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FRONT TBACKINGAND TWOIMMENSEONALRIEMANN
PROBLEMS: A CONEERENCEREPORT

Am???Acr

A sutmanthd impmvcxncnt in remhdon baa k achkvcd fortk
C43rnputationOf jumpdiscantinuitia ingas dynadu Using the IIMbnd d
frunttracMng. -fl9ces9cnddfkMlmd Illhnwhcdi stblltskmer

dimmdmal gridisfittcd tnandfollcmmtk dimxItinucun mmm Attk
hxmxmbn pJhlt8 d thMe dkxmtinldfics, tWe&mUicd Xcmmnn
pmbkrns occxr.I nthispnpcrw e8tudys uchtwdimcmkd kunann
pmbkm fmrn both numcrial and tbmrctical pahm of *. ~y
hx?lutkd h & mlmeriad aahltim fartheMach dlcctim.●-
cksifiaticmsckxm for twxlhncmicmal clcnxmtary vmvu, and ●

dixussimof pmblcm and amjcctmm in thh mea.

L Mn3dudkn

MmypkTKmmai Yla18tlmImmcl&kd by lmdhlUr hypcrMc8ymmScIf
cxmcrwhaxl Ilm’X

q+v”~lu)-o. (1.1)

IIIC cmmplc amddmd km h tk s~tcm d Euler qumthu far ● ampremlbk, invkid,

piyt+c gas lIE quadcm (1.1) mpmcnm an i&xli.zadm. I& acduticm axe tk Umk,
m vhcaahy p-arnctcm tend to mm. of the uiudom of mm unnjdcte exptium such as

the Nmdcr-Stdca r4uati0m. TIE mlutioxMof hncrcst for tk spcm (1 1) me fmqmtly
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foundtn19epkmmhc8tnndL Farthc Edcrcqlbatima inanlc9palYc dhncadmtkjllmp
dhamtindda bdwcentbt8mootb #aa$utaJnmct dimxmtbllMes and9btl&wsve& hi

two- dhnedms tk9c9mm nvemmdugiwdae tosurfSu2dqguMdad

Cdkn8kmm mtcRankhBHupiota!dt inns,a8dc rivodfromthei ntcgmlfmnd
tbmulcrcqumticma,hdd8crcm8thE49cjunlp&

Wkn uivingtk system (1.1) numcridly, the dhcmkuitiu *t may Omur in im
K&ltiOnnmybremmdcm anm!erg rilkbyt hcmctbd clffiull ttmcldngthaa by
mnvcntimal !snite dmIenac nmhcnk Fmtmmtpace ~franttmcMngmmy ~.
dmxikdm fmllows=AamxMmnWd gxidkpked cmtotbc dkmtitndty. !m
Cvuhltion intimcia givcnbyatum Steppru4ue, udngflru tbc RankbHugalnkst

rckkms tn prcipgate tk frcmt nurnmlly and tbcnusingtangentialcquatiaMto pqmgItc
81srfkwavc& Tllisappmachwark8awayfmInthcpolntswkrctbc dkWinuitya)urvcs
XX2CLAt such~hmcctkmpalnlstbc ge4mMry&rarmtin@nfmlauuuan qx%aux

@ti~~_md~pM~, mti-utidti~~mmt
txE&tmnimdutlmmhltiOnafat wdhmMiOd Riemann pmMenLTosnivcmim
-alARkxnannpMb krnsitiacnbdQ1 tmckdfy tkcmbu’ent watqwhid axe
&fincdto tkdynamhUy 9tab!:intcrscction pciintsafmwlkmhd cmhcmntnvu
l’llen@mbetWxntkfkunt$i8tm atEd asaninitWbmduy-v81uc prubkm and i8
9eivcd using (almnst) standard finite dirkrHxnMxlxMk ‘rbf’mxuldinmfior~
8mcOnKuad ina$trip o@x)inwidth 6bollttbc frQnLmra cktdkd&dptiOn e
[1].

