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jntmcluction
j/Le O[)ng /—:Z) gu/em'an gud :bynamicd &perimenf, g\%g/ ;—Z), s a Wicroda 1-

Wmlowa-éade(! ulf[/ify program If/mlf a/zm/a Jimp/e exper'imenfd n gas (!Wmmica to ée per/érmea/
wif/L immec[iafe uiéua/ eealéucé L‘/Laf I23 éolf/z ua/ifafil/e um! u// nantitative. j/u'd rogram was
9 T prog
am'gina//g c[eéignec[ /ér a course, “Wet/wc[:i n Compul‘atiaml/ /9 Ayéicd, " at f/Le Z//m'l/emif% 0/
Winnedota. jlf was f/Len aa/a fea/ or use in moc!i n am[ ltesting new m/tmem'ca/ mef/mcld or gas
% Ying g g

(1 namica/ dimu/afiond, ana/ ina// , it was rea/edi neJ or non-lfec/mica/ dlfu(lenf use. j/Le Juccess
7 ¥ 7
o/f/u':i /aéf rec[edign IZ3 gef to ée eua/ualfec!. /\S)em! your duggedfiond to puu/@/cde.umn.ea/u./ j/ze
numerica/ mef/Loa/, /9/9 W /tAe /Oiecewide—p uraéa/ic Wel%ao//, iméea/a/ea/ n f/u'd program gives
exce//emf icje/if to L‘/Le as c[ namics dimu/uﬁond, do l‘/mf If/Le non—lfec/micu/ user can air/ sa e/

7 g4° 4y 4 7

suppose lf/ze redu/é‘d o/ L‘/Le aimu/alfiond L‘/Lalf are preaenlfe«! lo ée an accurale re/aredenlfalfion o/ w/mlf a
rea/gad, in If/u'd case atir, wou/a[ acl‘ua//y c[o.

isualizing 1- ut w for liguids or gases:
Vissaliing 1D faid floo for iguids or g
&nce we live in 3 Jimendiond, it is per/m/ad a éilf (ZL//L.Cu/t to uiéua/ize a one—z[imen:siona/

//uia/ //ow. Z?uf we u// /mz/e experience o/ rivers. gl/en t/wug/z rivers are L%ree c[imendiona/i it is
/air/ c/ear’ L%af fAe variations in //ow A/Jeea/, water l‘emperature, ana/, say, 5[/% content, mea:iurea/

along If/w nglf/L 0/ a river /L'Ae f/ze WL'M[MZ/J/)L', f/Le Co/oraa/o, or f/Le %/e are more L'm,aarfanlf



ﬂtdua//y/ f/mn f/Le variations we mig/u,‘ %nal L'/ we were lo fuée c[efm'zm/ measurements across L‘/Le
m'l/er,d wia/f/L at any poinlf. jn If/u'é dense, we COM/(! maée a one-a/imendiona/ moa/e/ o/ a river, ana/

/él" many purpoded Lt COI/L/J giue us a compézl‘e/y uc{e%uufe repredenlfafion. %l/el’d are gOOJ examp/e:ﬁ

0/ alopmximafe/y / -;Z) //m'a/ systems, but it is harder to %nd examp/eé %om el/erya/ag experience 0/
1-D gas dynamical systoms.  Vevertholoss, they are not entirely wnfamiliar. _A fute or an
organ pipe is perhaps the most common example.  Hhese instruments involve air confined to move
within a tube with hard walls. e air motion is therefore channoled to tahe place primarily in
the single direction along the longth of the tube. Just as in the case of the viver, and actuallly even
more appropriately, we can charactorize the motions of the air in the tube by measuring the
variations in the air velocity, pressure, and donsity along the longth of the tube. We alll bnow that
signals propagate along thete tubes, and those signals are sound waves, which mahe musical notes

we can /Létll" (lt a c[iélfance.

SAOCL tuéed tO pmcluce ’-$ ?ad %Wﬂ.‘

o[)uéomlfory experimenferd, in an e//@wt to expéwe gas Jynamica/ p/wnomemz, /mt/e c!eue/opec!

L‘ec/mtquea to construct 1-D gas //éu/d. j/zey have done this because these 1-2D gas o/ynamica/
systoms are the simplost to describe theoretically. A typical laboratory setup, which is actually
simulated in the LCSE gas dynamics experiment program, is a shock tube. This is a long thin
tube that contains gas inside.  The portion of the tube that is observed is transparent, so that the
bohavior of the gas inside can bo photographed. Bocause the tube is much longer than its
diamter, and bocauso the viscosity of the gas inside is smalll enough that the disturbances set up by
Piction along the wall of the tube are not important compared to the disturbances that propagate
along the longth of the tube, we can consider this shock tube as a good approximation of « 1-2D
systom. This 1-2D charactor of the gas flow inside the tube means that, essentially, the state of
the gas varies onlly along the length of the tube, and not across its diametor.

j/Le A/LOCA l‘uée IZ] t/m:s /L'ée a éLg //ufe or organ /QL'/)e maa/e 0/ frand/om'enf mafem'a/i /iée
p/exig/aéd. j/u'd pipe s maa/e very Jfrong, éecaude, un/iée wilf/z f/Le mudica/ instruments, we wi//
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not é/ow 50%,‘/7 into f/LL'd /JL'/)e near one emzl. jrwteaa/, we may c/woée to é/ow Afmng/y enoug/L inlo

tALJ L‘uée, one wag or anolf/wr, 30 t/Lat t/Le preadure /m/ée L%alf Ifraueé (l/Ol’Lg tée L‘uée s as dfr'ong asd

L‘/w J/Locé /éom an expémion. M/e mig/zl‘ aéo é/ow dl‘rong/é/ into a dlwc/z Ifuée 0 Zf/mf L‘/Lg ueZ)cilfy 0/

e gas inside exceeds the speed of sound. 5 mi allow us lo invesligale the behavior of objecls
the gas inside exceeds the speed of sound. This might allow s to investigate the boh bject
in Supersonic /K?éf W/mlf oé/ecfd //y f/Lid /adf? Some uircraﬁ, dpace ./SAL./?:?, una/, 0/ course,
Afaeezling éu/ézlfd. /.?ul‘ If/Le:ie uses o/ 5/LOC/<‘ Ifuéed exp/oilf L‘/Le aéi/ilfy o/ If/w Ifuée to create a um'/érm
gas /Z)w in one (lirecfion, éul‘ L‘/Leg L‘/um éreaé f/ze / —23 nature o/ L‘/Lalf //ow ég in:serfing an oédfac/e
into f/ze //ow. j/ze uﬁ‘imal‘e measurements in 5uc/L app/ical‘ioné o/ A/LOCA fuéed are Q—:b or 3—5,25
in characler, so we witl nol discuss them here.

haract W not discuss them h

jﬁe ‘;tate i o/a gas in a /—:b /%w:

What is the “state” of the gas in our shock tube? his is dotormined fundamentally by 3
variables: the density, denoted by the Greek symbol tho (), the pressure, p, and the velocity,
w, along the longth of the tube. These are all familiar quantitios from cveryday lfe, although we
are more accustomed to stating the tomperature of the air around us than its pressure. Cuen though
we hnow what the density of air is, conceptually, the nearly incompressible bohavior of air in
cveryday experience does not present many occasions in which we care to hnow the precise density of

L‘/Le atr aroum[ us. ﬂoweueiﬂ, i/ we were lo 5ca/e a /Lig/t mountain or to pi/of a/'ef aircrafl, we

wou/c[ éegin to care aéouf lf/w z[endify 0/ l‘/w acr. jn our J/Locé lfuée, lf/w Jendilfg o/ L‘/w acr /arw[ it

I%] incl/eec[ acr f/mf 3 india’e our 5/LOCL tuée/ wi// vary. j/wde variations can even Ae /ar’ge. jﬁe
reason /or If/LL'd JZ§ anf we are Aimu/ufing a :i/wcé L‘uée, a cjew'ce n w/LL'c/L /m’ge c/mnged in air

/91"85514}"8 can Ae dl/if)/?Ol"teJ, Jo If/mf d/LOCA waves can /aropagalfe. \S)/LOCA waves are d(/t(!(jeﬂ

compreaaiond o/ a gas L‘/Lul‘ propugafe /L’Ae :ioumj dignaés. Wéen /ireworéd ex,a/éa/e on L‘/Le 4% o/
Ju/g or al L‘/w &ute jair, L‘/w :ma[Jen exp&diom denz[ out JILOCé waves in a// (Zireclfiond, w/u'c/L we
/Lear as f/w céurucl‘eriﬁﬁc éun 3. j/wde are doun(/{ u/deé, raf/wr' L%an continuous :iouna/ uiérafiané,
g P
/iée If/ze conltinuous noles douna/ea/ é a /ul‘e. SAOCAJ L.I’LUOZ/Q mucA /ar' er pressure c/wm es l‘/mn
y ger p g

5inging or Ifa/éing, ana/ L%ey are aZio Jlfrong enoug/t to compress L‘/Le atr 30 If/mf its c[endil‘y c/mnge:i

Mer; guicle /ér t/Le chg /-23 gu/er[un gué lynamiﬁd &periment /Qrogram
9/9/01



Aigm'/icanf/y. j/u'é I2] w/Ly t/w U(Z/I/te 0/ fAe Jendity in our :S/LOCA I,‘uée (s r'e/)orfea/ éy f/Le o[)CSE

gas a/ynamicd experimenf program, gﬁg / ;b, on its %)rm ana/ s a/iép/ayezj in one o/ its 4
pé)ﬂiﬂg winclow:s.

&ectﬁiw al -$ gas a/ynamica/ exloeriment in g_/ds 1 %:

Within the contest of 5/43 12D, a single gas dynamics exporiment is specified by means
of the state of the gas in the shock tube at the initial time (always defined as time 0) and by the
behavior that is desired at the boundaries of the soction of the tube that will be displayed by
GAS1D. This tube soction always bogins at the loft at location x=0 and ends at the right
at location x=1.  Thus the longth of the displuyed section of our shock tube is always wnity.
Dont worry that this shock tube longth measures one unit but that unit (contimotors, inches, foet,
metors, miles, light yoars) is not specified. It turns out that the bohavior of the gas in our tube
will be the same regardless of which units we wse for its length, so long as some specific conditions
apply.  One such condition, relovant at the moment, is that the viscosity of the air in the tube
showld not affoct its motion.  his means that friction with the walls must be wnimportant.
Uhderstandably, this requires that the diameter of the tube showld be substantial fi.c. not 1 micron
or something like that). his in burn means that the length of our tube showld not be 1 inch, but 1
eter would be fuo, and 1 milly e could build such a shock tabe, would be dundy,

\Sjoecia/ unils o/ measurement udec[ in g_/dg !/ %:

The GAS1D program performs its computations in a special internal sot of units.
Becawse of the nature of gas dynamical fluid fow, it is possible for us to rescale the resulls
prosented by GAS1D to armive at valid predictions for real world experiments, showld we desire
to do s0. However, for exploring 1-2D gas dynamical phenomena with GC_AS12D, it is rarely
necessary to porform such conversions of the internal units used by the program; we need onlly to
wndorstand what they mean. First, as we have alveady stated, the longth of the section of the tube
in which resulls are computed for us by the program is abways 1. _A natural unit of time is the

Mer; guicle /ér t/Le chg /-23 gu/er[un gué lynamicd &periment /Qrogram
9/9/01



inferua/ re%uirec! /or a Aouna/ :Signa/ to traverse our section o/ f/Le Alwcé fuée. j) c[efermine If/u':i
time inl‘erua/i o/ course, we neez[ to énow f/ze douna/ d/yeea/ n L‘/Le lfuée. j/ten f/w time inlfem/a/ IZ] /'udf
f/ze émgf/z o/ L‘/L@ Ifuée, 1, (11:(/1:(126! ég Zf/Le average 5/aeez1 o/ éoww[ in L‘/w l‘uée. _/41f preéenlf,
gjg / 23 alaeé not use L‘/Lg average dpeea/ o/ dal/mal n L%e fuée to compute f/u'd time [nteruaz
nslead, il uses the sound speed al the lefl-mostl end of the tube, which is a lillle easier Lo oblain.
Instoad, it wses the sound speed at the loft-most ond of the tube, which is a little casier to obt

What determines the sound speed? In your 1-D gas flow, G ASID allows you to
prescribe values for the gas donsity, pressure, and velocity at seloctod locations along the shock
tube. e values you pich for the density and pressure will dotermine the sound speed, ¢, via the
formula %= 1.4 p/p . Ubu noed not be concomed with this formula. Vo only need to bnow
that if the ratio of your pressure and donsity values is near 1, then you will have sound spoeds
around 1. G ASID doos this arithmetic for you. Vevertheloss, it is conveniont to hnow that
a pressure of) 1 and a donsity of 1.4 prescribed at the lefl-hand end of your tube will resull in a
sound speed of 1 there, and hence a sound traversal time of 1. The reason that a sound
traversal time of your shock tube is important is that this is the time that it will take for signals to
propagate across the system, and therefore it tends to be the time it tabes for something significant

to /m/apen n your experimenf.

