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ABSTRACT. We summarize the results of time-dependent numerical 
hydrodynamical simulations which investigate the behavior of pinching modes 
of the Kelvin-Helmholtz instability In the nonlinear regime. Ordinary mode 
COM> pinch instabilities. important only at Mach numbers of order unity. 
are shown to be disruptive. Reflection mode CAM> pinch lnstabllitles. 

Important in supersonic Jets with parameters of astrophysical interest. are 
shown to be not disruptive. but rather saturate at finite amplitude through 
the formation of oblique · Internal shockwaves. The saturated RM pinch 
Instability consists of a near-periodic train of biconlcal Internal shockwaves 
which propagates with a fraction of the mean flow velocity. Properties of 
the shock system are given for jets of different density ratios and Mach 
numbers. The effect of pinch Instabilities on energy transport in 
extragalactic Jets ts discussed. 

l. INTRODUCTION 

A persistent worry that has existed ~Ince the original proposal of the 
fluid beam hypothesis <Scheuer. 197.4; Blandford & Rees. 1974) to account 

• 
for the structure and energetics of extragalactic radio sources is the 
potential disruption of the •energy-pipe· via Kelvin-Helmholtz c K-H> 
Instabilities. Linear stability analyses performed by many authors c e . g. 
Ferrari et al. 1978. 1981. 1982; Hardee 1979. 1982. 1983; Ray 1981; 
Cohn 1983> have dealt with this issue. and have generally found that a 
variety of modes of the K-H Instability ' have significant growth rates even at 
high Mach numbers. On the basis of linear growth rates. the ordinary 
mode COM> helical Instability and the reflection mode C RM> pinch lnstabllJty 
are potentially the most Important modes for flow modification and Jet 
disruption. However. these processes cannot be addressed by a linear 

I 

analysis. being fundamentally nonlinear. 

In this paper we summarize the results of time-dependent numerical 
hydrodynamical simulations which investigate the behavior of pinching modes 
In the nonlinear regime. OM pinch instabilities, Important only at Mach 
numbers of order unity. are shown to be disruptive. RM pinch instabilities. 

*Visitor. Max-Planck-lnstitut fOr Astrophysik; Alfred P. Sloan Fellow 

150 



Important In supersonic jets with parameters of astr(?physlcal interest <I.e. 
low density ratio, high Mach number>, are shown to be not disruptive. but 
rather saturate at ff nlte amplitude through the formation of oblique Internal 
shockwaves. The saturated RM pinch tnstabttlty • consists of a near-periodic 
train of blconlcal Internal shockwaves which propagates with a fraction of 
the mean flow velocity. The structural and propagation properties of the 
shock system are given for Jets of different beam density ratios and Mach 
numbers. Growth lengths are determined empirically. 

fin ally. the role of pinch Instabilities In extr.aga,actic jets Is discussed. 

The properties of emission knots produced by the RM pinch Instability are 
deduced using simple synchrotron theory arguments. We show how 
measure. .ments of knot ,proper motion can be used' to constrain the local 

• 

flow velocity In pressure - confined supersonic Jets. 

2. LINEAR PINCH INSTABILITIES 

Linear analyses of the K-H instability in supersonic beams distinguish 
between two basic types of pinch <I.e. axisymmetrlc> modes depending 
upon the number of Internal nodes in the radial function of the perturbation 
variables < Ferrari et al'. 1981. Cohn 1983> . The ordinary, or fundamental. 
pinch mode has no Internal nodes, whereas the reflection modes comprise 
an Infinite family parameterized by the number of internal nodes. Reflection 
modes derive their name •from the special property of a -supersonic shear 
surface Investigated by MIies C 1957>. which Is that for certain angles of 
incidence. a plane linear wave will be reflected from the surface with a 
greater amplitude than it had upon incidence. A reflection mode Instability 
requires the existence of two such shear surfaces in close proximity. such 
as In a supersonic beam, between which waves can repeatedly reflect and 
grow to nonlinear amplitude. In this context. the nodes of a particular 
reflection mode can be thought of as the point where Incident and 
reflected waves destructively Interfere. Thus.. whereas the OM Is a purely 
longitudinal mode, the RM posses an additional transverse component . 

