure of jet
speeds from Doppler shifts.

In a landmark paper, written in 1974 when
only the radio lobes, and not the jets them-
selves, had been observed, Roger Blandford
and Martin Rees interpreted the hot spots in
the lobes as the point of impact of a super-
sonic gas jet impinging on the ambient me-
dium as the jet advances. [n other words, the
radio lobes are powered by fluid-like beams.
or jets, originating at the centers of radio
galaxies. They suggested that the main struc-
tural features of the jets could be explained
by ideal gas dynamics, that is, by the
nonlinear differential equations of com-
pressible fluid flow. Magnetic fields and com-
plex plasma dynamics that might affect local
regions could be ignored when considering
the overal structure of a jet,

The fluid-beam hypothesis of Blandford
and Rees provides a simple physical expla-
nation for radio observations and a
framework for detailed model building, but
within this framework the issue of stability
becomes paramount. We know from labora-
tory experiments that Kelvin-Helmholtz
shear instabilities grow rapidly on the bound-
ary of supersonic gas jets and effectively de-
celerate and disrupt the flow. How do ex-
tragalactic jets propagate such great distances
without suffering the same fate? Are they or
are they not, governed primarily by the equa-
tions of gas dynamics'? If so, what are the
critical parameters determining the stability
and the observed morphology of the flow?
We undertook to answer these questions by

continued on page 50
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SIDEBAR 3

Steady-State

personic gas jets are created in the

aboratory by alowing a highly com-

ressed gas to escape through a nozzle
into the atmosphere or some other ambient
gas. In contrast to astrophysica jets, labora-
tory jets usualy have high density ratios
(M = Pjet/Pambient > 1), moderate Mach num-
bers (M = Vje/Cjer = 3), and large pressure
mismatches at the source. Investigations of
laboratory jets have, until recently, focused
on their steady-state behavior rather than the
initial time-dependent behavior of interest in
astrophysical contexts. Nevertheless, our un-
derstanding of the steady-state structures ob-
served in laboratory jets provides a point of
departure for interpreting our numerical
simulations of time-dependent jet flow.
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Jets

An Idealized Supersonic Jet

Figure4 shows the characteristic structure
taken on by a slightly underexpanded super-
sonic jet, that is, one for which the pressure
of the gas at the nozzle orifice. P.. is dightly
greater than the ambient gas pressure, P,. (A
jet is referred to as underexpanded if
K = P,/P, > 1, overexpanded if K <1, and
pressure matched if K= 1.)

This complicated axisymmetric structure
has severa remarkable features. First, the jet
boundary oscillates as the jet gas periodically
overexpands and reconverges in its attempt
to match the ambient pressure. The gas con-
tinually overshoots the equilibrium position
because the effects of the boundary arc com-

municated to the interior of the jet by sound
waves, which, by definition, travel more
slowly than the bulk supersonic flow. The
characteristic paths of the sound waves con-
verge to form the second remarkable feature
of the jet, the network of crisscrossed shock
waves, or shock diamonds (red lines). These
standing shocks aternate with rarefaction
fans (blue lines). The gas in the jet interior
expands and cools (shades of blue) as it flows
through the rarefaction fans and is com-
pressed and heats (shades of red) as it passes
through the shock diamonds. The figure
clearly illustrates that the jet interior is
always out of step with the jet boundary. For
example, the positions of greatest gas com-
pression (dark red) do not coincide with the
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Supersonic Jets

SIDEBAR 3

Fig. A. Idealized steady-state structure of a dlightly under-
expanded (P, slightly greater than P,) supersonic jet. The
red lines represent incident and reflected shocks (see Fig. B),

o

_ |

Fig. B. Regular reflection in a dlightly underexpanded jet.
The pattern of crisscrossed shocks in Fig. A can be under-
stood in terms of characteristics. Diverging characteristics

positions of minimum jet diameter. The
black streamlines in the figure indicate the
flow paths of the gas. The gas bends out
toward the boundary as it passes through
rare faction fans and bends back toward the
axis as it passes through shock fronts.

Regular Reflections
Figure B shows how the shock structure in
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Jet Boundary

Rarefaction Fans
AN

Re’flected
Shock

Inéident
Shock

Fig. A can be understood in terms of
characteristics. Asthe gas leaves the nozzle,
it expands and a rarefaction fan (diverging
blue characteristics) emanates from the
nozzle orifice. The gas overexpands, and the
pressure of the ambient gas at the boundary,
acting like the piston in Sidebar 1, pushes the
jet gas back toward the axis, creating the red
characteristics. These characteristics form a
converging conical shock. When this so-

Temperature

Streamline

and the blue lines indicate the beginnings of rarefaction
fans. The gas temperature varies according to the key. Black
streamlines follow the oscillating flow path of the jet gas.