-IYEfmnt tr8ddn$ mcthod8pprm todk7ulr aniluma9c dumrnc’8uh$mbya

factm of tnrec m tmtcr, i.e. an impmvcmcnt in the number cd ~-tim cOmpuMcmal
gridunitx byafkXOr of27ur Mtcr.Titc n@mdlmskc ntcamdam var&nmfx Wcxtx.
lnScc2and 3umunnpretkresultm afouru~rkal cakulatk mtacqxrkatal

rmlltmfor tllmql%if ictmtpmblcmn. Ancxamplc dlwwtklmtil)n d8tWW
dimmiOnalmlmmnt vmvcb&tmnincd nummicaUyin givcuin!k3. In!k4wcgivc
acladfiitim dthctmxlirmnlinnal anlMmnt wav’Ufar cUmpmMiblcga8dyMmicaand
indimtc ita &rivatkn. In k 5 m amcluk with s dimmiun d Oummdirlg lpmi!mm
rewed tQRkMnrl pn~

2“ -*~ d shock W&Tea

mcfrunt tm&irlg 9&cmefor twodimUlkmnl galdyuuniu kblxntrxtcdon
8cvH81prublcm that ●ill-dt duthm by OtlEr nEmn9. T!Mmcpmhkna axxxml expmding
ar UMltmcting drcular clxlck fOllOWmfby a axlmct dhmntimdty, * 8tcdy-Umc
supmcmlc flm pt a wrd~, tb KcMwHdmMtx Insmtdlky, rcguk mfldcin d R
dmckumvc, mndhdac hrcfkcxi mafndmckmvc. Fm&txWon tkflmflvc~ [l].

xnthh913cdm thcmllnUicmlMIMaofor nUmtcsidy qUlarmfbctionnfaEhak

W8VC h cmn~rcd with uetd IVSdtB ~]. k tqldmcnt ammhts d ● @,nw
shock (l)rnuvbgd mvnas L~~tulxa ndixr@xging4m ●w+ewith a8uffkkntlyhrgc
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whmthchnilknt abnckstYikesthlewedgeaanf!rddbctud8bcdt (R)i8fonncdt
ex?en(kfhx ntkxdbctk mpdllttotbcdxlck tubcldl,wheleittkmualnnv

waveinfrml dtk~, aSAtn5in F’ig.2.l. Wewillmfkr tatkqkmetxbdby

tkldbcted dhtmkasthc%lbbk”. AawimwnamlpmkkmBingcne4tbemhtdm

b df=dmilar, Le U(fof) “ M(waq foreveryU>o. X$3the ampufatial IpmYemrk%dkm,
tiMn*d*Mbt *h2.Mdtim* dti*h@.4Q.

mEnumcricd ealUdadon wa8irlitMzcdjuSt after tkdcctcdd tnckhadfnrmd
andcmlOd mlyasmall mgionabOutanc quartrx c48me&inmalin MghL Maat
tktwoea* aftkm@ctcd dmckwue OMncdminga* @aranalyda Attk
lU’edgcciornu, thctwo@acity unnpOncIlavmML ‘IllcmmaMng dudLmmqmIExJm
Sttbcmncran dtkfldl$llllldemin tbf, intcrkr amdctuminc dbyintqxdatfan. one
arbitmypmmctc riaumcdi ntileinidalizazkln, whkhiatlM OMencSaafthebuWc,
defmdmthcmtiO alftbcdManlz aftkmmctim p6intfmm tkUmert@ti=di8tmx=
Oftkbow ahdtotka xnct’(tkradodthc Sengtlmdtk*gnWntS BCand ABin
Fig. 2.1). l%c Mia10blatcm8Wa Staknfmm eqerimmml kta, butitcanb
&~a_@y~a~*ti-=itb~mkba
bOulMMilmmml t’y tkrctical am9idcrathYlUWIn fm the Ilmmputaticmalm!ault8are quite
immidvc mitxval=. ’Ilxhddal.izatkm al@thm anhcqardcdmanappmimatc
mhltiun aftbctwo-dimcn&Ynal Rkmllnpmblcrnina8pU4alcaSc.

In Rg. 2.2 * caxmurs cd amatant cknsityand constant entrapy that = obtakd
XnlIncricallySm Slxnvn. h Fig. 23 the dcmity dimriburkmmkmg* wall ahaincd fmm

b Uh3dation is Supcrimpmed cm the Cxpdmcntal &ta.