• 

This difference In physical character Is accompanied by differences In 
linear growth rates and phase and group velocities, which led Cohn < 1983) 
to conclude that the OM and RM dominate in different regions of the 

density ratio - Mach number parameter space. Defining TJ = Pbeaml Pexternal• 

and M = Vbeam/Cbeam· Cohn ·determined empirically that the AM have 
slgniflcantly larger growth rates In the regime M > 2,,0

-~ This boundary Is 
Indicated In Figure 1 by the upper dashed tine . The black dots Indicate the 
cases we have studied numerically. As can be seen. we have five cases In 
the vicinity of this boundary; two on the OM side. and three on the AM 
side. We can therefore Investigate whether there Is a change In modal 
character In the nonlinear regime upon crossing this boundary. and what 
effect this has on bulk energy transport in supersonic Jets. 
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Fig. l: 
Structure of para­
meter space. 
showing boundaries 
between ordinary · 

mode-. reflection 
mode-.and cocoon­
dominated regions 

< dashed lines> . 
and location in 
parame .rer space of 
numerical experi ·­
ments C black 
dots) • from Cohn 
(1983). and 
Norman et al. 
C 1984). 

Figure 2 illustrates nonlinear pinch Instabilities In the OM-dominated 
regime. The numerical procedure is as follows. At t = O. the jet extends 

across the computational domain O , A/ RJet , l O. O < Z/ RJet < 40, 
flowing from left to right In pressure equlllbrlum with the surrounding gas. 
The lnlttal Jet radius Is resolved with 20 zones . The Jet parameters are ,.., = 

~ • ,i. .... +-

1 o. M = 3. Both jet gas and ambient gas · are assumed to obey the ideal 
gas equation of state with adiabatic Index y = 7 / 5. The Jet Is continuously 
replenished at left. where a numerical Inflow condition has been 
established; the jet exits the domain at right. where a numerical outflow 
condition has bee~ established. A perturbation Is applied to the Jet by 
adjusting the input sound speed so that the Jet flows In with a one percent 
pressure excess. The subsequent evolution of the jet Is computed until a 
quasi-steady state Is reached using the techniques outlined in Norman at 
al. 1983. and described in detail in Norman and Winkler 1984. The lnltlal 
jet boundary Is kept sharp through the use of the LeBlanc Interface tracking 
technique < Norman 1980; Norman apd Winkler. 1984) . 

In laboratory terminology. we are simulating the downstream behavior 
of an almost perfectly expanded Mach 3 cold air Jet exhausting into a 
q~tescent atmosphere. Experimental data exist for these parameters 
< Abramovich 1962) with which our numerical results can be compared. 
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Fig. 2: Nonlinear pinch Instability 
< M=3, n= l O>. Density contour plot. Note 
on jet boundary C dashed lines> . 
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in the OM-dominated regime 
Inward propagation of mixing layer 

Density contours of the flowfleld at · T = tCbeam/Rbeam = 19 are shown 
In Figure 2. The boundary of the Jet appears black bocausa of the 
·superposition bf many contoor 1rnes · at the ·10: 1 ctenslty discontinuity. The 

pinch instability manifests itself as waves on the Jet boundary. which reach 
perceptible amplitude roughly five Jet diameter downstream of the inlet, and 
continue to grow in amplitude further downstream. The effect of the 

tnstablltty Is to create an ever-broadening mixing layer which eats into the 
supersonic core of the jet and spreads the Jet as a whole. Notice that the 
Inward progress of the mixing layer Is governed by long wavelength waves, 
A/AJet _. 1. We measure a mixing angle for the Inner edge of the mixing 

layer < dashed line In Fig. 2> of a = s/2 ~ -0. 02, where s = Radge-R;et· 

T~erefore, at Z ~ 50 Ajet· the mixing layer will reach the axis. whereupon 
the Jet will become fully turbulent. The rate of outward spreading fs more 
dtiflcuft to determine. tiuf ' appears to "·• be roughly ·• three times tne tnwar"'d 

spreading rate. 