&ect/qing Aow /ong to run your exloeriment:

When you specily a longth of time over which to observe your gas flow experiment, you
express it in Lorms of the sound traversal time intervals just discussod. Uow entor that number in the
text box to the Lofl of the label "Time Uhits to Roun” on the upper right portion of the G_AS12D
form. GAS1D computes how long this is and stops your experiment at the appropriate time.
Als your experiment runs, plots of the density, pressure, and velocity distributions will be displuyed

at L'nlfem/aé L‘/Lalf you c[efer'mine éy enl‘ering f/ze numéer o/ duc/L p/ofcs you want in eac/L doum[
crossing time infer'z/a/ in L‘/Lg fext éox to L‘/w /eﬁ o/ L‘/w /aée/ 79 /ofd / jme Umf " in f/Le upper m'g/Lf

porﬁon o/ If/w g_/dgfib /orm. M/e wi// c!idcu:ié t/u':s gr‘a/)/u'cu/ ouf/auf more in a momenl.

jimlf, /ef; a/iacudé /ww you set up L‘/Le inifiu/dfafe o/lf/w gas in your d/wcé Ifuée.
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‘743 Operaﬁon 0/ téﬂ ?/{/imlowd grapéica/ Mer j nterﬁce to tAE p rogram

you start up If/w g%gfib program éy Jouéée c/ic/zing on its execufaé/e /L’/ﬁ;, w/u'c/z i3
ca//ec[ gjglib.exe anJ can ée c[own/oav[ez[%om f/Le OZ)CSZI /I/{/eé site ég /I:I"ét going to f/Le
U%of www./ede.umn.ea/u/wminar, /ocutin fAid iée n f/Le i/e /L':if, i /Lf c/icéin on it, ana/
7 7 7
Ae/ecﬁng f/Le o,ah'on “Auue /éné as " /éom f/Le pop-up menu f/mlf appears /af /eadf Wilf/L f/Le Welfdca/oe
M/eé ér’owaem . U on start-up, you wi// irst ée rom Ifec[ or your name. j ou sim / ress
P Py prompled for 4 you simply p

‘Z]nfer, ’ If/Len you wi// ée uddignec[ f/ze z[e/au& name: ,/4//4'24 5 Wewmun. jf i3 imporfanf,
/wweuer, to du/ap/y your name at f/Lié /arompf, since it wi// ée udeﬁ[ n generaf[ng a a/e/au%f l‘ifgz /ér

your gas cl/gnamicd experimenf, w/u'c/z wi// /Le/;’) to ia/enhé it i/ you céoode to save your redu/%:i /ad
/md éeen alone /or f/Le e,mmp/ed Aere/ in a WO/@ :Z) Jocumenf /ér /orinﬁng or /o;ﬂ Aena/ing via gl—

mai/fa gOI/tl" co//aéorafor or L‘o your L.I’Ldfl"thfOi".

Once you dupp/y your name, you are /weéenlfezl wif/z a grap/zica/ user infer/ace ﬂw “ngy
w/u'c/L a//éwd you to compose a /aar'l‘icu/m' gas a/gnamicd experimenl‘ to per/orm. Z?g c[e/au/é‘, you are
/ﬂ’edem‘ec[ M/L'L‘/L a dfana/m'J lest /waé/em, a//det una/ reuJy to go. j/u':i fest /Jroé/em I2] We/Zénown n
L‘/Le :m/m// communilfg o/ app/ie(l mal%emalficiand w/w Jedign numerica/ melf/wc[d /ér gas a/ynamica/
éimu/afiond on compulfem. jlf 5 a gooc/ i//udfrafion o/ f/Le éu[/é‘-in /éafureé o/ I%e ng j/w
winc[ou/ WAL'C/L you see on your screen I2] c[u/o/icafea/ on f/Le next page. jn l%e /é//owing fexf, we wi//
e,r/a/ain f/Le various duéwimz/ow:i, /aéeéi, am! éul‘f(md anf appear on f/Lié M/L'mlowé /érm.

jﬁe p&ﬂing wino[owd:

Woéi nolficeaé/e on f/ze orm are f/ze 4 Juéwina/owd f/mt are udea/ or a,/id /a n f/ze redu/%d 0
playing
your gas alynamicd experimenf. geneal‘/z eac/L wina/ow 5 a /aée/ ia/enfiéing L‘/Le uariaé/e If/mlf wi//
ée pg)lfl‘ecl n l‘/w u/ina/ow. jor exampgz, L‘/Le upper rig/u‘ winc/ow d/wu/d a /)/Z)lf o/ f/ze pressure. jjo
f/w Zz 1 anc! rL /Lf o f/w /aée/ ‘79 ressure ’ are text éoxed n W/LI:CA f/Le minimum anc[ maxitmum ua/ued
9

0/ té,e /Jreddm’e, reé/oecﬁl/e/éi, are ?L.I/BI’L t/l,ﬂt COV"BépO}’LJ tO tAB éol‘fam ana/ tO/_’) 0/ t/Le /.7}"255[/”"6 566{/2
JL.J /ﬂ, ea/. 1 Jee t/Le ucfua/ l/tl/bte o an ressure U(l/l/te IZ/OI’I, If/ze AOI"L.ZOl’Lfd/ exlfenf o If/u:i
Py 1P 7
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w_ LCSE 1-D Eulerian Gamma-Law Gas Dynamics Experiment, courtesy of Paul Woodward, University of Minnes:
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Density -49.9895 Pressure 1049.9995 ¢

Velocity EXIE Density B Grayscale Space-Time

Rhol =1.0, PL=1000.0, UxL =00 XJumpL=0.1, RhoM=1.0Ud=00 Gamma=14, 99/2001 6:47:37PM
RheR=1.0, PR=100.0, UxR=00 XJumpR=09 PM=10000 UyM=00  TStop=0040089, Alired E. Newman

e

winalow, /'udl‘ p/ace l%e cursor at tAaf /Lorizonfa/ /Jodifion wif/u'n f/Le wina/ow ano[ c/icé f/w é/é moude
éuﬁon. j/w re:m/f o/ aloing f/u'é 5 Aéown alirecf/y ée/ou/ If/w /)icfm'e o/ f/Le im'ﬁa/ dcreen /on f/ze
ollowing page/. n unfilled square (s drawn a e localion on lhe pressure curve where you
following page). A unfilled s drawn at the bocation on the p here y
c icéec[, anc[ at l‘/w upper éz/& on f/Le /orm f/w numerica/ ua/ueé are given %)V L‘/L@ Jendil‘% pressure,
ana/ ue/iwil‘g o/ f/w gas at f/mf g)cafion. j/um you can see L‘/ml‘ f/ze pressure ua/ue n f/w /ow—
pressure area n f/Le miclcl/e o/f/LiA Je/au%‘ pmé/em :ietu/) 5 acﬁm//?; 0.0/, a /uclf f/mt wou/cl /Lawe
éeen near/ im oddié/e to zlelfermine vom fust L‘/Le minimum ana/ maximum pressures /L’dlfet! n lf/Le lext
y imp / P
éoxe:s éeé:w t/Lé ressure Alf wil‘/wuf an accurale measurin a/euice anc[ some care u/ urilf/Lmefic.
pressure p g

gacA 0/ L‘/w 3 p/ot:i, /aée/ea/ ‘:benéit% " ‘predéur'e, " omc[ Wl/e/ocifg, ’ on L%L'd %)rm are
infemlea/ to giue you a %uicé ana/ %ua/ifaﬁ(/e L'a/ea o/ t/w alidlfriéuﬁond o/ f/wde (/ariué/ed wif/L
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w_LCSE 1-D Eulerian Gamma-Law Gas Dynamics Experiment, courtesy of Paul Woodward, University of Minnesota,

Density -49 9895 Pressure 1049 9995 [

Velocity m Density B Grayscale Space-Time

Rhol =1.0, PL=1000.0, UxL =00 XJumpL=01, RhoM=10UxM=00 Gamma=14, 9/9/2001 &:47:37 PM
RhoR PR=1000 UxR=00 XlumpR=09 PM=10000 UyM=00  TStop =0.0400 Alfred E. Newman

e

distance, the horizontal axis in each plot, in your gas dynamics experiment.  heso plots are not
intonded to be highly quantitative.  Mowever, the G_AS1D GUI can presont you with
highly quantitative information casily upon demand. 15y clicking the loft mowse button with the
curson positioned at any horizontal bocation within any of the 4 plotting windows on this form, you
will got a precise read-out of the appropriate numerical values.

jﬁe ‘;e/écteJ i grl.'J ce//:

_/4401/3 f/Le text éoxed n f/Le upper /e/é‘ porfion 0/ L‘/Le /ar'm, wéwe L%ede precise uu/ued are
given, i3 anof/wr lext éox M//Lic/L IZ] /aée/ea/ “W \S)eéchea/. ’ jn If/u':i lext éox appears f/Le gm'a/ ce//

numéer o/ your deézclfez! ce/z jn lf/Le examp/é A/Lown aéoue, your deéchal ce// 2] L‘/Le one you c/toée
ég c/icéing n t/Lé p/oflfing winc[ow. jlf I2] gm'c! ce// numéer 137. jl‘d /wm'zonfa/ /ocafion u/ong
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your J/LOCA fuée is not gil/en, éulf you can /L'gm'e it out %ﬂom t/u':s gm’cl ce//numéer i/you /L'Ae. ﬂere
it is imporfunf to énou/ a éil‘ aéoulf /LOW If/Le dimu/afion program acfua//é; wor/w. jlf arlfi/icia//y
(lil/iJeé I%e section o/ I%e d/wcé l‘uée into a numéar o/ zmgl% inlferuaé, ca/ézc[ gm'J ce/é /or /'u:if
ce//é/, W/LL.CA eac/L Aaue e%ua/ /engl% along fAe fuée. jAe numéer' o/ 5uc/L ce//é udecj n f/w
compulfalfion 5 Alwwn n %e fext éox /uée/ea/ “% gmcl Ce/éj 0 at fAe very fo,a /eﬁ on f/Le
gjg / :b %rm. jn L%e exampéz J/LOWVL, If/u':s numéer Ifaéea its a/e/au/é‘ ua/ue of 200.

j/w program per/érmé a /mﬂge numéer o/ compulfalfiond on eac/L gm'c{ ce//i uding a[afa /é’om
L‘/Lalf ce// anfl its neig/Léom'ng ce//é at an inilfia/ time ézue/ to upclalfe l‘/w stale /i.e. l‘/uz Jendil‘y,

pressure, ana/ l/e/ocifg/ a/f/w gas n f/w ce//fa a new time /euez _/4//7014 neec[ to Lnow aéouf l%i:i
process i3 f/Laf If/ze more gm'a/ ce//é you /mue, f/Le more accurafe/g fAe program wi// dimu/ulfe reu/ gas

éeéauior. j/zi:s A/LOM/(! Ae prel‘fg oéuioua. Wéaf is not so oél/ioud (s f/ml‘ L‘/Le amount of time it

L‘aéed lf/w compufer to run your expem'menlf wi// fenc! to increase wif/L l‘/w square o/ f/Le numéer o/
m'a/ ce//é ou c/wade to use. M/Lt/L fAe a/e au/% z/a/ue of 200 ce//é, our experiment A/Lou/a/ run ver
Vi A ¥ P Y

/adlf. Wf/L 2000 C@/Zi, you wi//gef éeauﬁ/u/i c/ear redu/fd, éut your experimenf wi//faée a /iﬂ/e
time. So you COM/(! Jo exp/oral‘ory experimenlfé wilf/L, say, 200 gria/ ce//é, amj u//Len you /éna/ an
experimenf L‘/Lalf ex/u'éif:s Jome inferedfing ée/muior, you cou/c{ run it care/u//y wif/L 800 or 2000

gric[ ce//é.