3. Mach Rcfkctbu d’ Shock WavtLS

Illlcintc- point afdkmtim$ity Cutvuwili k.dkdanodc. xna
ncighboriMYodof8Godc tbecllmcs aleappraxin’calcd bymight linusqmratiqgwulgc
Aapcd l’cgiorls. In Analogywith b ~ Rkmnnnpblcm, wcdcfhxa
twckdinwnskmallUunannpmbkmto kan Mialvakgmbkxnfaf atwOdhuukd
CGIMCrvationlaw Ming &ta that i8 citk a cimst.ant8ta* or ● fimplc ramkctk Waw in
Cachdm fill: Ullmkra fvaxfgu .sudlpblcllm Ilavcbmnl uudkdforar alar

amscrwtkm hum [8,5,6], bt Udy qx!udd 9nhItiaM am kmwn fcx qmtcms d
amcrvdcm lam- A8 With tk aczhldm d n Cmc4mmdmd R.kmann pobac!n. tk

adudon d ● twdfmcrd onal Rknnnnphkm wU.lcvckhUoa mMEc0u#c8kd
Cunf@K8tkm containing -d Ckrncntuy m- mm in fmlt tradrlg me mU8tKdvc
J1aubWc Oftbcfull RiemnnpMtlkIL dctcrmMlg the WIOcityand Mate@amdatd
dbhtbco nctpdf’ic ckmcntary wavc(nndc) kin&tduxY. weaMlmpmthltm
0rlcd4monamctbcld fartxmcldngtk Rkhnodc. It8pIupgadoni8afwy mm-
&~J~ - ●II.* -“.., a,- b —.8. ---J .- -–- m– * ● ~_-.—e-m lwla.3Alwu

q- **. In&t

ty Ufmai

~=~”~~~*~~*Y~~Y
Kkhldutkmof thcwchnoik,but bircmnpadtkm i8&lnmxd byrhcgmnctIyaf

tlmwuvescntcxiig k & ●dnoc by ● albogmm! 9ctdmmiiixtcm
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M&a*tim@batimbdtitma*titia
mmual@c(KcFlg.3.1). Iiscontm stwithtkmgtd arlefbc thascwcahi ainahbcll
n?fkaim. Tkpdatwl?em thc*t(r) andtkl'cf&cd dJOck(R)fmct (the"Mch
nOd#’)lM l$ftEd06f the WallatldiaanmeUEd totkw8n byanariy0tra@htti
caIkdtk MalA18tcm(M). BeMndtk Madtlmdca UXactdi9aJndrnIhy(C)i8ft Xmed
kmtkrcfkacd tiandtkhhchatmm

~f-=P=M~ cuiiumioual NemMnpmbIuni8sknlm imFlg.32wc
Inovcto afmlxEwhcfc tlEnotk i8atreatand4kmotc tk8t@caasMkmtceL ‘1’btxmlct
diacondnutty hnsajtnnp i.u&ndty andtanguttial v&n5tyacrowit, ‘~statcisgivm
~kwom~nadwd~#,*&d~p,d*~p. Givcatk$mtc
in ore M!ctOr,the RanldW-Hugcmiot UInctldons &teXlniXE8 e pmlncter fknily of
statathat cXntnXUr acrtMa SllOckUraOntact di9comtilldyi nallci@b0dng -.
‘IIMYeamditiom may be written aa foIlOwap, pp. 301-302 and 329]:

7“4j*(4J -41)

for

(fJ) c {(0,1), (1,0), (12), (2,1), (03), (3,0)),

for

(/J) ( {[l,oj, @,O), (2,1)}.

#2 x43-w

(3.1)

(3.2)

(33)

am”

P2 - P3” (3.4)

Hem p h k p9aum, # istk fltidVclclchy,and J “ ~-Q~+~’w~~v~*@Y-
ga~ acmstaut. Relations (3.1) ●nd (3.2) ●rc k R.uMnAIuguniot cmndidonu,or Ashack,
while IUMVM (33) ●nd (3.4) e- tk cxhtcm cd a anntact tiiaaontinuhy.

IllcIc Uc clcvcn tX@Knls ill Sixrccfi unkDoWnL Fnlm * point d dew af an

cx@nvmtdht. the initial c0nditi0n9 in ● * tuk cxpdmcnt, viz. four pramctctn
~yhg * dmdty knd pnmux * arid tk wmgth and orientation cd the bidmt
slwk, amnmsuffkko ttodctcnmk tbcsohicm. Fathhruxm itw MkuatitM
tbcrcis anklngcq witmfoftkhfacb interaction. %wcwcr,t hiamkingcqmtifmis
ordy an abw= of an analytic or cloud form anlutkm
Mh cd cqnathw (3.1)-(3.4), ●nd &xs not indicate

togiv’c thcnodct+dor’ymtk
an imxmq+ttcmm d tk Guchy

,



-5-

pmbkmfartbe E&rcquak FmnanmtbematkiJ ~@ntafvbtliue iammbdng
cqxkIln,aintethcadutlnO!knndJcpmvklusthncucppmvhkam9n@tcanchydat&