Abramovich C 1962) measured supersonic core lengths In various cold 

al,r Jets, and found a value ·ot Rco,e = 60 Rjat for a jet of identical 
parameters. Insofar as supersonic core lengths In pressure- ·matched jets in 

' 
particular are known to be uncertain to 40 to 60% C Shirle and Seu bold 

• • 

1966) - due to the sensitivity of core length on level , of input turbulence 

and precise nozzle geometry - we consider the agreement quite good. A 
• • 

comparison of Mach 1. 5 Jets Is likewise good: the case 11 = 1. M = 1. 5 
I 

described In Norman et al. 1984 (cf. Fig. 10) yields .lcore ~ 20 Rjet· 
whereas Ambramovlch measured a core = 19 Rjet In the· laboratory. We credit 
the good agreement to the conclusion that the Inward progress of the 
mixing layer is governed by long wavelength shear instabilities, which we 

can adequately model, and not by short wavelength instabtlltles, which we 
9s1nn9t adequately model. As the assumption of axlsymmetry limits us to 
studying only' potoldal motions. we conclude that pololdal mixing is the 

dominant mixing process In the first supersonic core-length of the tet. 
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The flow beyond the terminus of the supersonic core Is fully turbulent 
and subsonic < Sh Irle and Seu bold 1966> • and. In effect. dl.srupted. Unless 
kept axial by buoyancy or a preferential gradient. the flow wlll generally not 
preserve. Its lnltfal direction. Thus, the role of nonlinear OM pinch Instabil­
ities In Jets Is one of entrainment. decceleratlon and ultimately disruption, 
through the establishment of a mixing layer on the jet boundary. 

4. KNOT PRODUCTION 

Figure 3 Illustrate~ nonlinear: pinct, instabilities in the RM-dominated 
regime. The numerical procedure is exactly as described In the last 
section. only now the Jet parameters are Tl = 1. M = 3. The only change 
from Figure 2, therefore. is to lower the Jet density by a factor of ten. 
However. the change In flow behavior Is striking . 

• • • f o I o • I .. • 

• 

Fig.-~_;_ Nonlinear pinch Instability in the RM-dominated regime C M=3. T]=l >. 
Density contour plot. Note - undulations of jet boundary < solid lines) and 
Internal and external shockwaves. 

Figure 3 shows density contours of the flow field at T ::: 8. As the 
Jet and ambient gas have equal densities. the contour lines do not reveal 
the position of the Jet boundary; this Is Indicated In the Figure by the solid 
lines. One can see that the Jet boundary ts no longer subject to turnover 
and mixing to the extent of that shown In Figure 2, but rather exhibits a 
finite-amplitude undulation . One can also see the development of oblique 
shockwaves within the Jet. appearing distinctly first at Z/Rjet ~ 11. and 
subsequently growing In strength downstream. We observe the positions of 
shocks and undulations to be , coupled. the entire assemblage moving 
downstream with a substantial fraction of the Jet velocity. In the next section 
we quantify the pattern propagation speed. The pattern propagates 
supersonically with respect to the ambient medium. and hence the 
advancing boundary corrugations drive shocks Into the surrounding gas. A 
schematic of the fully-developed flow structure Is shown tn Figure 4. 
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Fig. 4: Schematic of RM-Induced shockwaves ar1d h1gt1 pressure kr1ots. arld 

definition of quantities appearing in Table · 1. 

The relationship of this nonlinear pinching mode to the linear 
reflection modes Is not entirely clear. although both modes clearly Involve 

the reflection of waves off of the jet boundary to amplify the Instability. 
That both the linear and nonlinear pinch Instabilities change character In 

the same region of the f)-M parameter space is compelling evidence for a 
stron ·g relallonship. '"Insofar as the shockwave system propagates as a 
coherent unit. It may be a nonlinear superposition of reflection modes. and 
not a single reflection mode In the nonlinear regime. Figure 3 shows that 
this Is convective instability. with • the waveform showing considerable 
convective evolution . This further complicates a comparison with linear 

theory. 

We can make the following conclusions concerning the effect of this 
kind of pinch instability on jet energy transport. 