&th’ny up your initia/ stale:

Maw /el‘; l‘a/é a éil‘ aéouf /ww you can sel up your own gas a/%namicé e)(/oerimenf uding

GAS1D. Of course, you could specify the gas state in cvery one of your grid colls, but this
would take an enomous amount of time. The dofuulk problom for which the initial state is
displaged in the screen snap shots given above, is dofined by the values of the gas state in just 6
grid colls. These arve the special colll that are indicated by the solid boxes drawn on the density,
pressure, and ue/acify /)/ofd. That there are 6 o/ these :i/)eciu/ colls is most eau‘/g seen on the
pressure plot. The special coll numbers are 1, 20, 21, 180, 181, and 200. Uou could set up
this same problom by entoring these numbers successively in the "W Selocted” text bor, which has

Mer; guicle /ér t/Le chg /-23 gu/er[un gué lynamiﬁd &periment /Qrogram
9/9/01
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. LCSE 1-D Eulerian Gamma-Law Gas Dynamics Experiment, courtesy of Paul Woodward, University of Minnesota, 6/
200 | ™ KN |
i DR W ¥ 15 Time units o Run
Write
| oo NENNSNNES | sew B 5 [N [SSCIDERSISRN
Courant
50.0000 [ ’— I

x

MHZmMzT COO00

Density -49 9895 Pressure 1049 9995 [

Velocity EXI Density B Grayscale Space-Time

Rhol =1.0, PL=1000.0, UxL =00 XJumpL=01, RhoM=1.0 UxM=00 Gamma=14, 9/9/2001 9:27:14 PM
RhoR PR=1000 UxR=00 XlumpR=09 PM=10000 UyM=00  TStop =0.0400 Alfred E. Newman

e

f/Le e//éct 0/ 5el‘f£ng L‘/Le 5e/ectec[ ce// numéw’ to tA(lt z/u/ue /a/f/wug/L f/u'é ce// s not t/Lel/L
immea/ialfe/y “de/ecfea/, 0 since you must c/icé on If/w “\S)e/ecf " éuﬁon at If/Le Ifop o/ If/w /o;ﬂm to a/o
L%aly. Once L‘/Le de/ecl‘eal ce// numéer (s Jpeci/iez! n f/LiA way, you may enter any Jedirea/ ua/ued into

e “:bendif% 0 79 ressure, i tZI’L(Z “u/ocily i fext éoxed to Jeéignal‘e f/w state you want f/w gas to
/Lal/e n f/u'd Ae/ecfea/ ce// WILBI’L you are daﬁd/éea/ wit/L f/wde state z/a/ued, you can c/icé on fﬁe
éuﬁon /uée/ec[ “\Sye/ecf 0 near f/Le top o If/Le orm. j/u'é wi// resel fAe state (/a/ued n f/Le ce// ou

% y

c/w:se, cma/ it wi// aZio reset If/Lem Aelfween If/u'é ce// am! L‘/Le nearest dpecia/ﬁ preuiou:i/éf 5eéecl‘etl ce//

on eil%er dizle o/ your curvent deécﬁon.

ofet; élww Aaw l%id waréd é C/Loa:iin ce// 100 ana/ setting its pressure ana/ a/enéit to L‘/Lg
7 7 7 2P 7
Uu/ued 50 aml 0.1, red/)ecﬁue/y, ana/ ég t/wn C/L'céing on f/w de/ect éuﬂon. %ﬁe# If/LL':i aclion, If/Le

7//52;4; guicle /ér t/Le l@gg /-23 gu/er[uﬂ guﬁ lynamicd &periment /Orogram
9/9/01
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w_ LCSE 1-D Eulerian Gamma-Law Gas Dynamics Experiment, courtesy of Paul wWoodward, University of Minnesota,

' Setu
e N
ECE ) IS e

wHZMz COO00O2

I f’— ’—
m T

Density | 105 | | -49.9895 | Pressure

| -1.87083 | Velocity m Density B Grayscale Space-Time

RhoL 1.0, PL=1000.0, UxL=00 XL=00, XJump=01, Gamma=1.49/9/2001 9:37.14 PM
RhoR PR=00 UxR=00 XR TStop =0.040089,  Alfred E. Newman

=

stale o/ f/w gas s as :i/wwn n f/Le screen snap élwf on f/Le /w'el/[aué page. jn éetween eac/L A/Jecia/
ce// f/ml,‘ /md éeen 0//565@//7 “Ae/eclfecl 0 gjg / :Z) /md compulfec[ [ntermeclimfe stales éy /ineur
inlfer/ao/afion. j/mlf (s, eacé state l/am'aééz - a/enaify, pressure, ana/ l/e/ocify - varies a/ong a
5Ifra£g/Lf /ine éelfween Zf/Le ua/ued at f/ze d/aecia/ poinf:i. %ow ézf ’5 use L‘/Lid %zal‘ure o/ g_/dg / :Z) to
sel up a /Jm'ficu/ar/éf dimpéz experimenf. 7/{/2 /L'Mf want to c/em' L‘/w /wel/iaud/g Aeézctea’ gria/ ce/éi.
j/u'é I2] eudi/y alone é% C/L'céing on If/Le ‘%eéef " éuﬁon at f/Le If0/9 o/ L‘/ze /orm. /\ﬂ/ we wuntecj to
c/ear on/él dpeci/ic :ie/ecfe(l ce/éi, we cou/c[ go to eac/t éucé ce// in turn ana/ lf/wn c/ic/z on L‘/Le
‘:bede/ecf 0 éul‘fon./ ,/4/%3? c/[céing %e:ielf, our /orm /ooéé as J/Lown on I%ié page.

Our c/icéing on L‘/Le /é esel éul‘fan Aad e/iminul‘ec[ a// f/te Im'euioud/éf Ae/ecfea/ gm'a/ ce//é, exce/af
%)r f/Le ones al eac/L ena/ o/ f/ze :i/LOCA fuée gm’cj. W/Lat remains (5 a stale in W/Lic/L f/Le a/endity s

7//52;4; guicle /ér t/Le l@gg /-23 gu/er[uﬂ guﬁ lynamicd &periment /Orogram
9/9/01



12

w_ LCSE 1-D Eulerian Gamma-Law Gas Dynamics Experiment, courtesy of Paul Woodward, University of Minnes:

—— - —
O —

O f ’—
O 1

H

wHZMz COO00O2

Density 5 71846 92 98995 Pressure

-10 3478 Velocity 18.74494 [1=0.04012 Density !I Grayscale Space-Time

RhoL 1.0, PL=10000, UxL=00 XL=00 XJump=01, Gamma=1.49/9/2001 9:37:14 PM
RheR =00, PR=00 UxR=00 XR=10  TStop=0.040089,  Alfred E. Newman

x

ever w/Lere / t/ze ue/oc[f s ever w/zere 0 una/ t/w ressure varies u/on a strai /Lt /L';w ram,
Y ’ 7 Y ’ P v 7 P

from a value of 1000 at the left-hand end of the shoch tube to a value of 100 at the right-
/Lana/ ena/. ﬂow L%e gas wi// red,oona/ to If/u':i inilfia/ pressure ramp z[epena/:i upon u//Laf /Lap/)end at
e boundaries of our shock lube. efaull, each end of our shock lube is a reflecling wall.
the boundaries of our shock tube. By doficll, cach ond of our shock tube s a reflcting wall
5 means tha e end o e lube s sealed, and no gas can enler or escape. (5 5 called a
W/ that the end of the tub led, and no 4 t po. This is called
re//ecﬁng wu//i éecaude, i/f/Le wa// J2S /Lam!, Aouml waves wi//re//eclf M/Aen f/wy dfm'ée i. M/e can

dee If/LL':i éeéauio# éy éimp/y running our experimenf. j} alo L%L'd, we éimp/éf c/ic/z on If/ze éig, green
éuﬁon /aée/ea[ ‘%egin. ’

_/4/éw momenf:i /afer', our screen /0045 ﬁée t/LB JI’L(l/_’) JAOt on tALd Inage. M/e CAOAQ /iﬂ t/LL5
casde éy a/e/au/f/ tO run our e,r/aerimenf /él" /5 JOM,I’LL[ Ifrauerda/ hme inlfem/aé. gecaude f/Le

7//52;4; guicle /ér t/Le 0[)6575 /-23 gu/er[uﬂ gué lynamicd &periment /Orogram
9/9/01
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pressure was s0 high, a value of 1000, at the lefthand end of our shock tube, this reguest
resulled in our experiment boing halled at a time of 0.04, which is displayed near the lower
contor of the G_AS1D form. In the 3 plotting windows we have been discussing, we can seo
the density, pressure, and velocity distributions with longth along the tibe at the end of our
oxporiment.  he density and pressure ave much higher on the right than on the b, which is the
natural resull of our initial pressure ramp. e high pressures in the loft-hand end of our shock
tube have pressed the gas up against the right-hand reflecting wall. _Although the density was
initially uniform in our tube, at the end off our exporiment it is much larger at the right-hand end of
the tubo.  Mhis mahes sense. The pressure is abso higher at the right, which indicates that perhaps
oll is not over in this flow, and we should expect the gas to sbosh back and forth within the shock
tube for some time.

We chose to run our experiment for 1.5 sound traversall intorvals, and it is protty cloar that
this is about the time that has elapsed. We can soe this by inspecting the grayscale plot in the
bottom right plotting window on the GC_AS1D form. Beneath this plotting window is the labol
Grayscale Space-Time.” The "Grayscale part of this indicates that the display in the window

I%] /7"06{14626[ in various d/mc[eé o/ gray. W/L[lfe re/aredenlfd L‘/Lg Aig/zedl‘ ua/ue in f/u'd /a/of, um:[ é/ucé
re/aredenfd f/w é)u/eéf one. jf 5 a dpace—fime /o/of, Aecauée L‘/Le uerﬁca/ axcs r'e/w'edenfd time. j/w

Aorizomfa/ axis, as in t/w olf/Ler p/oﬁing Wimlowd on If/w /orm, repredenfd nglf/z along our JAOCA fuée.
j/Le uerlfica/ axis r’epre:ienfd time, dlfarfing al If/w éolflfom al f/Le inilfia/ time, time O, ana/ emjing at
f/w fop at lf/Le /ina/fime, time 0.04.

jAe graydca/e t/a/ueé p/affea/ n L‘/L[ﬁ winc[ou/ r'e/areéenf L‘/w a/endify 0/ L‘/w gas n f/Le d/wcé tuée.