‘nEfkcmt tm&iqgpmhkll iatoobtaitl aew@@eRkanam ptublcm901utimfalr
ghPulGwchydataandtoa%kxtdteMachrmkauta fthatmhltkm. Aafamulatdthi9
- ~ t- -~ -= pmccaf withCquathm (3.1)-(3.4). with dxtmt @ate
variahkaandtlevcn cquatknnattknadc, wcaaihat thclbfad tnndelkain afive-
-ti-dd*M&~dm*xo,u1,u2,ti&9 In Iicuafmhdnga
M~c*w--ti-a*thti*M,kd**
sixteen pramctcrsam Acctcdtci8peclfy tbcnodc- LMng@yaicas Mltkian,wcaEkctcd
five palamctcm florn * Ccqllctc *t d Caudly data [4]. M on Uumrkal Lwi&nce,
we Mkvcthb lnct)xld dmanlMctnry jobdpiddn gatttk%chnodcfram &
W8vef emanating fflxn * axnplctc 9ohltionof a twMbnAd Mrnannprahlcmthat
iscla@ctoa MachtMxk

Wccomparcd tbcmmerkalmhltkmfor tkmna&mdy Mchrdbctkmwitb
Xpxirncntsinp]. Intbccxpcdmmt aninddcnt abock Wkhakfachmnnkrzm

impingc90nawcd&withanglc27°. llccalculadon8WereinitialkOdjustaftrxtk M8ch
mnf@ImdoniMsqprccL Tbexefkxtcdalxxkandthckfachatcrntbc ncndnuanegian
afabutonc tncshintcrval inkigk Aftcrtk bubbkcmdcnc damglonfmwdrmah
intcw~in kighttk dudonbadacttkd downtoita d%idlarfarmwmhthc
~t. h Fig. 33 * mmnt dcmity amtom am abown. In Fig. 3.4 tk wall
dtmd~ distribution OMaincd in our calculatkm h mIpiz@mcd un the cxperimcntml Ma.
Hnwcvcrthc dmlationbpmMnaryinWotqcctx. l%cprucatfor mafthealgmithm
fcxrtbe prqagation aftbchfac htriplcpint 9cem8to &aablconly wlwntk initial
datcnm is cbo6en near tk cqcrimcntal!y &tmmincd vak Ib9bmtwcr* al@thm
for the prupqation of k puint cd intcmcdoa Qftl&oontac tdkmfJtinuity with*waUh
dketnably unatabk tkfluidvelochy ●tthhpaint iavcrykxnitk tothcgxmtac
upmcaii, m the end of tk aontaci tends to uaxriup. ‘lk causes of &se instahllides be

not p bocn dctermimd.

4. The CIamlflcatkm of Two Dimcndonal Eksncutary WaYca

Inthis9ccdon wcdaMify tbcdmxKmtaxy Uwcafor twodimcndlonal p dyMmiU.
Front tracking clDplq8 a normal and a tangcnthl qxmtor splittingat jump Surf&ca and
● aoludun of tWAinEn SioJd Ricmwm pmbkmm at tbc pint dnguhritia fond by k

intmcctkm ofjumpmrfam8(% o&s”). Aned8ucha twa-&mmiuml Ricnum
pbkInwa9&Xritlc4f intlEpmviouS MXtion. Fartwu-dimcukd cOmpWMcgM
@nandcathcm mcadyammall nurnkrd8uch*

“SCIMk ~ general aammpricma tit idkaiincthc@&.rn,tnJtwidcbwcklic’vc
J@ytomgcmric *taffmaWcpa intainguMdU fJmXxfby tkmccdngdjKmp
~and#Xrmx8XmmfXdon Wa= Tkllwclc.finc ti*aWD@nIuiuma
plv!d9c matbcmadcal forrnulathm, and Udng the Inner, derive a cbdfhaldml a19EuX for
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thcdknudpfiutd ng’nluhi-

Esalckdfmathhdaumastkmdemcduepdnt dqguhritksfomd byeQMcred
lmves(implodcxm)andpdnfs inaneighborbood Ciwhidttb emhltkmi$lntfhxwife

Hti4.lApmmmhatimwma—*~mR A
tmveiseitherapnsuuE wmeorac@utdhonQtitiuity. Anu#siu tkpointdnguhrSty
fomcdby tbeimmxdanoifwms. A mekdatl waveantlm%la ta node isanedan

