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-
~ more square In iMp., or axe sharply discontinuous, the evolution Is much more complicated. A

strong raj efaction typically occurt, of brief duration and In a narrow region about the axis. During
the rare faction , both the density and ternp.ratlue fail well below the values at pve uIe balance. The
raxefaction Is abrup tly terminated by an inw.rd’propsgatlng shock, followed by multiple density
osclflatioiss , which can form shocks foe strong overpre’sues. Th. dependence of the tOne scales and
strength. of the rarefactions and shocks on the initial overpiessure and profile shape are calculated
and di.cu ed.
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GAS CHANNEL FORMATION: DEPENDENCE OF HYDRODYNAMIC
PHENOMENA ON THE INITIAL RADIAL PRESSURE PRO FILE

ntrc ~.uct ~ :.~

Several .a~~’rato ries have r ecent ~ y studied ~~~~~~ product ion of hot

~-~ce~ ~~~sity - a •r .~~~s in air a:.. other ~a~e~’ t y  ~~.T~se~: ~~rect e~

er er~j s’~ r~es s~~h an — .e~ trcr . ~e~.rs , pu~~ e~ ~&8ers , eiectr icai

~~~~~~~~~ ~~~~ ~‘ x t i ’ t ~~ .z w i r e s .  ~~~~~~~~~ .a~.r.” s  çE ~r s i :~ i~ p r es~~.r e

~~~~~~ :a: .~~~i t.e :. - ‘:c , ~:.~~~~~i 1 y  f r

~~~~~~~~~~~ ~~~~~~. ~~~~~~~~ A:: :‘ ~~~~~~ ~:.~~r’~J - . : - ~ s ~~~t e :  a tcve  ~~~~~~~~~~

~~~~~~~~~ ~~:s~ 1~ r !~t . : : . ~ (‘.- - : ,..s. :) s~~cr par ~’ t~ “,e :i r yr .n~~i -~r

resr or .se t i re  r~~’ th ” he~a ’L# ’~ ~~55. Thus ~~ e h -2r C yr.a~ ic re~~~c-r ,se ~e—

‘:~~ ~r .er.~y ±epcs1t ~ cr. r ro ~~~~z , ~~ : car. be ~reate -~ as a

r e r ~~~ r. i. . ~:.i’ .a . v a . ~e ~rc~~~er~: t :~’ :‘~~:ia .  ~~ t i o~ c f  ‘t:.

~~~~~~ • : . i f r~ — :~~i y  gas .r~ th  a ;iv~ r ~y ir .-ir i : z t . y syimnetr i~ i n it i a ~.

~~~r-~ r~~ ~~~~~ 
-
~~
‘- e .  e — s ~~~i a r  wave w1ut~~c.r,s tc  th~~ prob lem ,

i~ ~~cs e~ f . — ~r we~~~—kncvr , ’ ~~~ -~~~ y fcr  ve rc  L arge Lr.~~t~~a c~v e r—

press~r°s. In the rar~~e ‘ greatest ir . terest . c’:er pre ssure s ranging

t~~ ~~~~~
‘ tine s the ambient pressure . nunerlca. . solutions are re—

i~~ re I ir. ~~~er~L

‘i’. have çrevi~~s .y exs~~ne~~ the hy~rc~yr.a.’~jc~ ~f har.r.eI fcr~ a ti :n

f~~r h~’ spe~~ia ~r~~~’ cf a ~e~~ ett init~a ra~iia e r r r ~ ssur e p rc f ~~ e ,

• t y p i c ~~. ~f t r~i f ’ r — . -~, as heate ~ b:.’ i ze — p i ref . , ~ cr.o — er~er ~~et 1

Now: Manuscript submitted October 6, 1979.
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electron beam.7 The evolution was found to be r~~arkab1y simple in

tha t case , with the central heated region expand ing adiabatically , and

nearly monotonically , until it reaches pressure balance with the sur—

round ing cool gas. The central density dips only about 102 (practi-

cally independen t of the overpressure ) below its value at pressure

balance and then very slowly increases until it returns to pressure

balance. No density oscillations occur during this process. A single

shock propagates outward rad ially, heating the gas it overruns , and

thus moderately reducing the f ina l density in the radial wings of the

channel and broaden ing the wings , but having no effect in the channel

center. Formulas for the final density profile (including shock wave

eff ects ) , and for the t ime evolution , were derived heuristically, and

were found to agree well with numerical solutions of the hyd rodynamic

proble m .