M/e can jSee l%id rom f/Le /aée/ ée/ow f/w wina/ow on f/w /e t t/mt says ‘ZZ)endif . " j/u'd /aée/
¥ 7

appears n a /L':if on. /_?7 c/[céing on f/w arrows al fAe m'gAf n If/LL':i /idf éox, we can céange f/ze

Aeéchion o/ If/Le l/ariué/e to ,%t in f/Lid graydca/e :i/aace-lfime winc[ow. j/ /ér exam/o/e, we want to

pé)i fAe pressure, we neea{ on/éf to go c{own one item in l‘/w /i:slf anc/ l‘/um to c/icé once wif/L L‘/Le /eﬁ
mouse éuh‘on inéia’e f/w /L'Af éax. j/u'd causes t/ze p/of to ée re/oainl‘ea/ /wil% pressure l/a/ueé/. j/

Mer; guicle /ér t/Le chg /-23 gu/er[un gué lynamiﬁd &periment /Qrogram
9/9/01
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w_ LCSE 1-D Eulerian Gamma-Law Gas Dynamics Experiment, courtesy of Paul Woodward, University of Minnesota, 8,/26/01

20 ]

N I

| 0.686271 | <4 Nl ’7 ’7

I ’7 E—
R foss

F
B

wHZMz COO00O2

| 1000 | Pressure 1221.95703[l=0.0256  [I-TPNSTIN !I Grayscale Space-Time

Rhol =1.0, PL=1000.0, UxlL =00 XL=00 XJump=01, Gamma=149/9/2001 9:37:14 PM
RheR =00, PR=00 UxR=00 XR=10  TStop=0.040089,  Alfred E. Newman

Fest1 JiFesta fifesta Jifests WM Teots | Festo fiFest7 fiFestn

we now c/wode any purficu/ar /aoinf wilf/u'n L‘/Lg grugdca/e pé}f wina/ou/ uno{ c/icé once on i, L‘/Lg time

/eue/ we /Laue c/wéen ég t/w Uerﬁca/ podiﬁon 0/ f/w cursor in t/ze gragdcu/e p/of I%] :Se/eclfea/, am! f/Le

L[endilfy, pressure, ana/ t/e/ocilfy /a/olfé are rezlruwn wilf/z If/ze zlalfa appropriafe to t/u'd time in L%e course

0/ our experimenlf. [)77 c/woding a Aorizonl‘a/ poéilfion in f/ze gruydcaéz p/of to c/ic/z on, we /wwe
de/ecfea/ a /oarﬁcu/ar gm'a/ ce//i w/Lic/L 3 f/zen [na[icafea/ n eac/L /o/ot Ag an un/i//ea/ éox, uno{ %)r

W/l[C/L (lefm'/ea/ Uu/ued 0/ f/w gm’c! ce// numéer, a/enéity, pressure, unc[ Ue/ocify are giuen in f/Le
L‘exlféoxed at f/Le L‘op /e%f on If/w g]./d\s) / :Z) /ér‘m. juélf fr'g f/Lid a /éw times. j f/ziné you wi// see
L‘/Lalf it is a very power/u/ L‘ec/mi%ue to acguainl‘ 7014/-59// wif/L alefaié o/ f/ze el/o/ufion o/ your

ex,)erimenf.

Mer; gm},{e /or t/Le o[)C\S?g /-:Z) gu/eriun Guﬁ :Z}ynamicd &pem’ment /ngram
9/9/01
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jﬂ, /aclf, wif/L a éilf o/experience, you dlzou/a/ ée ué/e lo g/eun most o/l,‘/u':i L'n/ormaﬁon aéoulf
L%e time /Lidforg o/ your experimenf /éom l‘/w gragdca/e épace-fime Jié/?/ay. ./45 zmg as you are
concenlfr'ufing on f/u'é wimlow, you mig/Lf as we// maée g_/dg / :b c[r'aw it éigger. 570 clo f/Lid,
M'mp/y aloué/e c/icé anyw/wre in:iia/e L%L':i wina’ow. _/4/%% c[oing f/LL'A, your g_/dg / ;Z> /érm
Alwu/c{ /ooé /L'Ae f/Le snap A/wf on t/w preuiom page. j/w ém’g/tf 5/901,‘ at If/ze /ower /e%f Alwwd f/w
/Lig/L pressure on If/LiA ena/ o/ L%e L‘uée at If/te inilfia/ instant. j/wre s a very c/ear', érig/u‘ a/iagona/
/ine n L‘/Lg /9%)1,‘ I%al‘ /oiné f/u':i dpolf wif/z a ém'g/n‘ 5/90f at lf/ze miala[/e m'g/Lf. j/u'é maréd L‘/L@ time
wAerL L‘/L@ gas /Lad d/od/LeJ muxima//y to If/w m'gAl‘, pro:[ucing a /Lig/L pressure on If/ml‘ em! o/ If/ze Ifuée.
jAer'e I2] anol‘/wr c[iu OI’LLl/ éri /Lt /L'ne L‘/Luf /eaofd rom f/u'd spol al f/Le mia’a’/e re /Lt fowarc[ f/Le
g g p g
mia/a//e Ifop o/ f/Le Apace—fime /a/of. j/Lid 5 a pressure wave mouing éucé fowumj f/Le Zz/é—/mna/ ena/
o/ If/w Ifuée. you can a/éo see a d/mrp ea/ge o/ If/u':i érig/df region on If/ze I"L'?/Lt n If/Le p/i)f If/ml‘
appears to /Laue /ormea/ aéouf a f/Lirc/ toa /La// o/ f/w way I%mug/z f/Lid e)(/aerimenf. j/u'd s a 5/Locé
wave. jf corres ana/5 to a :mc[c[en increasde in f/w as pressure ana/ a/enéif . jf I2] c/ear/ movin
p gas p Y y moving
/éom f/Le m'g/Lf to fAe Zz/é f/moug/z f/Le gas ﬂ'ememéer If/mlf time increases as we go up n f/u'd pg)lf/
M/e adéetl to dlfolo If/u'd exper’imenf a/é‘er 1.5 Aouna/ :n'gna/ L‘rauemaé o/ lf/te /engf/L o/ L‘/Le Ifuée, ana/
it is c/ear rom l‘/w ém' Alf cliu ona/ riﬂ[ es in f/w Z)f, L‘/ml‘ trace l‘/w rogress o f/w main pressure
ght diag 9 P prog P
wave, f/mt l%id IZ] /u:if aéaut f/w amount o/ time f/mt Aud inc[eea/ e/a/adea/.

g/ you clich once inside the graydca/e plot window, your a/idp/uy will return to the original 4
separate plots.  In this displey mode, you have another method availeble for reviewing the time
history of your experiment. Ubu can play a movie of your exporiment by using the verticall scroll
bar in the contor of the G ASIZD form. o get this scroll bar activated, just clich on the
indicator bar showing the time lovel that is presontly displuyed in the 3 plotting windows.
Aliernatively, you may activate the scroll bar by cliching on cither of the arrows at the ends of the
bar. Once activatod, you may play back the states of the gas in the shock tube during the courso

o/ your experimenf. j/me stales o/ l‘/w gas /wwe éeen dforeo[ n your compulfer; memory. jAe
parficu/ar dlforea/ stale numéer' L%at 2] Inredenl‘/y Il)/oﬁea/ I2] a/id/a/agea/ aéal/e l%e fa/o 0/ f/Le l/erﬁca/

Mer; guicle /ér t/Le chg /-23 gu/er[un gué lynamiﬁd &periment /Qrogram
9/9/01
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wm. LCSE 1-D Eulerian Gamma-Law Gas Dynamics Experiment, courtesy of Paul Woodward, University of Minnesota, 8/

[ 200 |
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1 I f = ,—
] I -0 m e

F

wHZmMI COOo0=

Density 5 71846 92 98995 Pressure 1256 709570

—

-10 3478 Velocity 18.74494 =0.02014 [ =TT =) !I Grayscale Space-Time

Rhol =1 0_ PL=1000.0, UxL=00, XL=00, XJump=0.1, Gamma=1.49/9/2001 9:37:14 PM
RhoR =0 PR=00, UxR=00 XR= TStop = 089,  Alired E. Newman

scroll bar in a small toxt box there. Because (by defuutl) you reguested that your experiment be run
Jor 1.5 sound traversal times of the shock tube, and because (again by dofuull) you requested that
400 states be stored for cach traversal time intervall, you have stored a series off 600 states egualll
spaced over the time history of your experiment.  Mhis is enough states to play back as guite
smooth movie. o play the movie, you can just use the arow hoys on your computor. Holding

eil‘/wr a/f/wm JOW!’L causes tAe movie tD Pé‘t%, /orwarc] or éucéwarc], as /adf as %01/1,}" mac/u'ne can 6[0
té/e re?uir‘ea//)/olfﬁng. s/dd 70[/“" movie /)/tlgd, t/ze numéer 0/ eﬂ,C/L Alfor'ea/ :Slfalfe 0/ t/w gﬂ/.’i (ZVLLJ t/ze
fime O/fA(lt 5lfalfe are z[idp/ayea/ in té/e fexlf éoxed aéoue (lI’L(?[ éez)w té/e uerlfica/dcro//éar.

j/ you are éorecl wif/L f/Li:i experimenf am{ want to set up anfl run anol‘/wr, /'udf c/icé on f/ze
éig, rea/ ‘% estart ’ éuﬁon at f/w fa/o m'g/Lf 0/ f/w g_/dg / 25 %)r’m. j/w a,/iéln/ag wi// immec[iate/y
/'ump éucé to If/Le inilfia/ state 0/ f/Le experimenlf /'udf per/ormeJ. Wow f/mf you /Lal/e preddea/ f/ze

Mer; gm}le /ér t/Le cfcgg /-23 gu/er[uﬂ Guﬁ lynamicd &periment /Orogram
9/9/01
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w. LCSE 1-D Eulerian Gamma-Law Gas Dynamics Experiment, courtesy of Paul Woodward, University of Minnesota, 8
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-1.87083 Velocity KL X Pressure !I Grayscale Space-Time

Rhol =1.0, PL=1000.0, UxlL =00 XL=00 XJump=01, Gamma=149/9/2001 9:37:14 PM
RheR =00, PR=00 UxR=00 XR=10  TStop=0.040089,  Alfred E. Newman

/éedfarl‘ éuh‘on, deuera/ o L‘/Le of/wr éul‘fand on f/ze orm can ée acl‘iual‘ea/ to /Le/ ou set up a new
Py %

ex,aerimenf to alo. you can alo a very :n'm/)/e one in w/u'c/z you puf f/Le éu/é o/f/w auaié‘té/e gas n

L%e d/wcé L‘uée on L%e /eﬁ—/mnz[ dic[e, wilf/L a near vacuum on L‘/Le rig/tlf. you can a/o If/u'd ég

inl‘roc[ucing /'u:ilf two new deézclfefl gm’c[ ce//é. Z/ou can c/wode a ce// to 5e/ecf éy c/icéing at f/w

o/eéir'ea/ /wrizonl‘a/ /ocaﬁan in any o L‘/Lg /off[n winalawd on f/w orm. _/d/é‘em’mﬁue/ , you can
y plotting 4y

c/icé on a a/edirea/ /ocation in f/Le /wm'zonta/ Acm// ém" to f/Le rig/Lf 0/ t/w “W \Sye/eclfecl " /aée/i am!

L%en poéifion If/Le dcro// éur /ine/éf uding L‘/Le arrow /eegd unlfi/ If/ze m'g/Llf l/a/ue appears n If/Le “W

\S;e/ecfec{ ’ lext éox. j/w most precise way to c/wode a poinf to deécf, /ér L‘/wde w/Lo /iée Ifg/ying, I%]
dimpé to enter f/ze gm'o/ ce// numéer into l%e “W &/ectea/ " lext éox.