The small amount of mixing at the Jet boundary In Figure 3 implies 
that jet deceleration is mediated primarily by the system of Internal and 
external shockwaves. Since the shockwave pattern moves downstream with a 
substantial fraction of the mean flow velocity and the shockwaves themselves 
are oblique. they decelerate the mean flow relatively little ~ These - facts point 
to the conclusion that pinch Instabilities in the RM-dominated regime are 
not disruptive# as in the OM-dominated regime# but rather gradually 
decelerate the mean flow through the conversion of directed kinetic energy 

Into heat via oblique internal shockwaves. E'xamples of superson le jets 
propagating stably despite extensive arrays of Internal shockwaves are given 
in Norman et al. 1984 .. Smarr et al . 1984. and in the color plates In the 

appendix to this paper. 

As a consequence of the internal shoc~waves produced In the present 
type of pinch Instability. high pressure regions are produced Im med lately 
downstream of the points of shock Intersection . The possibility that these 
regions may be observed as emission knots in astrophysical Jets is 
discussed In Norman et al. 1984.. and In the last section of this paper . 
Here we simply point out that emission knots thus produced would exhibit 
the characteristic spacing and propagation velocity of the underlying shock 
system. It Is therefore important to determine how these quantities depend 
on jet parameters. so that observations of knot spacing and proper motion 
can be used as a probe of the underlying flow. 
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f lg. 5: Pressure contour plots showing shockwave structure in pressure­
matched Jets of varying Mach numbers and density ratios. a> M=3. 11= 1; 
b> M=6. 11=10; c> M=12. 11=10. Note Mach number dependence of 

distance from inlet to the first strong Internal shookwave. 
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5. NONLINEAR PROPERTIES 

Returning to Figure 1. we see that the majority of our data points lie 
below the line M = 211°·~ In the AM-dominated region of parameter space. 
Thl.s Is also likely to be the region of greatest astrophysical relevance. In 
this section we discuss the occurrence and nonlinear properties of pinch 
Instabilities In the AM-dominated regime In order to Investigate their de­
pendence on jet density ratio and Mach number. The calculatlonal data 

base we shall use for this Investigation are the set of propagatf ng Jets 
described and documented In Norman et al. 1983 and In the appendix to 
this paper. 

Of the eleven cases satisfying M > 211°·
3 In Ftgure 1. only seven are 

suitable for our purposes; the Jets with parameters lying below the lower 
dashed line In Figure 1 e><hibit Internal shock structures that are driven by 
perturbations In the surrounding cocoon c.·cocoon-domlnated·, see ,Norman 
et al. 1984). The Jets of the seven remaining cases have essentially no 
cocoons c •naked beam·>. and several exhibit shock structures which are 
ordered c •mode-dominated·>. The parameters of the seven Jets considered 
are listed In Table 1. Snapshots of the flowfields at advanced times are 
presented In the appendix. 

5. l Occurrence and Growth length 

In all but Case 2 and Case l O of Table 1. we find regular arrays of 
blconlcal shockwaves arise In the flow. At Mach 1. 5 the lnstabllllty Is either 
not excited or the shockwaves are too weak to be detected. By Mach 3. 
the shock systems are prominent and extensive <cf. Fig. Sa>. At Mach 6 
we observe that the shock system develops further downstream C cf. Fig. 
Sb). although It Is quite similar ln appearance to the Mach 3 shock system 
once fully developed . Further Increasing the Mach number to 12 shows that 
there Is clearly a Mach number seating of the pinch instability growth 
length. as Internal shockwaves are largely absent In the first 24 Jet diam­
eters downstream of the Inlet C cf. Fig. Sc> . However. when the Jet in Flg-

~J~y ~S~~~st:,~~:~: ~n:r~~:ga!:c~°m::~;.~; •=~~~~~av:: i~o Fi~~=rg:· f~~~:~ 
downstream. 

. . ~ . . . . . . . . . ' . . . . ~ . . . . . . G\.. 
• 

• . . ' . . . . . . . . . . . . . . . . 

b. 