_@+**)e_mfi@_kC’aC-*~h
the~inwhich thenodcissmionq pcdnttmmd tknak Adm&vravc
emm8ting fmmartodc ianidto bE&nimcOn@ShOck u#eif9ill tbe8tationuy fmDe, it
tUIISStbCfkYWtCWM’d9tkX=k. !hihdylE tkthEU.t O@&bt#~R WW8Lld~

outgoing sAo&wave. Weob9cmcthatcvcry pmsmmvea tsmkbeithtrhxmdng
m outgoing.

kumptkui 4.2. We assume ourdmionmtoban ●kmentary wuuw,which,in
general terms, 8sthlh tbs fcdlawhlg

4.2.1 Uisattadonarymnlu’knofthel%skiacqu8don8forapo@upicgmu#-o
andVj’(u) - o;

4.2.2 Mhutkfarnl

U=qforoj.l<ocoj, J-1, . ..@n
wke Om-eo+2nndAimj isammtant oratmtmdmehctkm wave;

4.2.3 tiwonlyj umpuaUowcdinMamSbo&w8vesm Jdm’ Utdkxmtinuia,

4.2.4 Misgencriq

4.25 Jlbmentmpyi ncmadngdution,with

wkrc al ti ● S(lution cd tb NAcr-Stnb equationswith vismdty u.

F-t txmsik ali pmdble elementary waves containing cmly aontact dkmtismitks.
Moncoft ksrctmm!mssl.w ~~, t~-. L.mw~UA.e ~v 6klMirluiry in &
tangcntid VelCmity~ its bounduy. All Otbcr lxlutalctdhamdnukks amtahl dy
tcmpemturcjurtp Itti@hlc foranynum!zr dtkmtooczur, andatanywtaf
ulgleL

Fmmnuwon awmcthat-dxekmcnmy waveccmtaim atlcast ompmsmntwmre.
/bS8UU@OIlS4.2.4 and 4.25am not writtenin mmtknatkd tams, m we famulatc k

idmsthut tbcycxpmsllina rnamxrthat wcun~tnmrrsnalysh.
A.Z.& Noinanning mr&ctimwavcsam dkmtd.’Zkt cankatmusttwu

incomhg p’um’re W8veu, Whkb arc mmlurily sbuckmveL Iftl&flmvoo
tbeahcad ddc(dxsitkwit btbcbwc rpmssurc)dan immmingsbackwmrcis
sd~ttoa umt.act discamtinuityt.bmthwitMn 9@’althc incasniugskk,
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Oolythi$cmeblcxmdq shockwavehdlawcd.

xll~4]wc baw&wldnt!d tbatanckmcntaryWatieamtainingapmammwaveia
rutxidd bytbcfdlowhg. mxeiaaulliquc Stmlnlb tbrougbtbntxk’llmn’eis
dtbcronc ortwoimmming Mwaves. Them isnoraom tbanoncoutgoiag~
waveoneadl d&afdxstmamlk bingtbc nodc,al lyoocdlwhicbmay bea
Wefkdon. TlE8txeamk is Bcontact dkontimdty iftkIeal'e twooutgoingpm#aUrc
wavem. ~tbC!lkWUI MWithOOlyaMti numbcrofpmsibk ckmcoraxy wwca,which
we w &tU’XnbwpIUaently.

TIMrwm 43. UIJ&r &um@oYm 4.2aIicJuncntary wavccontdning atkastonc

plmlmwavc homdtkfd owingtypcs, uspU5fie4!n &tail bclolWcru$,ovCrmkc,
Atfadi,Wracdoo, md tmmhicm.

WbatfaUmwis anexpIanation oftbctypcs togctberwithfigu- Forapadafthc
tbcomnl = [4].

mfhctkm ?% diffracdm of a Sbcdcimpingbg cma mnmctdiscontinuity,Caudng
●mikcted andatranamittcd shockis apmsiblc taludczt, aac Fig4.1.a. Wesbuwin F~.
4.1.bhow tbcaoMonmaybeconstmctrdbydra wing rkapppriate nbodcpolamintbe
e# plane.

DMmctiou. Thcamfigumtimin~.4.2.a isan ckmmarywmvc. Itisa9im Fig.
4.1.8, but with ● rdacdon wavcinpkc ofamfkctcd 8holk Tk8alutionis
umstmctcd using M pohru, as indicated hi Fig. 4.2,b.