Heat ing profiles differin g significantly from Bennett can result

from several of the pulsed energy sources mentioned above. In parti—

cular , energy depos ition by lasers through clean air breakdown occurs

only when the laser intensity exceeds a sharp threshold ; thus the

central region of the pulse can heat the gas strongly, while the radial

wings do not deposit any energy, lead ing to a nearly square or “top—ha t”

radial profile of gas temperature. 8 In this repor t , we present detailed

numerical studies of the hyd rodynaaic evolution resulting from a va r iety

of radial heating profiles , ranging from Bennett and Gaussian to square.

Our results confirm the qualitative effects stud ied elsewhere8 by

approximat. numerical me thods, but are more extensive and numerically

accurate. We find that heating profiles with a more square shape than

2 
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th~ ~enr.ett profi le ty-picaL.y lead to mu lt lp : t  oscil lat ions ( r inging)

of the ohftr•r.eI ~ier.slty. f the overpressure is strong , these csci~~ a-

~i:r.~ c~u: steeper. i n t o  ~~~~~~~ a~ i one cr nore ~~~~~~ shocks car. over—

:~~~ t::t ch*~n e .  ~:..i re f ~~ .ct -~ ff  the s.xt~~, ~~ a1 - i- :~. tc the t~~itial

.t ,~ci r., shoot .  For t r i e :  p~ric~is ~ur i :~~ tLe s~ osci at~ o~.s , a strong

~~~~~~~~~~~~~~~~~~ ra re fac t 1c~r. wave ~r ive s both the ier.sity ~i:~: the

temper~t~~re o:. the :hr~~.el axis to we~~ be i:v t he i r  ~~~~~ values (when

the ::.tr~.~~ rea~’~ies ~ress- .re balance with tt~e ~~~~ ie~~t p a r ) .  (F o r

:‘;r ~t ~~~~~ ~~~~f ~ le ar.~ ~r .itia :‘:er~r~’~ :-~re factor ~3, the

~~~~re. ~e:. ~ty ~s ~ of ~~~ ~~~~ i~~: :~ r .s I y , uhi e ~ht f i~~a1

~ 

of the i: .~~~~t~~.) m.s , ~r : . c i s ~~ o - i : .~ c o ’~~r mat

~tr’~ t rtt ..~t r v  :t ~: :e f :r  ~r t : ~ t j :~.: w:.~~r’- ~t

:es~ r e : .

:r. ~
‘ect~ -:r. , we rr~~ren t:;e res .~’ ~ of ~re:~ :i ~ ‘i .  •~~ tlcr.s

ver ‘~ t-r:at rar.~” ~f . rtre~ s~.res a.~J r ’~~ia  ~ r -:f ~~~es . ~rri ;as1z~~r~~

t r~e :‘~ e~ ta r . ~ :f ~er.si’y ~~~~~~ shc-ck ohnr~ -’tcr. z~ :o~ , ‘i:.: t i- .ø sca.es

~:;e3e p ar ~useter ~~. T :.~’ ~
-‘

~~~~ ~~ts a r~ i r . t e rT r c t e :  .ec . , i.r~i

t r~’ : r~tr ~~z.’ t i~. se- . — .

:;r ~e~ i:~~~ ~e3U ltS

~e ~~~~ .:e~ ~ or — :l~ er.siona.. ( r~~-~i~~L~ f~~~.i - ‘::e to ~~~ -‘~~~ate

•~~ ‘~ — e cv -: ~t~ :r. of -
~~~~ cha~ r.e. hy~ ro~ynamics f- ”~ ~ variety of

~~~~~~~ s~ r~~~.rths ~~ t ~-r ~ f~ .es. The ~~e , wr.~ ‘h h~~ ~ ~.es~ r~ t~eI

~~~1- •
9’’0 r r ~~ f~ r.~ te-.~~ fference ~~~~~~ ~~ of ~h’~ e~~~tiCns

t 
. ~:r . rer--~r 

-
~~. 

-
~~~ • ~~~~~~~~ ~~ c r ~

:., an F u L”r ~~a~

r r e

~ 
‘.,ri.rs~--r ~~;-~~~h-,, w~i~ h ao’ .rat’~~v reo: ves shocks. AlL

-‘ 3

I

- -

. 
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calculat ions ar.d results are expressed in dimensionless variables ,

• n a , (In)

the r -a l l a  çositi~ :. ~Le~ t -~ the characteristic radius of the heated

pro ft e,

• (:~ )
so

v eL o c i t y sca.le~ to the azt~ieot .-~ts sour.~ speeo ,

t a c t /a . (I c)
SL~

t Ine  g , ~ Le~ to me oc . • ~ transIt tIme , rtr.~

= 
~~~~~~~~~ 