Fig. ~: . Development of RM pinch Instability In a htgh Mach number jet 
< M= 12. 11= 10) . a> Jet boundary. showing undulations; b) pressure contour 
plot. showing shock structure. 
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TABLE 1. Shockwave pattern wavelength and propagation speed 

--- ·------------- ·-------------------- ·-- ---
Case• M 

VP Pk not 
M- -- ---- ... -

cjet Pambient 
comments 

---- ------------------ ~--------- -- -- .. - -------- --· ---- ·-----

2 1 . 5 0. 1 - - -· -· 
3 3 . 0 1. 0 4.8 0.8 0.25 2.2 

4 3 . 0 0. 1 4.8 1 . 4 0. 14 2.6 

5 6 . 0 10. 5.0 1. 0 0.53 2.8 

6 6 . 0 1. 0 5.2 2.5 0.42 3 . 5 
g+ 12.0 10. )9.5 ,2.5 ,o .aa )4. l 

10 12.0 1 . - - -

------------- --- - - ------- -- -

Case numbers according to Table 2. Appendix 
extended domain O < Z , 160. cf. F lg. 6 

- no shock system 
2. well-developed 

shock system 
3. well-developed 

shock system 
3. well - developed 

shock system 
4. boundary effects 
5. convective evolu-

tlon 
- no shock system-

insufficient length 

---- --- ---- -------!' ... _ 

Our numerical results are consistent with a linear scaling of Instability 

growth length with Mach number .t 
9 

: aMDjet with 1 , a < 2. Physically. 
this means that only one or two wave reflections are needed to amplify the 

perturbations applied to the jet at the Inlet to nonlinear amplitude. 

5. 2 Wavelength and pattern speed 

Table l summarizes pattern wavelength Ap and propagation speed VP 

for those cases where the shockwave system Is well-developed. The wave­
length assumes a typical value of Ap/Ajet ~ 5 in the range 3 < M < 6 , 
with a weak Mach number dependence. Case 9 shows coovective evolution 
of the shock pattern wavelength ~~ =< 0 <cf . Fig . 6b). and thus only a 
lower llmlt on 1'.p ts Indicated. 

Normalized pattern velocities Vp/Vjet show positive dependencies on 
density ratio and Mach number. The ~elative Mach number of the jet with 
respect to the pattern M - Vp/Cjet Is al~o tabulated. and accordingly shows 
a negative dependence on density ratio and a positive dependence on Mach 
number. 

5. 3 Knot overpressure 

Typical C not peak) values of knot overpressure Pknotl P •mblent are 
shown In Table 1, and show a positive dependence on the relative Mach 
number defined above . That the dependence is not quadratic could be due 
to shock obliquity. 
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Although Case 6 develops strong Internal shockwaves. a spurious 
wave which Is generated where the bow shock encounters the R = 15 

boundary Impinges on the Jet. and perturbs It considerably. The shock 
system Is likely to have been drJven by this perturbation. or at least 
modified by It . Therefore. the entries in Table 1 under Case 6 are less 

reliable than the others. 

Case 
presumably 
to grow. 

' 

10 does not develop 
because the domain was 

an 

too 

extensive internal 

short to allow the 

6. ASTROPHYSICAL IMPLICATIONS 

shock system. 
pinch- ,Instability 

Kelvtn-Helmholtz . . lnstablllttes couple a supersonic let to Its confining 
medium via mass and momentum exchange. In general, the rate of this 

exchange depends upon the properties of the two media and the nature of 
the excited mode( s) . and governs the efficiency of streamwtse energy 
transport within the Jet. Pinch Instabilities allow a high degree of coupling 

In principle because the wavefronts of all unstable modes are normal to the 
flow direction, thus maximizing the rate of momentum transfer from the jet 
to Its environment. 

We have confirmed the result of Cohn < 1983> that J>lnch lnstabllltles 
chanie character across the boundary glYen by M=2T)o. . Jets satisfying 
M<21') ·

3 
lie In the ordinary mode-dominated regime. and couple to their 

environment primarily via mass exchange In a mixing layer at the Jet 
boundary . Jets satisfying M>21)0 ·

3 lie In the reflection mode- ·dominated 

regime . and couple to their environment via shockwaves. which transfer Jet 
momentum directly without mass e>Cchange. With regard to energy transport, 

OM- dominated Jets are more severly affected than RM-dominated Jets. the 
former being subject to deceleration and disruption via entrainment and 
mixing, while the latter propagate without disruption despite some dissipation 
of directed kinetic energy at Internal shockwaves. 