Mer; gm}le /ér t/Le cfcgg /-23 gu/er[uﬂ Guﬁ lynamicd &periment /Orogram
9/9/01
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w. LCSE 1-D Eulerian Gamma-Law Gas Dynamics Experiment, courtesy of Paul Woodward, University of Minnesot.
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-1.87083 Velocity 187083 =00  [EITTNSSTIS B Grayscale Space-Time

RhoL =1.0, PL=1000.0, UxL=00 XL=00, XJump=05  Gamma=1.49/9/2001 11:45:13PM
BheR =0.01, PR=001, UxR=00 XR=10 TSlop=0040082,  Alfred E. Newman

j/ you enter Zf/Le ua/ue 100 /ér L‘/L@ gric[ ce//fa deézclf, arw[ i/ you c/wo:se to set f/Le Jendil‘y o/
tAL.:i ce// o 1, fAe pressure to 1000, zmal f/w ue/acil‘y to O ana/ c/[cé on f/w “\Sje/ecf i éul‘fan,
L‘/Len your %)rm alwu/cl ZJOA /iée t/te snap A/mf on If/w prem’oud page. your newty de/eclfea/ dpecia/
ce// (s inc[icalfea/ éy If/w ,4/4;6/ éox on eac/L o/ your 3 p/ofd. Wow you can /'uélf use If/w arrow éulflfon
on L‘/Le W&/eciea] /wm'zonl‘a/ 5cr0// ém’, or /'u:ilf moc[i/y your enfrg n f/w W\S;e/ecfe(! fext éox, to
c/wode L‘/Le aaé'acenl‘ ce// on l‘/ze rig/u‘, ce// numéw 101, to ée/ecf. jar tAL.d ce//i you can sel fAe
density to 0.01, the pressure to 0.01, and the velocity to 0, then click on the Seloct button.
jina//y, you can sel If/zeée same ua/ued /ér f/Le 5pecia/ﬁ a reaz[y de/ecfezj ce// at L‘/Le r[gélf—éam! ena/

o/ Zf/w AAOCA L‘uée, ce// numéar 200. _/4l‘ If/u':s poinf you are reac[y to run your new experimenlf, am{
your g_/dg / iZ) /orm Alwu/o{ /ooé /iée f/w snap élwf on L%i:i page.

Mer; gm}le /ér t/Le cfcgg /-23 gu/er[uﬂ Guﬁ lynamicd &periment /Orogram
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wm. LCSE 1-D Eulerian Gamma-Law Gas Dynamics Experiment, courtesy of Paul Woodward, University of Minnesota, 8/26,/01

a0 y—

o fem—— T}

P

I f ,7
T Wl |

wHZmMI COOo0=

| 001 | Density | 10001 [l=00115 [EIYSENY, B Grayscale Space-Time
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BheR =0.01, PR=001, UxR=00 XR=10 TSlop=0040082,  Alfred E. Newman

jor f/LiJ experiment, it mi AL‘ Ae un to run wif/z a /ar er numéer 0 m'ﬁ[ ce/éi, do L‘/mf we gel
P 7 7 Vi V]
rea//g cr'i:f/), we/ZredoZ/ea/ reéuéé. you can c/mnge l‘/Le gm'a/ redo/ution éy entering a new numéer o/

gm'a/ ce/éf into If/Le fext on /aée/ea/ “% gric! Ce/és 0 at f/Le Ifop /eﬁ on M,e gjglib %rm. W/Lg
/oo/ arouna/? WAg not enter I%e numéer 800, so0 If/Le gm’a/ wi// ée r'ea//y /ine? j/u'd wi// not

change the appearance of your form much now, but its appearance wiltl be difforent later, since oll
the plots will be bottor. fBefore we launch this now experiment, it might be a good idea to save its
state, s0 that we can come back to it instantly in the future without having to go through all the
stops documented here.  his is casy to do. Vou onlly need to click on the “White Sotup” button
noar the top conter of your form. Ubu will be prompted for a file name to save this information in
on your cam/miem hard dish. j/m is a c/addtc mcmao t ma/om save / / " pop-up u/ma/ow,
and it has all the foatures that these windows do in Wherosoft WORD. Pick a file name, and

Mer; gm},{e Ar t/Le OZ)CS(T /-:Z) gu/eriun guﬁ lynamt‘cd &pem’ment /Qro?ram
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nm/igm‘e to f/ze cledirea/ a,/irecfor% ana/ f/Le L'n/ormaﬁon wi// ée Aauea/. jn f/Le /ulfm'e, you can reac[
L%L'd in/érmafion éacé éy c/icéing on lf/Le “/éeaa/ \SDeL‘u/o ’ éulflfon, L‘/Len nauigalfing to lf/u':i zlireclfory

anc[ ée/ecfing f/Lid %é WILen l‘/w %é I%] reaJ, a// f/w 5efu/9 in/érmuﬁon wi// imme([iafe/g ée
redforec[, una/ you wi// again ée a// set to run f/u'é parﬁcu/ar e)(/oer'imenf.

So w/ty clor/f you run f/Le experimenf now? j/ you a/o, If/ze reduﬁ‘ wi// /ooé /L'Ae If/w snap Alwf
on f/ze /9!"8(/[0145 page, w/wre If/Le (Zendilfy Aa:i éeen 5e/ecfea/ /ér If/Le gragdca/e /)/Z)lf, ana/ lf/mlf p/of /Laé
éeen a[r'awn /arge. j/wre are some intricate wave re//ecﬁond am! interactions L‘/ml‘ /Lappen at lf/ze
rig/ﬂ‘—/mna] enJ o/ lf/w A/Locé L‘uée a%fer I%e /L'le J/LOCL wave 5L‘r-iéed, éul‘ f/wde are /'uéf Jefaiés.
Wadf/ , L%e gas /uél‘ e)(/aana/d into l%e near/y empfg parfian o/ f/Le 5/wcé l‘uée, rea/ucing l%e a/enéif%
at f/Le /e/&, amz/ L%en o/ course L‘/Le pressure ém’/(ld up at f/Le rig/uf em[ o/ f/Le fuée, Aecaude o/ If/w
resistance o/ If/w re/éecﬁng u/a// L‘/Lere, cma/ L‘/Le gas 5%)5/Led éacé Ifowara/ L‘/Le éﬁ, Wl:t/t a d/wcé %ﬂonf
maréing f/ze ézac[ing eo[ge o/ I%e ac[uancing gas. ,/41f f/Le /ar rig/LL‘ n I%e dlwcé fuée, I%ere s a f/w'n
/ager 0/ é%uadéea/ gas. j/u'd s fée gas anf was origina//y occu/aying f/Le nemﬂ/y euacuatea’ po#fion
o/ f/Le AA,OCA Ifuée. jf /mé If/Le dame pressure as fAe gas /urlf/ter to f/Le /e%f, éuf it is /eM clen:ie.

j/zié i3 éecaude it is very /Lolf, /mt/ing éeen If/woug/L duc/z traumatic compredaion in mu!é‘i/a/e d/wcé
waves. guf o/ course f/Lid is /'udf a c[elfai/

Cﬁanging tAa ée/wwiar at tAe éouna/aried ﬂé,e emé/ o/ té,e dLocL tuée:

e behavior you jusl observed will change dramalica if you change the behavior a e
The bohavior you just observed will change dramatically if you change the bohavior at th
ends o e shock lube. (s behavior al the ends o e lube (s referred lo rofessionals as the
ds of the shock tube.  This bohavior at the ends of the tub dto by p ls as th
‘Zoumlm'y conJiﬁond ’ /or f/LL.d gas a/ynumicd /oroé/em. you cannot C/mnge f/Le éauna/a;ﬂy cona/[fioné
/ér a running proé/ém in lf/ze mialdf o/ its et/o/ufion. j/wre/ém you must /irdlf c/icé on L‘/Le /éedfarf
ullon, in order lo relurn to the inilial lime and lo sel up a new experiment. ow click on the sma
butt dor to veturn to the initial time and to set up poriment. Vow clich on the small
‘%clryd ’ éul‘fan al fAe L‘op center o/ f/w gjs / :b %}rm. jn a pop-up wina/ow, you are prom/afec[
/éw tAe éouna/m’y cona/ih'on l‘yloe o/ fAe 4ﬁ—éanJ éauna/ar'y o/ L‘/Le AAoc/z I,‘uée. you are “remina/ea/ ’
If/mf a I/a/ue 0/4 wi//giue /aem'ocjic éoum[ary conJiﬁond /w/u'c/z we wi//a/iécudd /alfer/, a ua/ue of 1
wi// giue a re//eclfing u/a// al f/w /eﬁf—/mn(l em! o/ If/ze Ifuée, ana/ a l/a/ue o/ 2 wi// giue a

Mer; guicle /ér t/Le chg /-23 gu/er[un gué lynamicd &periment /Qrogram
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w_ LCSE 1-D Eulerian Gamma-Law Gas Dynamics Experiment, courtesy of Paul Woodward, University of Minnesota, 8,/26/01
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est [esta Riresis Jircois W esis Jiesco Rives: Jirescs

‘;onfinuafian éauno[ary ’ f/wr'e. Juéf %)r /un, tW)e 2 in f/u'd [n/out éax, /or a conlinuation
éouna/ur on t/ze /e 4, unJ f/um type 1 for a re /ecﬁn éoumz/ar al f/Le i /Lf.
7 /d 7 7 7

Ubu can see what differonce this continuation boundary on the loff will make by running this
wow experiment.  he resull is shown in the snap shot on this page. It looks lihe the previous
vesull, excopt that there is no cloar signal reflocted from the lofl-hand boundary. Y you pllay back
the movie of this experiment, you will see that once the rarefaction wave reaches the loft-hand end
of the shock tube, it simply passes right on. Vo signal is reflocted. The rarofaction simply passes
on up the shock tube into a region whose behavior we do not simulute. he way that this bohavior
is achioved, tochnicalll, is that the GC_AS1D program always sots the state of the gas to the lofl
of the lofl-hand boundary of our section of the shock tube to be exactly the same as the gas state

Mer; gm},{e /or t/Le o[)C\S?g /-:Z) gu/eriun Guﬁ :Z}ynamicd &pem’ment /ngram
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w_ LCSE 1-D Eulerian Gamma-Law Gas Dynamics Experiment, courtesy of Paul Woodward, University of Minnesota, 8,/26/01
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RheR =001, PR=001, UxR=00 XR=10  TStop =0.040089, Alfred E. Newman

Fest1 JiFesta fifesta Jifests WM Teots | Festo fiFest7 fiFestn

vight at the lofi-hand ond of our soction.  Thus, no signals can enter our section through this
boundary that contain information diffforent from that which is alveady there. his is actually
rather complicated thing. A technical dotail. Ubu do not need to undorstand it fand there are
quite a fow professionals who don t understand it, s0 you should not feel bad if you are puzelod).