( i d )

a •
0

(:f )

the ierslty , pressure , and temperature, scalei to an~~ient  values. Heat

f . c w  an -i r o i i a t i v e  e~.er~~ t ransfer  ty~~I -ca lv ~~ur or. a ch slower

th an t.’:e hy~ ro-iyr•anI-:  f ’.ow , an.~ ar~ orittei . F~ r convenIenc e ,

we hc the a:~ abatlc ~~~~x ,

y _ ~-

:onstar.’ at

Y — 
~~~~~~~~~ 

(
~

)

rather than e Ir.; the ~eta~~ei eluatl-or. of state :f any partl-:u ar

~aa

øe ~~~‘u~•.tri:e ‘he heot - r.~ p r c f i es as “ ge r •eral i :ei ~er.r.em”

4
I

5
-

- -  ~~~~~~ -- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



— — ~~~
- -.e ~~~-.n  ~—~~- ‘“ ~~~~- r -  - ~~

-
~~

--
~--— - -~~~~

V (7, 
~~~
‘ — 0) - 1 + P (l + ? 0)~~~ (4a)

and “generalized Gaussian” profiles ,

~ (1, T 0) — 1 + P0 exp (— ?‘ “). (4b)

The value n • 2 corresponds to Bennett and Gaussian profiles , in Eqs.

(4a ) and (4b) respectively, and increasing values of n correspond to

squarer p rofiles ; for n -. , both profiles approach step functions

(but the generalized Gaussian profiles approach this limit faster).

The generalized Bennett and Gaussian profiles are illustrated in Figs.

1 and 2 for a wide range of n.

For purposes of comparison with our previous work
6
, we show here

in Fig. 3 the t ime evolution of a deposition with the Bennett profile

with P • 37 ,for early t imes. The density at the center decreases

monotonically and smoothly (the only shock forms at • .8 and runs

outward). Th’a result is typical for the Benne tt distribution

profile where no ringing of the central channel density is observed

and no ingoing shock appears.

The evolution becomes increasingly complex as one considers

initial twperature profiles that are squarer then Bennett, as shown

in Fig. 4, where the time evolution of (? — 0) is plotted for a

series of generalized Gaussian profiles with increasing values of the

index n, all with P0 37. Even for a Gaussian profile (it • 2) ,  there

is a gentle maximum of ~ (?‘ 0, ~t) at 
‘

~~
‘ • 1, and for n 2~ 3, this

max imum clearly corresponds to an inward—propagating shock striking

the axis. The strength of this shock increases for increasing values

S

±1 ----—- - --~~~ ~~~~~- - ~~~~~~~ _ - “_ - —~~~~~~~~~~~~ —~~~~~~~~~~~~~~~~ - -~~-



of n, until (surprisingly) it reaches a max imum at n ~ 10, wi th

densi ty j ump by a factor ~ 7.3, and weakens sligh tly to density jump

~ 4.6 for still sq uarer profiles with n �~ 10. (The fact tha t the

density jump exceed s the max imum Rankine—Hugoniot value , 6, for

• 7/5 , is due to the combined effect of the inward shock and the

subsequent outward shock reflected off the axis.)

For it > ~, the initial pressure profile is sufficient ly square

that no motion occurs at ? — 0 until a well—defined rarefaction wave ,

traveling at the local sound speed , reaches the axis. The density

then falls rapidly, reaching a minimum val ue that is as low as ~

0.06 for P ~. 10, just before the inward shock reaches the a-xis . For

purposes of comparison , adiabatic expansion ~~uld reduce the density

only to ~ • 0.2, for F,, • 10. The dura t ion of the density minimum is

quite short , abou t 5~ ~ 0.1w Also, for  n ~~. 3, a weak but definite

ri nging of the channel occurs subsequently, the amplitud e of which

increases as the heating profile becomes squarer. Such ringing might

possibly have some impact on channel stability and cooling rate.

In Fig. 5, ~ (? • 0,~ ) is plotted , for various overpressures P

f or an essentially square rad ial profile (generalized Gaussian with

n • 50). We see that an initial ingoing shock is well formed over

the entire range of pressure P0. The arrival time on axis is a

function of the overpressure F,, but appear . to be nearly ind epend ent

of the squareness. The strength of the shock and the value of the

density minimum for the preceding rarefaction is strongly dependent

upon the squareness but only weakly dependent on P .  In addition we



see from Fig . 5 as P is increased a second density maximum arises

which eteepens into a shock for P 56.