This bimodal behavior of how pinch Instabilities effect jet kinetic 
energy transport may help explain the correlation between radio power and 
morphological class in extended double radio sources c Fanaroff and RIiey. 
1974>. Assuming that the Integrated radio power of a source Is a measure 
of the kinetic power of the Jet supplying It. then low power sources will 
have Jets In the OM- dominated regime and hllgh power sources will have 
jets in the RM-dominated regime, since the jet kinetic luminosity %.;et ex: 

M311-~. It Is Important to note that virtually all laboratory supersonic jets lie 
In the OM-dominated regime . as they are dense and cold < TJ > 1) and of 
low Mach number c M c; 3. 5) . .As we have seen In Section 3. such Jets 
develop turbulent boundary layers which ultimately consume the supersonic 
core, and become thereafter fully turbulent. Jets powering "relaxed· doubles 
may therefore took like laboratory jets because they are like laboratory Jets 
Insofar as they are fully turbulent. The effects of pressure stratifications In 
the interstellar and Intergalactic medium confining the radio Jet may limit the 
usffulness of laboratory analogies. however. 

As we have seen In Section 4. Internal shockwaves are the distin ­
guishing characteristic of Jets In the RM-dominated regime, provided that 
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the jet length sufficiently exceeds the instability growth length. If RM pinch 
lnstabltltes were the dominant energy dissipation mechanism In high power 
radio ~Jets, then their distinguisblng mor,pt\ologfcal feature would be moving 
emission knots. However. since the Instability growth length scales linearly 
with Mach number. and Jet power scales with the cube of the Mach 
number. the highest power Jets may not produce emission knots. and may 
be effectively invisible. 

Typical knot overpressures are less than an order of magnitude C cf. 
Table 1 > , although knot-lnterknot pressure ratios are considerably greater. 
due to the strong rarefaction zones which precede the Internal shockwaves. 
A factor of ten pressure variation Is common In RM-dominated jets C cf. 
Fig. 10a. Smarr et al. 1984>. which would yield a factor of -10

2 
In radio 

brightness. assuming that the synchrotron emissivity scales with roughly the 
square of the particle energy density < Smith et al. • 1984). 

Knots prop~gate downstream with 10-50% of the Jet speed <cf. Table 
1 > ; measurements of knot proper motion would therefore constrain the Jet 
speed to lie within the range 2 < VJetlVknot , 10. 

Little experimental data exists on Jets In the AM-dominated regime. 
where the Jets which power the edge-brightened radio sources most 
certainly lie . L. Mach < 1897) describes an experiment where he produced 
a supersonic Jet of roughly one centimeter -in diameter . an.d one meter In 
length, the first thirty centimeters of which had no apparent mixing layer. 
The Jers parameters put It just Into the RM regime, which could account 
for the enhanced boundary stability. Experimental verification of the 
reflection mode pinch Instability and the propagating shock system it 
produces would be an extremely Important test of the explanation of radio 
source morphology given above. as well as our emission knot mechanism. 
Begetman. Blandford. and Rees c 1984> review the experimental prospects 
for exploring this low density, high Mach number regime. 

Finally . a Jet propagating In a non-constant and stratified 
atmosphere. such as exists In and around elliptical galaxies. Is subject to 
·parameter evolution•; that ls. the jets Mach number and density ratio are 
no longer constant parameters. but vary as a function of position down the 
jet. This topic Is pursued by Sumi and Smarr In a paper In these 
proceedings. As Sumi and Smarr show. parameter evolution Is relatively 
stow for jets in isothermal atmospheres. which means that a jet Is either In 
the OM or the RM regime along Its entire length. and therefore has the 
corresponding stability and energy transport properties. Jets In cooling-core 
accretion flows. however. are subject to rapid parameter evolution. which 
Sumi and Smarr show is one of Increasing density ratio at approximately 
constant Mach number. The significance of this Is that a Jet with Initial 
parameters in the AM regime w,11 evolve Into the OM regime and . be 
disrupted. Physically, this occurs because the external sound speed Is an 

• 

Increasing function of galactocentrlc distance and the Jet Mach number with 
respect to the confining ambient gas drops below unity. 

Sumi and Smarr propose that the wide-angle tall CWAT) morphology 
Is a consequence of local jet disruption via rapid parameter evolution. with 
the inner collimated jet being In the AM regime and the outer plume·-llke 
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structure being tn the OM regime. If this model proves correct. then 
observations of WAT jet morphology could provide information on the 

distribution of the gaseous envJronment IA which they propagate . Conversely. 
a knowledge of pressure and temperature distributions around galaxies. used 
in conjuctlon with theoretical and numerical Jet models , could provide useful 

constraints on the physical properties of the Jet. 
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APPENDIX: 

Shock structure. strength. and history In pressure-matched supersonic jets. 