I’Imnmddon. A mbrxk impinging m a axatad dimontinuity and cmaing a
txansmhtcd W but no dcctcd -wave[HI@ 43a) im● pmaibl+cckmcntary wave; w
*“ ~~11 - w ~ m“ q~”b”

MachsIoda. Adimiz Machdkction, wkretkinclbnt abockbmaks into two
abocks, tbcrcfkmcd shdandtbckfach stem, isapmdblc ekmmarywavc;scc Fig
4.4.a. ‘IIE solutim L found using H pnlam m in Hg 4.4.b.

Ow!rta.’. xti9pmaibk tobavctwo inaYndng dxdumrtakc adlotkcrandgivc
rim to twc outgoing Sbock9Ocpafatedby ● con- dimumtinuity(Me Hg. 4s4). ‘Ik
dudatmty&~ti~M~!-~h~.45.b. ?i’kapclalcasewkm
Ulcdthc twoinooming abodtsha sacmmmlgthcdndkswitb tbc Mach no&-

i’h’r”AaL GE 9hock lmy uvcrtak thcotk, msuldqinamfbctd fadhctton
dndatmnwdttd 9boc&@cFlg4.6.a). ‘lkmhtimktfoundudngabockpdars.msin
FSg. 4.6.b. Nate that for tk same~mnwbmx d tk two kkkmt S&K& bntb MS caac

Iuxltbcplcvk.lun-. m= P+*.
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#w#arMar!kBaklkohAkmtakks cnnidilhgtiofi3nntammfkcmtd8hocks
qa.ratlr!dbya 8tltdk(aec Pig. 4.7a) isapmdbkdcmmtary w8ve l’headlatkmk
faundudng dmckpdmaskB F@4.7.tL ‘nlcqM5clalca9cdaE iTldeknt8bockhaving
aero8tmngthgivestkdhDct MacbM& Adrlglc sbadtwaveiatbcautgdqg scctclr
dcfincathcixcvemdhfadnak ;thhintmctklofsaudtdtbcmss acabcwe,wkrc

tbcslio&bctwccamgion2and3 in Fig.4.7,amduoEttaImm

A someRoMcms MldcoI&ttam9Concerdag StlemaMhblestfa

InthissOctiOnwc*them8trktkm u)twc)&lendQu andta)gasdjmuib, t%rtwe
rctdrlthc Mdndogyaffk!JG4.RcCidI tlutinsteady supmdctwdmendcd gaa
dynadcs, whcmthcdkCtion aftkflow &lirEsatimdkC diredCm, tlHqualksuscan
“*mdwcdtot&fonn ofa OxMkmsional dnMkpcadent system d OaCMewatkxllaws.
711cnthc rwO=dinEnsiCmalelementary wavuvicwed iatkstmtkMry frUlMmlUUnaxm
prubkms foradistinct butlElatcd tmc-dimcnsiOM IJysMm $kilariylkkmaml prubkm
Sahxkms in n-l SpCe dhmMkms amqtlaUtidveJy sindlar toclcmcntary wavcsin Jl
dimensions,

Wclistsompbkms afgemalintcnest inthisare%

2. ktthcinmning wavcopcrator ketbcsdution Opcmtor bfingingtwocxmme
e!cnxmtary wavcsto asinglc paintand tbcreby &5inga RkxnannprwNcmlk
..mlgwavcapclWoralsc)acts Cmsingk c.lcmcntarywavuby XnBp#ngtotk

d~timat abdwumdm, w-c~~; titiaa~
pmbkm. ?kmngsofthis CpatOris limkdtotkpusdbkmc rgersar NfurcatknMaf
tkc.kmcntary wavcmkmndintkclasMdanak Cknthisq&catcgdzM7

3. TIE outgoingwave ofzrator gives b psiblc clcfmmtmywaves that nmy amur
in the dutiun d * IUcmalK5problems in tbc range d the hnxmdngwave LpratQr. Wc
ptiptid d-dduhfmtimti*t d&m Arcdutkuls
pkxwisc snumth, so Chat tbtxe is ● M* munbcr af outgoiag cknxmtary waues? ‘!&
answcrdcp~a ntbcordcrafthc system, tbcdinxmsfon dspaae, and tkcmvcxityor
nurnkrof infkdon points intbcdux fmctim,asrzamph[61s hmandanak@cs ~