A series of plots in Fig. 6 of ~(? — 0, t)  for generalized Bennett

profiles with various values of n but at P0 
— 74 shows phenomenology

similar to tha t seen with generalized Gaussian profiles in Fig. 4. We

see here that the second density maximum steepens into a shock for

n

In Fig . 7, we show a series of snapshots at different times of the

instantaneous density profile ~(i), for a generalized Gaussian profile

with n • 50 and P • 74. For the latter case , we note particularly the

pr of i l e ~~~~~
?‘) during the transient density minimum, just before the in—

ward shock arrives on axis. The low density “hole ” on axis is rather

narrow , extend ing only to P z~ 0.3, and its duration is only about

0.1, as the hole is abruptly closed by the incoming shock. The

depth of this minimum depends quite strongly upon the squareness of the

profile (the index n), as seen in Fig. 4, but is quite insensitive to

the initial overpressure as can be seen from Fig. 5. Thus a deep

density channel can be produced , momentari ly,  even by a relatively weak

beam. However , this economy of means might be difficult to use for

practical applications , because of the brevity of its duration and the

precise timing required.

3. Discussion

We have shown previously6 tha t the channel density profile at late

times, when the channel reaches pressure balanc e with the ambient gas ,

is defined by the set of equations

7

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ____________
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temperature gradient ~~~~ to be gentle, and compressions tend not to

steepen into shocks. Smooth radial pressure profiles such as the

Bennett profile have a non—zero initia l t perature gradient except on

axis , and a tempera ture gradient persists during the initial expansion

of the heated region (see Fig . 8). Thus one expects subsequent inward—

pr opagating features to be slow and gentle , as is indeed the case: the

central density decreases smoothly, over a very long t ime scale , to a

val uf slightly below its final value , and ret urns , even more slovly, to

pressure balance. On the other hand, the modified Bennett and Gaussia n

distributions with n ~ 5 have a pronounced f l a t  central region (but no

real corner until n is much larger), which persist. and is conducive to

strong inward propagating rarefactions and shocks at early times (see

F ig. fl . For very square profiles (generalized Gaussian with n ‘lO),the

shock strength decreases slightly. On the other hand , an initial over—

pressure profile in the form of a truncated Bennett profile does

result in an ingoing shoc k and other features typical of a “square”

pr~ file. In Fig. 10, we exhibit the evolution resulti ng from an

initial heating p r o f i l e

l + P  (l+? ~Y’- ’ r~-0

1 ,

with P • 74 , and ? • 0 8 .  Such a profile does not have an initially

flat central region , but does have a d iscontinuity out on the rad ial

wings. However , we see in Fig. t~-nt a V —  ~~~~ ~e ’ra~~re r r —  —

fil e does evolve at a later t ime , due to the rarefac tion wave running

in from the dis ontinui ty, and that th is is followed by the forma t ion

10
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of an ingoing shock. Thus the type of time development discussed in

this paper results from an initial overpressure profile tha t is

• characterized by either a flat central region or a discontinuity at

any point.

4. Su ary

We have concluded that if a gas is heated, by a direc ted energy

source , insta ntaneously on a hydrodynamic time scale , in such a way

that the initial overpressure profile ~~~~~ 
• 0) is either flat—

topped or sharp—edged , then the subsequent expansion will not be

smooth and adiabatic in the central region, as it is for a Bennett

pressure profile .6 Rather , there will be a stro ng rarefaction ,

followed by an inward propagating shock , and subsequent oscillation

or “r inging” of the channel will  occur. There is a transient period ,

just •fore the arrival of the first inward shock, when the central

cha. .~s~l is at low temperature and low density. For square deposition

p rof i l e s , the channel density at late time , when pressur e balance

with the surrounding gas is achieved , is decr eased by the shock

heating to about 802 of wha t it would be for ~d iabatic channel

formation. The strength of the shock depends ma inly on the shape

of the prof ile. The t ime scale for the rarefaction and shock depends

mainly on the strength of the overpressur.. These dependence. are

extensively illustrated in the numerical solutions.

11
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I I
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I

Fig. 4 — The time evolution of ~ (C • 0) for generalized Gaussian heating profiles
with overpressure P0 37. and for vsiious values of the squareness index a. For
clarty, the horizontal axis ii displaced for the vanous curves.
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Fig. 5 — The time evolution of ~~ i r~ 0) for generalized Gauuian heating profiles
with n - 50 (nearly square), and for various values of the overpressure P0. For
cLarity, the horizontal axis ii displaced for the various curves.
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with overpressure P0 - 74 . and for various values of the squareness index n. For
clarity, the horizontal axis is displaced for the various curves.
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