So much for the continuation boundary. What about the periodic boundary conditions,
which you can soloct by cliching again on the Restart button and then cliching on the fdnys
button? Why not just do this? When the input box pops up, just type in 4 for your boundary
type seloction. Then clich on Bogin to run the experiment. Ubur resulk should look like the snap

5/Lof on I%L'd page. jlf (s ?m'fe aﬁ/%zmmf rom i/w of/Ler two. j/u'd time Aigna/é emanale
immea/iafe/y %om éOt/L f/Le zz/% aml f/Le rig/tf éouna/am'e:i. j/w gas //ou/ L‘/ml‘ we get I2] L‘/w same as

Mer; gm},{e /or L‘/Le o[)C\S?g /-:Z) é;lériun Guﬁ :Z}/l/namicd &pem’ment /ngram
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we M/Obt/{,! /mue L/OI/H" section o/ If/te J/LOCA l‘uée were re/o/icafecl an L'n/énilfe numéer 0/ times on eac/L
éiale. j/mf i3, f/w gas state to f/w /eﬁ o/ If/Le /eﬁ-/mm[ emj o/ If/w Ifuée s ic[emfica/ to f/ze gas state
to If/w Zz/& o/ l‘/uz rigAf—AancZ erw[ o/ L‘/L@ L‘uée. j/tué f/wre 2] inil‘ia//y a /mge /'Wn/a n pressure tlI’L(Z
c[en:iifg at euc/L ena/ o/ our :i/wcé fuée as we// as in ils mia/a//é. jt s eu[o/enl‘ ﬂam f/Le dpace—ﬁ'me
la/of o/ If/w Jendilfy f/mf euc/z time a Aigna/ zml/ed our section o/ If/ze JAOCA fuée If/wougA If/ze m'g/Lf—

/Lana/ éounz[ar S If/te i(!enlfica/ 5L na/ enters our section o lf/ze L‘uée L‘/Lrou /L its /e If—/mm[ éoumjar .
¥ 7 9 A
_S’tuinng Jinu:ioiJa/ daun&[ wave ,oropagation witA, g_/dg 1 25.-

/9 em'oalic éouna/m'y cona/ilfiorw are most common/g udea/ to :Slf//ta/y f/Le ée/uwior 0/ /Qem'oa/ic waves.

aamp/ed 0//98/’1:0(!56 waves are walfer waves on a /aée, Z«?/Lt waves, or 5OMI’LJ waves propagafing in

air. Hhe GASIZD program is instrumented s0 that you can study periodic sound wave
propagation in air. Uou can do this by cliching on the Restart button (or by restarting the
program from the beginning by double cliching on its executable Flo) and then by clicking on the
Sound Wave button near the wpper center of the G_ASTD form.  The lust exporiment that
we performed showed the time development of a dfurwling wave in our shock tube. Mhis was a
special hind of standing wave. It bogan with o “square” waveform and its initial amplitude was
huge, resulling in the formation of mulliple shock fronts

M//Len you c/ic/e on lf/ze “\S)ouna/ Waue ’ éuffon, If/w g]./d\g/:b program wi//inilfia/ize /Z)r
you Jinuéoic[u/dounﬂ[ wave c![dl‘uréanced %7? you to dfuc/y. j/wée wou/c! ée very a,/i//icu/é to set up
éy manua//y 5/906[/%[”? gas states in inaliuia/ua/gr'ic[ ce//é. jnéteaal, g_/dglib prom/oté you /ér
If/w uml)/[fucled /w/u'c/L can ée /aodiﬁue or negaﬁue/ 0/ f/w Jinudoia/a/ a/idlfuréanced you want to
inifia/ize %)r doum! waves Ifraue/ing to f/ze rig/zlf /you are prompfe«! /ér f/w amp/ifm!e o/ L‘/Le “/é +
/éiemann invariant 0 Jialfuréance/, %)r 5oun¢! waves L‘raue/ing to If/ze /eﬁ @ou are prompl‘ezj %)r f/Le
ump/ifuc!e o/ f/w “/é- %emann invariant 0 c[idfm‘éunce/, una/ /ér dinuéoiala/ c[idl‘uréunceé f/mt move
along w[t/L t/LB gas / you are /oromplfec[ /or I,‘/Le amp/il‘ua/e o/ L‘/Lg enlfra/oy or I,‘/Le ‘% 0 /éiemann
invariant ’ a/idlfuréance/. jor u// f/Le:ie ex,oerimenfd, iniﬁa/izecl in If/u':i /a:ﬁ/u'on uding If/le “\Syouml
Waue ’ éulffon, L‘/Le douna/ :yoeec[ at L‘/Le /ézﬁ-/mmj enz! o/ our section o/ lf/Le d/wcé fuée (s

Mer; guicle /ér t/Le chg /-23 gu/er[un gué lynamicd &periment /Qrogram
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w_LCSE 1-D Eulerian Gamma-Law Gas Dynamics Experiment, courtesy of Paul Woodward, University of Minneso
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-

aufomaﬁca//g def t0 a l/d/l/te o / jALJ means tAtlt a :ima/Zamp/ifua/e JOI/U’LJ wave M/L// fr'auerée

our Porﬁon o/ f/Le JAOCA fuée, f/mlf is, it wi///)m/?agulfe /ér one wa{/e/englf/L a/own M,e J/LOCA L‘uée, in
one unit of time. j/u'd is a convenienl convenlion. jor L%L'd convention, a dlfrong douna/ wave /mo

an amp/[lfua[e o /, anc[a weaé 5OI/tI’LL! wave /L(ld an um/a/ifua[e dma//comparec! fo / jALJ (s aéso

COI’L[/@I’LL.QI’Lt or our 5tl/£6[% 0/50MJ’LJ wave /’)PO/J(ngtL.OI’L.

§/45 a /é:l”.’jt tedf, WA% I’LOt :Sef I/f,/? an L.JO/ﬂ/tBJ) "L.gAtM/ﬂJ"J WLOUL.I’Lg 50MVLJ wave o/ému//amp/iﬁu[e,
say, with amplitude 0.0017 Just click on the Sound Wave button, and enter 0.001 for the

/é + %emunn invariant 5igna/ amp/ilfua[e, enter O for l‘/uz amp/ilfuc[ed 0/ f/Le /é— anc[ /é 0
/éiemarm invariant dignué, ana/ enter O for L‘/Le average gas ueé)c[ty at L‘/w /ina/ /orompf. j/md

we ex,aecf to see our sine-wave digna/dimp/y move to f/Le rig/Lf a/own f/Le fuée al an average Ue/ocilfg

7//52;4; guicle /ér t/Le l@gg /-23 é’u/er[uﬂ Guﬁ lynamicd &periment /Orogram
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w_ LCSE 1-D Eulerian Gamma-Law Gas Dynamics Experiment, courtesy of Paul Woodward, University of Mir
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-

0/ / f/wougA a gas WAL'CA s, on average, at rest in our 5éoc/z fuée. Cﬂcé on l%e degin éul‘fan to
run If/u':s experimenf. §/4f If/Le ena/ o/ f/Le ex,aerimemf, your Screen Alwu/a/ /ooé /L'Ae If/ze snap A/Lol,‘ on

L‘/Le pret/io us page.

Ubur scroen books o little difforent than before, because for these oxperiments, GC_AS1D
automaticallly plots the individual sound wave signals instead of the state variables density,
prossure, and volocity.  his makes it easior to seo what happens to your waves as they propagate.
I the upper loft-hand plotting window, the rightward-moving sound wave signal, the so-called
Kiomann invariant, R+, is shown. Vote that it is still a nearly perfoct sine wave, afer moving
vightward along the shock tube for 1.5  wavelongths.  IJts amplitude is also essontially
unchanged.  In the plotting window below this, we can soe the sound wave signal that moves to the

Mer; guicle /ér t/Le chg /-23 gu/er[un gué lynamicd &periment /Qrogram
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Lot along the shock tube. Ubu requested no signal in this mode, and you get a pretty good
numerical approsimation to no signal (note that the minimum and maximum valucs for K- in this
plot are both, according to the labols shown, 0.0). _At the wpper right is plotted the entropy
ag,m/ j/w enlropy 0/ the gas is here c[e/inea/ as the guanlily — p / yo, . j/u‘a enlropy is the

/QO %L’emann L'nuar'ianf, or M//LL'C/L you r’ecﬁ'uedfea/ no dignaz Once agm'n, you see f/mf you gei a
gooc[ a/oproximalfion to no dignaz

j/u'd dimp/e 5ounJ wave propagufion experimenf is5 not so infereélfing. Mol‘/u'ng excifing

/m/apend. ﬂoweue;ﬂ, we can use il to i//uéfrute an infereélfing capaéi/il‘y o/ l‘/w g,/dg / :;23
program. j/u'é s a gas //ow visualization fecémque /L'Le f/mt u:ieo/ n many /aé experimenl‘é /éee %)r

e,mm,o/e fAe images in f/Le éooé _/4"1. _/4/éum o/ j/uiJ motion, éy van :byée/. gs/dg / :Z)

infr'oa/uceé :mwée into your gas //ow al lf/Le inilfia/ instant in 16 e%ua//g Jpacetl, e?ua//y witle

vegions of your shock tube. It then follows this smoke as it flows along with the gas in the tube.
%u can see a p/ot o/ these smoke streams in the gruydca/e space-time p/ol‘h‘ng window é% Ae/ecting
the displuy variable "F Sinoke  (fractional volume of smoke) in the list box bolow the window. It
is oflon nice to draw this plot large.  For this sound wave exporiment, the resull is shown on the
previous page. Ihe smohe streams just go vertically upward in the diagram. Hhis is because the
amplitude of the sound wave is so small that there is hardlly any perceptible gas motion as the wave

padded éy

Lot's do just one more exporiment bofore we quit. Lot's by to sce how the gas moves as a
strong sound wave passes down our shock tube to the vight. o do this, click on the Restart button.
Thon click on the Sound Wave button. At the prompts, st the R+ wave amplitude to 1, the
K- and R0 amplitudes to 0, and the average gas velocity to 0. Seloct FSmoke in the
grayscalo space-time plot st box and double clich in this plotting window. Vow click on Begin.
The smoke streams should show you what the gas does as the wave passes éy. What s your
intorprotation of the resull?

Mer; guicle /ér t/Le chg /-23 gu/er[un gué lynamiﬁd &periment /Qrogram
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One /l:ﬂa/ éutton:

jAere 3 /'uéf one /L'na/ éul‘fan you 5/LOI/t/d/ Lnow aéouf. jf I%] /écal‘ea/ al f/w éal‘fam 0/ f/w
gjg/:b /or'm n If/ze cenler. jf i3 /aée/ecl 79/9%47 W//opd?" W/Len you c/icé on L‘/Li:i
éuﬂon w/zi/e delflfing up an experimenlf, you are aé/zea/ to de/ecf a numem'ca/ melf/wa/ ﬂom among a
deries 0/ c/wiceé. O/ l‘/w cAoiced /idfeﬁ[ at l‘/w /arompf, on/y 2 function /woper'/y at f/Lid wrilfing -
/9 /9 Waec ﬁ%e a/e/uu/f/ zmal /9 /9 Wwa??. y/zede are versions 0/ tAe /9 /O m a!t//érence :ic/wme
If/mf are opﬁmizecl /or execution on jnfe/ processors. /9 /9 Wuec aloed its am'f/mwﬁc n 64—éif
precision, M//LL'C/L maéed it run aéaut 2 times d/ower If/mn /Q/QWU8632) M//LL'C/L uses 32—éif precision.
jor a/moéf any experimenf you are /iée/y to set up, /9 /9 Wt/ecé)Q wi// gelf you lf/te reéu%fd in
per%zclf/é/ ua[e%uafe a[etai/ anc[ preciﬁion in aéoulf /m// f/w time re%uirec[ ég /Q /9 muec. ﬂoweuery
f/Le 32—éil‘ aril%meﬁc 0/ /9 /9 WU@&?Q wi// cause Ainudoia/a/ /Jropagaﬁng waves repredenfea/ é% an/g
a /éw ce//é per M/m/e/engf/L to ée arf[/icia//y a/ampea/ in ump/ituc{e. j/u':i amp/ifua/e a/amping o/
poor/g r*e:sog/ea/ waves (s a Jediraé/e %mfure o/ a numerica/ melf/wzj, éulf /Q /9 W(/@Cf}’? ot/em!oezs it a
éil‘ in comparison to L‘/L@ ée/muior you gel‘ wif/z p/gmuec. j/u':s s a a[elfai/i o/ course, anc! you
neea/ nol concern 7014%3// w[f/t it.