wfPt-

4. Abgkalscattcring matdx Sisamapfmm dsdimmrdngwmctypto~d
Outgdng wavctypma slabdedbythc Solutkmstopffobkml. It&ckk8w Mchtypmof
incoming WmmspKUdlMxwhich types d outgoing Wava. h the IaIl$llagc d qlUmlln
1IIC&anii, rhcprobkmhcrcistociassify tbCpalsdiiJCsnmtrixgY@’L Lctl, ualnskkr
thisprd)krn kntkpdmdvkwaf twdkmkmal w~wcti
mcnticmtoRkmanndmaamtAned intk Iallgcof tbchuYMdngwaw Clpa’akuas
dcfimdiu2ubovc. Unckrsucn rcstricdcm, tkwamwillbcdd *&iDlnmmdng
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aMdcr.l’llc anowedmfkadsc&4pfwkk interdMqe cuwwcadrtoanout@lg
Cw&r. rngcnmLhmmEr, tk~dw8wankr pduoEathmcalt#ng lmw$
hJllmtwoincdng wa-aad IKedaotKduathctml numbcrdwavegmhtbatfailto
echlautpingaldcr. Onthisblds, wccxpcctthat cveashnpkincdng cadigumtkm

emiMproduccQm@icatdautgdag wavcintcmcdm&Itispm8ih!5*h-&aml@mlkm
(&g. tin*d-], wwti&tiap*d, hdMe hfhcttkwavc
intcmctbn w@=w~*---d*fkm andmaygivcrbctna
sub@t’mklegian,inskkafwhM wp=larc wav’ac8nm!ur. Rdatdtothbpamibuty

istkaxumna aftxxks wkhdytlmo utgclin~wavleksuch mxksalkntvttic
imedaxlgcoflwcordcrwithamductkm intkmtdn umkrdpfra ?batamaltof

Or&x.

s. wquc9.misanapcnpn2blcnL Wdkncnunpmklmafmmdquum alcmt
tm&mtcmd cmafundamcntalkvd. Farexample, asdkranhci&ntshn& htttinga
wed&w,resulting illcitkr aqpllardlcdall or Mach@kctiUn. 1’lEreafemgiUns
whcrcboth MAltimls al’epossiblc. By MmdlJdngadditioMlphy8McfYiXt8 mlcha8
vbccmity, with a resulting kundary layer, m surface roughncns an a 6 length *,
@ overlapping Iegion of ncmlm@cncU mi#N dhppar.

6. Exunded urnonbcal Riemannpmblcms lMyhC@M8i&d, WhUttk
rcstrictionofconsmcyi nscctombctwecn thcwavu isrqkced byli-exarldghcrdcr
dma.l’llk hasbeenimpkmcn ted formedimcndonhltkmmna~p mpagatkxloftk
fiat p].

7. -mtirk- tihqm~md -mvabb~~uti-y
kauscdbygcomtdal cfkctsandby extcrnal~

8.m.~~h*~c-mtim*~@*flw~A
tnkundemti F=gasdynarda tkquaUtativc bchaviarafadudcma nmykstudicd
byadicringthcawusticwavuofthelindzcd -. Bmuhmtiufm
all hypcrhdic &xmselvdlnlaw8,andncwf ’adlkaafwavam9y kpdblcintklargc.
l’ktqology defkdby thccritical pnints aif tbcfhlxf imcdonf in(l.l)MmpomUlt
hem. A&ti~tha@thmk~wkk_tA=Vfk~g
CdgUJvalua. A * CrkkM #d@ qwiti (1.1) k = &gGi e.”?j hv”eitkdk,
xnonxwcr Acanfkil @havcacompktc wtofdgmwctax Sucha k-&strict
byprbakity b mt pthQI@cal fn applications, and the IMthcmticalcimqumms of
thhlhct havcnotbcen&vc!opcd.Ancxtcnuh cllthis @umnCuaam thc$mbklmfar
wM&qMbhMamtm~mdm*p-c*. mcap@cdm8ai C
d pcral interesfi au rCWxvCiradd-m, traludc flow in gamdynamia, Chcmkdlj

- fkm, md nmlilmr U46Micity.
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Fl& 2.1. k@ar refkcti(m of a shock wave by a we.d~. A VCltiCld shodc 1 has struck &

63° wedge from tbe left, akng a reflected shcc R,whichforms a bow’abock in fruntd

tk Wedge.