In this appendix • . color plates* are presented which display shockwave­

related phenomena in the parameter survey of jets Introduced iri Norman et 
al. 1983 . and discussed In Norman et •al. 1984. Smarr et al . 1984 and 

• 

the present paper : These plates are Intended to compl~te _ the archive 

begun In Norman et al . 1983 c cf. Sect. 3) alsplaylng properties of our Jet 

survey . 

As discussed In Norman et al. 1984. shockwave behavior in 
pressure-matched jets Is sensitive to the two Input parameters of Mach 

' 
number M = VJet/CJet and density ratio T) s Pjetl Pambient· A key factor in 
this sensitivity ts whether or not the Jet builds a cocoon around it as It 

propagates. for a Jet with a cocoon Is a> effectively propagating In a 
medium with different properties than the true ambient medium. and b) 

shockwaves can be driven by motions within 'the cocoon . Plate 1 Illustrates 
the variations In cocoon thickness and extent as density ratio Is · varied by 

three orders of magnitude In four Mach 12 jets ; from top to bottom. the 
' 

density ratios are T) = 1 O. • 1 . • O. 1 • and O. O l . 
• 

The 73 ·colors shown : ··In the color bar -.. at the bottom of Plate 1 ~ are 

ea·ch assigned to a particular value of the gas density such that the highest 
density regions are bright red, the lowest density regions are dark blue. 

and Intermediate values of density , In equal logarithmic Intervals are 
• 

assigned the spectral colors In between . Thus. our color bar spans the 
entire dy~amic range of the physical quantltY .. being - plotted. Since our grid 
has 640 zones along the axis of symmetry . while the color image has only 

• 

512 pixels. the Image slightly underresolves our · solution. • As the calculations 
, j 

are axlsymmetric. the image has been mirrored about the axis • of symmetry 

for ease of visualization. · . . · 
# 

• •· 

' ~ 

The remaining twelve Plates each display a jet of a particular -para-

meter pair . using three different flow visualization techniques • that we find 
useful In studying th~ s,tructure. strength and evolution · of shockwaves In 

' ... 
time - dependent Jets. The format ls· as follows. 

• • 
, • 

• 

·The top frame shows shockwaves and strong compression and 
rarefaction zones that develop In the flow. Operation ally what is done Is to 

assign to each com ·putatlonal zone a color depending on the sign and 
magnitude of the· local divergence of the velocity field ~ -y . Large negative 
divergences pick out shocl<Waves and compression zones. which are colored 

red; large positive divergences pick out expansion zones. which are colored 
blue . Any zone that Is less than 5% of the largest positive .! . Y. in the 
flow . and greater than 5% of the smallest negative .! . Y.. In the flow Is 
colored white . Other parts of the jet/ ambient medium are assigned grey 

tones as follows: black-Jet boundarly <contact discontinuity>, tight grey -
disturbed ambient medium. and dark grey - undisturbed ambient med ium. 

The middle frame Is a seventy-three color representation of the gas 
pressure distribution In the flow. made In precisely the same way as 

described above for the density plots In Plate 1. The color bar Is the same 
as shown In Plate 1 . 

•Reproduced here in black-and -white. For color presentation, see Report MPA 151 of the Max-Planck­
Institut fiir Astrophysik (September 1984), available on request from the authors. 
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Pla te 1. Dependence of cocoon thickness on beam density for fou r Ma ch 12 jets 
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The bottom frame shows the space - time history of the gas pressure 

on the axis of the jet. and Indirectly records a great deal about shock 
dynamics In a propagating jet. The space- ·time "grid" consists of 640 by 

c typically) 300 uniform zones. with the space axis running horizontally O , 

z , 80. and . the time -axis running vertically t1 ._ t , t2 ; t1 and · t2 are 

given In Table 2. Operationally. the procedure Is the same as In the 

middle frame. however here only 15 bins are used between the minimum 

and maximum pressures . To further enhance the high pressure regions. all 

pressure bins below and Including ambient pressure have been assigned the 

grey tones shown In the accompanying color bars. The color bars used in 
conjuctlon with the maximum and minimum pressures and pressure In -

crements given In Table 2 allow one to derive quantitative Information from 

the color figures. such as the mean knot overpressure discussed in Section 

5, above . 

further details on how these plots are physically made. as well as 
an efficient algorithm for generating them are given in Winkler and Norman 

1984. 