(blue) form rarefaction zones. Converging characteristics
(red) from the boundary form the incident cortical shocks,
which reflect off the jet axis to form the reflected shocks.

caled incident shock reaches the jet axis it
undergoes a regular reflection; that is, it
forms a diverging shock. At the point where
this reflected shock reaches the jet boundary,
it knocks the boundary outward, creating a
new rarefaction fan, and the process begins
all over again. The geometric pattern of the
(%, y) characteristics that form the shocks
and rarefaction fansin this steady-state two.
dimensional flow is similar to that of the
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Discontinuity
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(1) Shock Triple Point

supersonic jet. A Mach reflection creates a shock triple point
where three shocks meet. Figures C1 and C2 show how
passage through the Mach disk {from point 1 to point 4)

slows down the beam much more than passage through the
incident and reflected shocks (from point 1 through points 2
and 3 to point 4'. As a result, a slip discontinuity is formed
{dashed line).

(X, t) characteristics for one-dimensional
time-dependent flow described in Sidebar 2.

Mach Reflections

A dtriking change in flow structure occurs
when the pressure mismatch at the orificeis

for an underexpanded jet, the incident shock,
rather than converging to a point on the axis,

48

reflects a the perimeter of a Mach disk—a
strong shock norma to the flow direction (so
named because Ernst Mach was the first to
record its existence). The angle between the
incident shock and the jet axis determines
the type of reflection: small angles of in-
cidence yield the regular reflections shown in
Figs. A and B, and large angles of incidence
yield Mach reflections. When gas passes
through a shock, its velocity component nor-

mal to the shock is greatly reduced but its
parallel component remains unchanged.
Thus shocks with large angles of incidence
relative to the flow axis are much more effec-
tive at slowing down the flow than shocks
with small angles of incidence. The critical
angle for transition from regular reflections
to Mach reflections is approximately the
angle that yields a sonic relative velocity for
the gas downstream of the shock.
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Supersonic Jets

SIDE BAR 3

Fig. D, Realistic steady-state structure of an overexpanded

Mach reflections and regular reflections. Since thisisan

A prominent feature of Mach reflections is
the emergence of a dlip discontinuity (dashed
line) from the shock triple point where the
incident shock, reflected shock, and Mach
disk meet, The flow velocity, density, and
temperature are discontinuous across this
contact surface. This dip discontinuity arises
because. the thermodynamic pathway
through the incident and reflected shocks
does not equal the pathway through the Mach
disk.

In Fig. Cl we display two adjacent
streamlines, one on each side of the shock
triple point, and in Fig. C2 we display the
corresponding thermodynamic pathways.

Adjacent fluid elements at some initial
point on either streamline have the same
state variables and the same total (kinetic
plusinternal) specific energy, that is, energy
per unit mass. This quantity is given by
Yy P

l,Z_L -

2 r—1p’
where yis the ratio of the specific heat of the
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overexpanded jet, shocks rather than rarefactions emanate

from the nozze orifice. Shear instabilities create a mixing

fluid at constant pressure to the specific heat
at constant volume.

By Bernoulli’s principle the total specific
energy remains constant along a streamline,
Therefore, when the two adjacent fluid ele-
ments arrive at points 4 and 4' in Fig. Cl
they must still have the same total specific
energy. They must also have the same pres-
sure because they are still adjacent. However,
we see from Fig. C2 that their densities and
entropies are different. The element at point
4 has been shock-heated along a Hugoniot to
ahigher entropy and lower density than the
element that passed through the incident and
reflected shocks along points 2 and 3 to point
4'. The lower density of the fluid element at
point 4 implies that its internal energy
(which is proportiona to P/p) is greater than
that of the fluid element at point 4'.
Bernoulli’s principle then implies that the
fluid element at point 4 must have a cor-
respondingly lower kinetic energy, and hence
flow velocity, than the adjacent element at
point 4'. A dlip discontinuity results from
this difference in flow velocities,

layer that grows until it reaches the beam axis.

Laboratory Supersonic Jets

The jet structures shown in Figs. A, B, and
Care idealizations in that real supersonic jets
do not have sharp, stable boundaries but
turbulent boundaries where jet and ambient
gases mix. Figure D shows a more realistic
steady-state structure for an overexpanded
laboratory jet. Near the orifice, where the
pressure mismatch is large, Mach reflections
occur, but farther downstream the reflections
areregular. The mixing layer, which grows as
a result of Kelvin-Helmholtz (shear) in-
stabilities, progressively eats its way into the
supersonic core of the jet. When the mixing
layer reaches the axis of the jet. the flow is
subsonic and fully turbulent. It is then
susceptible to twisting and bending motions,
like a smokestack plume in a crosswind,

Strictly speaking the wave structures with-
in the supersonic core are not steady since
they are buffeted by the turbulent boundary
layer. However, their average positions,
those in Fig, D, are well defined. m
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