Wk. 2.2. The numcricxdshILiitnJ d m k+lar xfloctian, wbcrc tk indcknt * hi

Mm-3 num!xx 2.0.5 and the wedge mgk h 634’. The aikukiun ww ~=rhmcd m ● 80

by 2Q gfid. Ilk W #UX abows tk - & -stint dcndty Mde tk Imbbk krimxl

by S.ilc.Jfkded 8bn&. l-lx boctmn pimlrc shows the linu d Umlfant Cntrqly. -1-?wy

ihdl dnddc whb ?hc Wegrd CUI-VCXfor ?bc nclf+lmilar wkxity 9iiJd. Thcmctical

argwmmts h, * text suggest tit thcsr hltigrnl curves ull tmninatc ●t tbc nmncr.
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Fig. 2.3. Tbc computed (did line) density distributionalong & wall for the I-c@ar

mfkction run compared to the data obtahcd h the CXpCrimCnUof Esdtamtmul: and

: Glass (dots).

L. . -.. A.-Uy m wul~c . Aw.r-tiddibsd a

*andtkMach*m.
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Mg. 3.2. ‘1’3c Ricmann problem cm-mspding to the tdpk point obtdnc.d in ● MdI

dccrh.m. Wc ASSUnEthe ShUckS and mJtactdismntinuidcsam rntmightlhms (laMcd M

in Fig. 3.1) with cxmstant Stnkl o tllmugh 3 in the tip.

.—— _ . . _ —. — ——

F*. 3s. The msmcrimlShmdatiollof ● hikb fcfbcticm.Whsmtheisddcnt shod has

MA mmibcr 2.(B Md tbc WE@ angle h 27. Insldc & bubbleformedby & rcfbdcd

nhack m mhuwUK cakIMcd lima of ams(am drxdty. I’lw dmlations were pcrfnnnc4f

ma60by40grid.
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Fig.3.4.‘lk densitydi!mibuthl along he mmlld the Mach Mccdoxl run (mlkl U@

shown st@qoscd m he dnta found expcd.umtally ~ Kkschmkdt ad Glass (dots).
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FJg. 4.1.s. Diffraction. A nho& I ~ diffract thug? c -met dkmthd~ C to

cwEa~sbdRanUatransmlttcd~ T.

I .5 @
1 :. —.— .+
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FQ. 4.24. Diffractkm. Tbc diffxacdcm

-USC 8 rc.fkxti fafcfaciiun W&VC R and a

ofa8hd Ibyaanm8ct&iuxmtimdty Cm

tlansmitmd Simckr.

4P

1 I

/
,/

,’

,5”
1 --

Fig. 4.2.b. “lhc sbwk Imlars am-q-wnding to Fig. 4.2.s. Thr Mscb uumk.r of swtc O
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F&. 4.3.a. Transmission. Ashoclc firicidcnt ma-~ -tid9’ Ccausinga

tmnsmktcd shuck ?’but na rcfkctcd wave L pasibk.
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Fig. 4.Y.b. Tbc skk pnlm cmrqumding m Fig. 4.3.a rnmshown. The Mach numbr
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Fig. 4.4.8. Mach Dode. Direct Mach refktion is Sbcnvn, With tk hlcifkm ldmk J

breaking into a reflected shock R and a Mach stemM separated by a cuntact disixmtinuhy

c.
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Fig. 4.4.b. Ilc ubock p-h-s cnrqmrding to Fig. 4.4a-‘k Mad m.unbcrd smtc !) k

2.2●nd & sbnck simngti of 1 is 3.2.
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Wg. 4.S.s. Overtake. Itb possible tu have unc inc.ming M 11uvcrttu anotbcr 11to

au= ● mf!ccted slmck R and ● transmitted dxxk T whb a oontact discmlhdty C

bctwml them.

Fig. 4.S.5. Tk sbmkpdnrsam-rcqxmdingtIUFu. 4-5-a. ‘k Mach rmmbr d stacc O is

7, dlc Sbmk Strengthd tbc irdfcllt dlmk f~ h 9.5, ●nd * a ellmjph d I-Jis 3.9.
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aux ● dlcclcd rarckdon wave d ● tmmmitted mbd wave mqmatd ty a arttact

dimrmeimdty.

..
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Fig. 4.7.a. h Two may ShcxksCOIUckand cam two refl@ed dmckl ~tcd by

a amtact CkOndnuity.
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Fig. &7.b. Tim ibod @armCurlcspding iu Fig. 4“7.ii. -. m#. .L -.. ..s -- . –* . . .
Zsmmixl lIlulDlxz us *WCC

is 2.7 and k shock strengths of the inci&nt ulmcksam 1.6 and 1.9.