CAPTION FOR PLATES 2-· l 3: 

Shock structure. strength. and history in pressure - matched supersonic 

jets . Top frame: composite Jet structure showing shockwaves and strong 

compression zones c bright red) • strong rarefaction zones c dark blue> , jet 
gas < white> . unshocked external gas < dark grey). shocked external gas 

< light grey> • and contact discontinuity C black). Middle frame: false color 

Image of the logarithm of the gas pressure. where maximum pressure is 
red. mi~lmum pressure Is blue, and Intermediate pressures are assigned 

the spectral colors of the color bar Jn Plate l. Bottom frame: false 

color Image of the axial pressure as a function of space c horizontal axis .> 
and time c vertical axis> . Color bar anq Table 2 define the pressure level 

9 ; pressure levels below and Including ambient pressure are given in grey 

tones. See ' text for further information. 

TABLE 2. Physical data for apace-time axial prassure plots In Platea 2-13 

r 
Case M ,, tz p~ln P" - Pn• 1/PJ Comments 

-
1 1. 5 1. 0 10. 187. 2 . 3(-1) 2 . 8 1. 19 substantial entrainment 
2 1 . 5 0 . 1 5 . 120 . 1 . 4(-1) 3 . 2 1. 25 little entrainment 
3 3 . 0 1 . 0 4 . 118 . 1. 7(-2) 4 . 0 1. 47 propagating knots modulated 

by standing osclllatlon ; A/A • 9 . 5 
4 3 . 0 0. 1 1 . 60 . 1 . 5(-2) 7.5 . 1. 56 complex transition to ordered knot 

phase ; t ;l!I 40. 
5 6. 0 10. 2 . 5 80 . 1. 8(-2) 7. 0 1. 52 strong trailing shockwave; knots 
6 6.0 1. 0 2.5 43 . 5 2 . 0( - 2) 1. l < l> 1. 57 knots excited by spurious reflected 

shocl<Wave 
7 8.0 0. l l , 27 . 9. 2(-3) 3. 5<1> 1. 80 cocoon-driven Internal ahocl<Waves; 

ff Ill -2 , 

8 a.o 0.01 1. 28 . 1. 4(-2) 9.2(1) 1.90 ahort-tlmeacale pressure fluctuations 
9 12.0 10. 2 . 38 . 2. 7( - 2) 1. S<l> 1.55 quasl-ba lllstlc jet; scant Internal 

structure despite spurious Impinging 
ahocl<Wave 

10 12. 0 1. 0 1. 25 20. 5. 2(-2) 6. 5( 1 > 1. 67 thin cocoon; shear-wave Induced 
Internal shocks near Jet terminus 

11 12. 0 0. 1 0 . 5 14 . 1. 0(-2) S. 2(2 ) 2. 10 cocoon - dr iven Internal ahockwaves 
12 12. 0 0 . 01 t. 7. 6 l. BC-2> 5. 0( 2) 2. 10 strong pressure variations near 

jet terminus 

•norma l ized by the ambient pressure 
tpressure ratio between color bar levels In apace-time axlal pressure plots 
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Plate 2 . Density Ratio = 1, Mach Number= 1.5 Pl ate 3. Density Ratio = 0. 1, M ach Number = 1.5 
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Plate 4. Den sity Ratio = 1, Mach Number = 3 Plate 5. Dens ity Ra t io = 0. 1, Mach Number = 3 
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Plate 8. Density Ratio = 0.1, Mach Number = 6 Pla te 9. Density Ratio = 0.01, Mach Number = 6 
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Plate 10. Density R ati o= 10 , Ma ch Number = 12 

Plate 11. De ns ity Ra t io = 1, Mach Nu mb er = 12 
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Plate 12. Den sity Ra t io= 0. 1, Mach Num ber= 12 
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