W/mt uéouf If/ze AeconJ /)mm/)f L‘/mt you gef W/Len you c/icé on f/Le “/9/9 W7 W//opd?”
éuﬂon? j/u'd prompf aaéa you to fype ina | L'/ you want W//OP/A melfering lfumez[ on or to l‘W)e
ina 0 i/ you c[on yL‘ want tAL.é ac[aliﬂona/ ouer/wac!. WAal‘ c{oeé m/ép/d dfancl /ér? One m//op
i one mi//ion //éaﬂng point O/Qeraﬁond ﬂ%ingd /L'Le aa/a/ing, mu/é‘ip/ying, or a/iuia/ing two nan—integer
numéem/. One W//OP/A 5 a coml)ufalfiona/ A/Qeea/ o/ one mi//ion //oalfing poinlf operulfiond per
5ecomj. j/w /9 /9 W numerica/ melf/wald imp/emenfea[ n g)./J\S) / ib aufomalfica//y count f/Le
number o ops oaling point operalions) they perform as they go along. is costs next to

ber of flops (Jloating point aperations) they perf hey go along.
nol‘/u'ng. W/ml‘ [nfroc[uced ouerAeaa/, unc[ 5/014/5 your experimenf o[ou/n, I%] adéing gjs / :b to
use l%id /éal‘ure 0/ /9 /9 W to estimate Aaw /aél‘ your processor is woréing witéin f/w /9 /O W gas

clynamicd moclu/e. j/mf re?uiiﬂed maéing sure l‘/mf f/Le time meler on your muc/u'ne, w/u'c/z is not as
accurale as it WLI:?/LL‘ ée, /md 5u//icienlf amounlts o/ /9/9 m woré to Jo in éelfween eac/L time
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measuroment. In this way, GASID is ablls to return to you accurate measurements of the
processing speed of your computer on this numerical method. o do this, GAS1D will
porform redundant PO work upon each invocation of the numorical scheme, 10 that enough time
e/a/aéed to make gooc[ /)er/érmance measurements.  his wastes time. So L/gou aren t intorested in

/LOM/ /adf yOM,I" pC compufed, M/A% Ifm'n on W//O’QA metem'ng?

Tor the professionals who might, by some add chance, b reading this document, 9 shoull
point out that GASID caly PPN modiles that perform fiully 3-D computations.  The
1-2D oxporiments that GASTD sots up do not need 3-2D gas dynamics computations, of
course, but in order to got meaningful performance numbers from this progeam, full 3-2D PPN
modules have boen inserted.  Thoy porform much more work (about 50% more, in fuct) than is
actually needed for your 1-D gas dynamics experiments. But they run so fust (420 Wflop/s on
my laplop machine), who cares about a little oxtra work? his is another one of those little detail)

L%al‘ you are ée:il‘ ualz/iéea/ to A[mp/g ignor'e.

O/L, ana/ one more f/LL'n . _/4/0n f/Le éaﬁom o f/w ~/4\87 / :Z> orm you may nolice a row
9 9 ¥ ¥
of buttons labolod "Tost 1,” " Tost 2, and 30 on. When you click on these buttons, GAS1D
aul‘omal‘ica//y sels up lf/ze :i/aeci/ieo[ dl‘urw[am[ fest e)(/aerimenlf. ?/ou 5/1014/&[ ignore Zf/wde éuffond.
jéede tests were I,‘aéen rom a éfuc[ cmw'ea/ oul recenl‘/ é investigators al ofod _/4/am05
4 ¥ °Y 9
%aﬁona/ o[)aéoratorg t/mf cam/oarecl a numéer o/ cﬁ/%zmmf numem'cu/ melf/wa/d /or gas c[ynamicd, o/
w/u'c/z /9/9 W was one :me/L mef/wa/. j Jon’f énow w/zy lf/wde /Jarlficu/ar tests were c/w:sen,
aﬁ‘/wu /L it is a ooc! éel‘ f/mt eif/wr' / eac/L fest cuudeﬁ[ one o l‘/w coc!e:i n l%e :ﬂfuc[ to crad/L or to
9 7 ¥
exéiéif oféerwiée unacce/ol‘aé/e ée/mz/ior, or /2/ eac/L fest cauéec[ L‘/Le numer’ica/ mel%ao/ /m/ar'ea/ éy
f/Le a/edignem o/ f/Le él‘uc[y to :ifana/ oul in some Aigm/é'comf poéifiue way. ﬂauing per/érmea/ :iuc/L a
comparison Alfua/% myée// n my %OM,L‘A, j am Ayml)u%eﬁc to f/Le 0[705 5/4/51;%05 scientists W/Lo
woréezj on t/Lid, even If/wug/t If/wy 0/0 not appear to /wu/e cAode my own dc/zeme, /9 /9 M as L‘/Leir
/uuorea[ c/wice /we cou/c[ argue aéoui tAié, éuf w/w wanls argumenfd?/.
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gﬂoug/z t(l/é go delf M,/Q some /—:b g(l.’i alyrmmicd e)r/)erimenlfd now EH’LJ e)(/)/ore gd.’i
Jgnamica/péenomena /él" 7014%0///
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ﬂere; Zf/Le way it g)o/zd at l‘/uz enc[ o/ f/Le experimenf:

SE 1-D Eulerian Gamma-Law Gas Dynamics Experiment, col y of Paul woodward, University of Minnesota,

- || veseicot | reset Wy '
o ] — _

I

DNS— ’—~
T o foss

7

S ZEMECOOO=

| 00 | FSmoke [ 26053 [=15003 IO B Grayscale Space-Time

R+ amplitude = 1.0, R-amplitude =0.0, RO amplitude =0.0, average velocity, u0=0.0 9/10/2001 1:33:52 AM Alfred E. Newman
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I this case, the space-time diagram covers the entire display area of the form. Hhe user has
solocted the variable F Alir, actually a bind of smoke tracer that moves with the gas, in the list
box bolow the picture. o make this plot small, the user clicks once on a point in the space-time
frame of the picture.  Then the space-time diagram is repainted in the lower right, and the
distributions of the density, pressure and x-velocity are plotted around it.  These plots display the
variable distributions in space at the time corresponding to the designated point in the space-time
diagram window. _Abo, cach such plot shows a selocted spatial point, which also corresponds to
the point designated in the space-time window. Finally, the values of the variables at the selocted
point in space at this time are displayed in the text boxes in the upper loft portion of the form.

w. 1-D Eulerian Gamma-Law Gas Dynamics Experiment

O

O

£ — f ,— .
O (T

F
=

<FDOHOC T

— 7 . 1

Density 27 85711 Pressure

Velocity FAir B Grayscale Space-Time

llops,'cell 883, adds/cell=436, mults/cell =391, cvmgms/cell=268, recips/cell=14, sgis/cell=1, exps/cell=0,
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j/Le user can quo de/ecl,‘ a time /e{/e/fo a,/id /u é ositionin f/w Uerﬁca/:icro//éur al If/w cenler o
play by p g
L%e %)rm. j/w time /el/e/ (s If/wn a[iép/ayea/ ée/i;w L‘/Le dcro// éar, ana/ If/w numéer o/ If/ze Jlforea/ state
o/ If/Le gas s c[ié/a/a%etl /'uéf aéoue f/Le uerlfica/ :Icr'o// éur. jn orc[er to operalfe L‘/L@ :icro// éar',
/Lowel/er, f/Le user must first c/icé on L‘/Le ‘79 ause i éuﬂon, to pause f/w ongoing compulation. jﬁen
P going comp
éy /Lo/cling f/Le mouse éuﬁon LJOMH’L on If/Le dcro// émﬂ arrow éuﬁam /or /w/c!ing clown fAe Legéaumf
arrow éey:i once L‘/Le dcro// éar' s :ie/eclfea/ as aclfiue/, l‘/w user can p/ay éacé If/ze :Slforea/ states as a

f

sort of movie.

. 1-D Eulerian Gamma-Law Gas Dynamics Experiment

o —

O

] - f ’— ’—
O T

<rFrDOH-HOC D

Density 27 85711 Pressure

.

Velocity FAir B Grayscale Space-Time

Ilops,'cell 883, adds/cell=436, mulis/cell=391, cvmgms/cell=268, recips/cell=14, sqgrs/cell=1, exps/cell=0,

The wser can allo croate any shock tebe problom he or she. dosies by wsing the horizontal scroll
bars and the test boxes for the variable values to set the physical state at selocted points, botween
which a linear interpolution will be performed. Presct test probloms can abio be invohed via the
vow of " Jest buttons along the bottom of the form.  The ved button in the conter of this bottom
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row 0/ él/tttOI’LJ, M/A,el’l, C/I:CAZLJ, /ommplfd If/w user /él" f/Le Lj@éigﬂ(lte{,‘/ c!i//érence Jc/Leme (lI’LLl (ll’l,y a/edire
/él" W//OPA per/érmance melfering /i/o/%zrea//ér t/L(lt a/[/%zrence JCAQWLQ/.

One may restart a proéézm %om lf/w éeginning éy /%méing it anc[ f/zen c/icéing on L‘/w “/éeéfarl‘ i
éuh‘on, /o//owea/ ég L%e ‘gegin ”éuh‘on.

One can creale éeauh/u/ palftema 0/ dmoée m'ééand éy mnning Aouml wave Alfee/wning /Jroé/emd.
ﬂer’e I2] L‘/Le redu/é‘ %)r a doum! wave am/o/ilfua/e o/ unilfy n L‘/Le /é + /éiemann invariant azme:

. 1-D Eulerian Gamma-Law Gas Dynamics Experiment

¥ etu

BN | O :
I
K1 | | - f

D 3 TN

/

<rFrDOH-HOC D

///

-0.0215994 [N EEHENENREIIEUERIIN 0.0242409 [lit=1.50042 [T !I Grayscale Space-Time

flops [ cell =885, adds/cell =437, mults/cell =391, cvmgms/cell=269, recips/cell=14, sqis/cell=1, exps/cell=0,

/Q relffy coo/i /Lun/z?

z run If/Lizs l‘Wae o/ proé/em, /'udf c icé on L‘/L@ “\S;ounc[ Waue ’ éutfon /a%fer ﬁrét c icéing
‘%eéfm'f 7, f/Len c/icé ‘&gm. ’

ere; a run for a lenth of this wave amplitude:
Y b of th litd
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Gamma-Law Gas Dynamics Experiment

o I I |
EGE | (D T -
I D mom
ON— .
T R e o ,

<~rDOHO0- T

-0.0001639 [ENISENNERVEUEN TN 0.0001161 [l=4.1093  [ITT; !I Grayscale Space-Time

flops { cell = 883, adds/cell=436, mults/{cell=391, cvmgms/jcell=269, recips{cell=14, sqgrisfcell=1, exps/cell =0,

ulerian Gamn W C lynamics Experiment

I I %
Write

ot | I ——
ON—
B oo | ,

OIS

— ;

FETRE R- Riemann Invariant [ EXEIIl [Density !| Grayscale Space-Time

flops { cell =883, adds/cell =436, mults/cell =391, cvmgms fcell =269, recips/cell=14, sqgrs/cell=1, expsfcell=0,
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jﬂ, f/Le examlo/e ée/ow, we A(,we set 3 éelom'ate iniﬁa//y Jinudoia/a/clidfuréunced going: /// a Aouml
wave fmue/ing to lf/te rig/Lf wif/L inilfia/ amp/ifuc[e 0.5, /Q/ a doum! wave Ifra(/e/ing to If/Le /éz/é‘ wilf/z
inifia/amp/ifua[e 0.15, anc{ /3/ a dinudoiﬁ[a/enfropy variation wif/z ump/il‘uc{e 0.01. jn f/w':i

case we per/orm fAe dimu/afian na /&ame n w/Lic/L f/Le gas is inifia// , on f/Le average, moving to
If/w /e%f at f/Le average améiemf Apeea/ o/ douna/. ﬂere; M//Lat If/Le Jmoée Ifrm'/é /ooé /L'ée after 3

JOI/U’LLJ wave L‘ra(/ema/lfimed O/Ol/tl" /92"1:0(!1:6 dy:ﬁlfem:

. 1-D Eulerian Gamma-Law Gas Dynamics Experiment _{
, =

B 2 | f

o | L

I f ’— ’—
T I_- 1199] m

<rFrDOH-HOC D

FAir FAir B Grayscale Space-Time

flops [ cell =888, adds/cell =437, mults/ cell =392, cvmgms/cell =269, recips/cell=14, sqis/cell=1, exps/cell=0,

jrom If/LL':i /aafl‘em, it ; easy to /JL'CA oul f/w waueﬂonlfé /ér' lf/ze Aouna/ wave mouing to If/w /e/é‘ you

can casily seo the periodic compression and expansion of the smoke trails. Kegions of nearlly egual
compression or expansion fruue/ /e/é‘wm'c[ as we go up in the a[iagram /f/mt is, as time aaluance:i/.
The average slope of the smoke trails shows the motion of the gas to the lofk at about the speed of
sound (a speed of unity). There are just about 3 cycles of these compressions and expansions along
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any {/er'fica/ /L'ne in f/Le cliagram, ana/ f/Le time m!uance:j éy 3 units %om f/Le fop to t/w éofl‘om n t/LL.J
cade. j/w creaée-/iée /éature, M/Aere L‘/Le :imoée s :ma/a/en/y compreééezj in a/enéify maréd If/w d/ow/éi

(lJl/ﬂI’LCl:l’Lg /oodiﬁon o/a JA,OCA ﬁ*ont t/Ltlt Aad /érmec[/aom téé élfeepening 0/ tAe rig/d‘-mouing :SOI/LI’L(!

wave. j/u'd dl‘ee/oening I2] very muc/L /L’Ae t/ze dimi/m’ /olLenamenan 0/ waler wave dfeepem'ng as a

wave uppmuc[wd f/Le éeac/L. j/Le /érmaﬁon 0/ t/w lecé %ﬂoni (s aéin to f/Le /érmuﬁon o/ a neur/y
l/erfica/ wa// o/ waler. jmmec[iufe/g aﬁer L%L'd, f/Le waler wave éreaéd, éulf L%e A/Locé %ﬂonlf n L%e
gas cloe:s not c{o f/zalf. Mow /et ; Z)o/e al f/ze picfure o/ L‘/w c[endifg /é@m f/Li:s same dimu/ézlfion:

F
=

. 1-D Eulerian Gamma-Law Gas Dynamics Experiment

ﬁ

etu

Teo NN |00 W ‘
I

I I f ,7
I D X

<rFrDOH-HOC D

0.7146 Density 1.37007 |Mt=3.00029 Density !| Grayscale Space-Time

flops [ cell =888, adds/cell =437, mults/ cell =392, cvmgms/cell =269, recips/cell=14, sqis/cell=1, exps/cell=0,

Porhaps this will clurify mattors somewhat. We can see the sound wave slowly moving to the
rigﬁf. jfa waue/éngi/z is as éig as our /z)em'oa/ic system. j/w ém‘g/zteat region, where the gas
donsity is largest, is always on the lofl, and it slowly moves to the vight. The croase-like foature is
hore revealed to b a suddon enhancoment in the gas density. Remembor that the gas flows

Mer; gm},{e /or t/Le o[)C\S?g /-:Z) gu/eriun Guﬁ :Z}ynamicd &pem’ment /ngram
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If/Lr'oug/L If/u':i :i/wcé %ﬂonlf rom fAe rig/Lt to If/Le /e%f /ud f/Le dmoée frm'ZS chr/y JAOW/. W/Len f/Le gas
/Litd If/LL':i dltocé, it is u/modf indfanf/éf compr’eddec[ duédfanfia//g. jn If/u':i Jendilfy image, we See
dlfreaéd o/ /L[g/L una/ Aw ([endilfg going c[iagona//; /éom l‘/w K)wer rig/zlf to l‘/w upper ZZ/L‘ /é ememéer
L%al‘ time increases upwarof n f/u'é Il)/of. jéeée :itreué:i :iAow f/w presence 0/ a wave moz/ing to f/ze
/e/%. %u can count /'udf aéout 6 cyc/ed o/ f/u'd wave a/ong any Uer'ficu/ /L'ne n If/Le /o/of, M//Lic/L
altowd f/ml‘ If/LiA wave (5 mot/ing to L‘/Le /eﬁ at aéoul‘ twice L‘/Le d/yeea/ o/ 5ouna/ ﬂ*ememéer L‘/Laf time
increases ég 3 units %-om l‘/w éoffom to L‘/L@ lfop o/ f/w p%)ly. So lf/u'd 5 a dounc[ wave. jf I2] l‘/uz
one we sel up wif/L an amp/ilfua[e of 0.15, a /iflféz unc[er' a L‘/Lim[ o/ l‘/w amp/ifm!e o/ l‘/w wave
moz/ing :i/ow/y to f/Le m'géf.

jf turns out f/mlf we can a/?/aroximalfe/é/ Aepar‘ulfe oul f/Le caméinaﬁom 0/ clend[fy, pressure, am[

ue&cilfg If/mf constitute If/w digna/é u//Lic/L are carm'e(l ég If/Le If/wee a/idlfuréanced we sel up at L%e
outset o/ f/w'd proé/em. j/wde digna/ %uam‘iﬁed, f/mf are carriea/ a/ong wif/L eacA wave motion, are
ca//ec[ /éiemarm im/m'ianf:i, a/é‘er t/ze jrenc/L mat/wmaﬁcian /@emann. M/e can p/al‘ L‘/Lem
Aepm’alfe/éf to éeflfer e/ucia/afe fAe wave molions in f/ze /woé/em. jimlf we /9/01,‘ f/Le :Signa/ mouing to
L%e m'g/LL‘:
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w. 1-D Eulerian Gamma-Law Gas Dynamics Experiment

o
etup
BEE 2 | (N
D
1 I f ’7 B
T Rissfoss
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F
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k

flops | cell =886, adds/cell=437, mults [ cell =392, cvmgms/cell =289, recips/cell=14, sgris/fcell=1, exps/cell=0,

M/e can see f/mlf t/w Peué o/f/Lié :n'gna/[d iniﬁu//g on If/w Z%,‘ cma/ M,e L‘roug/L on If/Le rig/u,‘, éut f/mf
it Alfeepem, /L'Ae a waler wave, so f/mf t/w fmug/t am! f/Le crest o/ If/w wave are m'g/u,‘ fogelf/wr near

L%e mia/a%z 0/ If/Le zliagram. ind (s I%e d/wcé %ﬂonl‘. jlf L‘mwe/éi judl‘ a éilf /adfer I%an a dma/Z
amp/ifuz[e 5ounc! wave, 3o it moves JZ)w/é/ to f/ze rig/Lt as we go up n L‘/w /Jicfure.

WOW Z}l"d /004 (lt t/Le 501/tl’l,a/ wave 5igna/f/mt moves fo tAe Z}/If'

Mer; gm},{e /or t/Le OZ)CS(T /-:Z) gu/eriun guﬁ :Z}ynamicd &pem’ment /ngram
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w. 1-D Eulerian Gamma-Law Gas Dynamics Experiment

]

1

Bl 2 | I T e 3 N Periods to Run |
== 00 | I 5 W msecperstep |

=
=

<FDOHOC T

I T
O [ m:a-:f

[ 015 [l=3.00029

j/u'é digna/ chr/g IZ] mouing /e%fwm'a/, as we /Lm/e deen uéaemly. %Aout /m//@uay up If/w
a,/iagram, f/u'd :n'gna/ a/éo /Lad erepenea/ do f/mt If/w crest 0/ If/u':i wave (3 /ocalfea/ rig/Lt ée/u'ml If/Le
L‘roug/z. j/u'd wave loo /mé dfeepenetl into a 5/LO€A, éulf it Aad Ifaéen a éilf /onger, since If/te [nilfia/
amp/ifuy[e o/ lf/u'd wave s :mw//er If/wm L‘/Lalf o/ L‘/Lg wave moving to L‘/Lg m'g/Llf.

Finally, lot's look at the signal that is carvied along with the gas motion.  Hhis signal is called
the gas entropy. Cntropy is that thing that is supposed always to increase. It's reluted to disorder
(surelly you have noticed that the entropy of your room always increases). Disorder in a gas is
motion of the gas molocules every which way as contrasted to alll the molocules tending on the
average to move in one direction (the phenomenon that we call wind, which arises from the velocity

o/t/w gﬂ/d/. & th; /OOA now ﬂ,t tée enfm/)y:
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w. 1-D Eulerian Gamma-Law Gas Dynamics Experiment

etu
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§/4f f/Le éotlfam 0 If/u':i alia ram, we can See If/Le 5ma// am, /ilfmle dinudoiala/ a/idlfuréance f/mf we
V] P
infroalucea/ L'niﬁa// . j/mf a,/idlfuréunce moves lo t/w zz t at a {/e/ocilf 0 aéout unil If/Le uméienf
¥ 4 4
éouna/ 3 eea/ . M/e can ée adduretl o f/zi:s é countin f/Le c cézd we gel a/on an (/erlfica/ /ine n
P ¥ 9 4 Vi g any
f/w c{iagram. M/e count /'udlf aéoulf 3 com/a/efe cgc/ed, amj L‘/L@ time increases ég 3 unils /ﬂom L‘/L@
bottom of the diagram to the top.
4 P

%egiond 0/ /u'g/wr enfropg n a gas are /Q/aced w/wre f/Le L'na,/i{/ia/ua/ mo/ecu es move /cwlfer. j/wy
are L%ud /wlflfer regiona. j/ two r'egiond o/ a gas /Lat/e If/Le same a/endilfy, L%en If/ze one wilf/L /Lig/lel"
enfropy wi// proc[uce a /Lig/wr pressure, éecuude If/w mo/ecuézd wi// co//ic[e at greater uegicilfg u/[f/L
any wu// f/mt we mig/Lf indert in f/w region. jn l%ié enfropy dpuce—l‘ime o/iagram, you can c/em'/g
jee If/w /ml,‘/L o/ If/Le JAOCA %«onf f/mlf /ormerl /éom f/Le dtee/aem'ng o/ f/Le daumzl wave mom'ng A/OW/y to
L%e rig/tlf. ./45 f/ze gas passes If/woug/z If/u'd d/LOCA, f/ze enlfro,ag duc[zlen/g increases. j/ti:i repredenb
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a conversion in the shoch itsell of hinetic energy of ordered gas motion (that is, all the molocules
tonding to move in the same direction) into disordered hinetic energy of individual molbcutes moving
in all divections. Mis disordered enorgy of moleculur motion is what we call heat.  The diagram
shows that the gas retains the same entropy as it moves along, excopt that its entropy increases each
time it passes through a shock front. Ubu can soe this phenomenon, although it is not prominent,

Jor the shock wave that formed when the sound wave moving to the Left steepened.  If you look
carefully, you can soo the toll tale sharp edge angled wpward and to the Left that traces the
propagation of this shock through the gas. This sharp edge is oriented more horizontally than are
the lines of nearly constant entropy (which follow the gas motion, with the same orientation in the
diagram as the smoke traily). This more hovizontal orientation vesulls from the motion of this shock
to the loft relutive to the gas. I this entropy diagram, the leflward-moving shock is a subtle
Ffoature, visible only in the very upper portion of the diagram. UYbw can find it, if you are having
difficully seoing it, by noticing the location of this feature in the plot of K., the loflward-moving

Aouna/ wave Aignaz

_/4 C LMW /ngementd N

jAe woré l%af /ea/ to L%e a/el/e/opmenf 0/ L‘/Le numem'ca/ mel‘/wald n L‘/Lid g}aJ/ 23 ul‘i/if% was
Au/)/aorlfeJ éy If/Le U S iZ)e/om’fmenf o/ g'nergy; O//ice 0/ \Sycience. jf was a/éa dup/aorlfecl in

parf l‘/woug/t L‘/Le Uniuemilfy o/ Winnedolfa’é Winnedolfa Supercompufer jndfifute; dup/)om‘ to If/Le

o[)uéomlfory %)r Compufufiona/ &ience (ﬂﬂ) 5ngineering /c>[) C\S;é)
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