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THE CALCULATION OF COMPRESSIBLE FLOWS WITH TOCAL
REGIONS OF SUPFRSONIC VELOCTTY"
By B. GSthert snd K. H. Kawalkd
ABSTRACT: The following report is concerned. with a method for
the approximate calculaetion of compreosibdle flows
abont profllos with locel reglons of supersonic
veloocity. The flow around & slender profile 1is
treated as an example.
OUTLINE: I. Statement of the Problem.
II. Survey of the Méthod used.
IIT. Calculation ol the Brample,

IV. Approximzts Treatment ~f Local Reglons of Supernoﬁic

velgcity.
¥, Symetirical and Unsrmmetrical Reglone of Supersonic
Flow.

VI. Sumnary.
I. STATEMENT OF THE PROBLIRI

Several methods are ¥nown for the calculetion of compressible
flows at kigh subsomic veloclitles. The resulting approximate
solutions are quite useful as long as sound veloclty i1s not
exneeded at any polnt of the flow fleld. However, apparently all
these approximate caloulations, without exception, cease to
converge or to render useful flow patterns 1f the condition of
purely subsonlic flow is no longer satlsfled. Moreover, numsrous
toats In wind tummels confirmed the result that the reconversion

*"perechmimg kcmpressibler Strommgen mit Srtlichen Uber-
schallfeldem." Zentrale f{ir wlssenschaftliches Berichtswesen
der Luftfehrtforschung des Gemeralluftzeugmeisters (ZWB) Berlin-
Adlershof, Forschungsbericht Nr. 1794, Berlin-Adlershof, den
T. August 1943, _ '
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of local supersonic flows into subsonic flows in real flows
takes place not steadily but gemerally by meoans of a ccmpression
shock which completely chenges the whole flow pattern.® There-
fore, the question arises whether a continuous process from
superﬂonic to subsonic flow 18 at all possible for bodles in
parallel flow, even though the formation of a boundary layer on
the surface of the body 1s at first neglected.

An epproximation method was tested in the INL in order to
clarify these guestlons; this method makes poeeible the calcula.tion
of flowe with local reglons of supersonic veloclty.

II. SURVEY OF THE METHOD “JSED

The development of the method started from the fact that the
Imown approximation methods for cumresesible flows, which are
wlthout cxceptlon based ¢n a step-by-step lmprovemant of the
iIncompreasible flow, are quite appropriatc for the limlted domain
of the pure subconio flow extending from infinlty to the sonic
voloolty bowmdary in the flow field near the body. However,
for the region of the local supersonic Jlow & method based on
the properties of supersonic flow will be subsequently used, es
for instanco the method of characteristics of Prandtl-Busemarm.
Accordingly the partisl sreas of supersomic and subscnic flow,
racpectively, are calculated saparately by different methods
vwhich in each cese arc treated according to the peculiarities of
the partlal flow to be calculated. The partinl flows that were
thus determined must then bo Joined In such a manmer that the
flows agree on the surface of contact of the two regions, that 1s,
on the sonic volocitsy bovndary, with respect to magnitude as well
as to direction of the velocity. Figure 1 shows a schematic
representeticn cf the boundary between the two flow areas.

1. Subsonic Region with Gmall Poerturbatlon Veloclitles

Prandtl's rule will represent a good apprcximation for a
great part of the vuter subsonlc flow area, since the perturbation
veloclties caused by the profile are sulficlently small up to
some Alstence from the sonic bowndary so that the assumptions of

J'No agecommt wlll be taken here of flows which allghtly oxceed
sound veloclty because for them there 1s no certain way cf
distinguishing betwean a sterdy trensition and a compresasion
shock; nelither by pressure-digtribution measurements nor by optical
observations, for instance scocording to the schllieren method..
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Prandtl's epproximation are rather well satisfied. The subsonic
flow of thls reglon-can, of course, not be obtalned by simply
distorting the incompressible flow around the profile according

to Prandtl's rule. First, the locel supsrsonic veloclty fleld
requires essentially more spaoce than the subsonic flow. The

outer subsonic streamlines, therefore, are widened outward not

only by the body 1n the flow but also by the additional displace-~
ment due to the supersonic velocity field. However, this additional
widening of the streamlines by the supersonic velocity field cem
only affact the subsonic flow like a modification of the boundary
conditions at the esonic velocity boundary; such a modification

may be represented in a simple way by source end sink distributions,
dipoles, end so forth.

2. Subeonic Reglon with Eigh Portuvrbeticn Velccltles

As mentioned before, the part cf the sibsonic flow which has
to he calculrted according %o Frandtl does nct extend as far as
the sonlc boundeary; 1t only reaches up to a bounirry llno near
the soniz boundary determined by an agreed sufficlontly emall
value of the perturbation welocities. (This bovmdary line is
representsd in fig. 1 by & dashed lins.) Tho calenlation for
the region from this lins to the sonic velocity boundary must
genorally be carriod out by an improved subscnic mnthod. A
nuoricsel method of calculation seems to be pariicularly appro-
priate for this iIntermodiate reglon. The outer flow according
to Prandtl, which io asmumed as kmown, mey by thio mothed by
continued a little further, nemely up to the sonlc veloclity

boundary.

One assumes, for Instence, thet the flow fleld 1s covered by
a rectangular grid of selected points. The veloclty components
vy and vy at these polnts In the outer fleld are imowm for
each case according to Prandtlts approrxrimation. Then the
velocltles at the immer grid points may be calculated from the
Imown values at the outer grid points if the differential
quotients vhich are decilsive for this contlnuation are appro-
ximated by the corresponding difference quotients.© Figure 2
shall be conslidered as an excmpls. Magnitude and direction of
the velocities at all grid pointe outside of the bowmmdary lines
are assumed. as known. The aly density shell be known also.
Then the exnct equatioms of the continuity end the irrotationallty
are, for the indicated grid point "2":

2T wish to express my thanks here to Dr. H. Schu'bert/DVL
for hils suggestion to treat compressible flovs sccording to
the difference method.
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If one assumes the grid to be gquadratic with meshes of equal width
then As = Ay &andl the equatione given &bove are elmplifiod as
follows:

vxa X ApA,h + Py X Ava,u - -wr.,l_2 X Ap‘i,l - Py b Av3'3,1 (1&)

“Tya,n = Ox3 4 (1b)

Trom the second equation onc¢ immediately obtalnsd the velocity
camponent Vya at the polnt A, whille the first equation glves

a relation betwesn the veloclty camponent va and the air

denalty at the point A. Veloclty and alr density are connected
in & rather complicated wey by the adlabatlic relation

(po here represents the eir denslity 1in the gar at rest a* the
ecritical soumd velocity). Therefors,it will be practical to

use the linearized relation Ap = -g-‘g Av  instead of the exact

function, the error being negligible, becanse of the mmall width
of the meshee:
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Compare Figure 2.

v
Vith v = -;E X dv, + !I-x d_.vy there results
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The veloclty componente va ani -VT.A for the new gxrld pcint A
ero known, according to those calculatlons, frcm equeticns (L b) and (3).
Therefore the alr density also is lmown according to equation (2).
Thus the Intermedlate reglon between the- subsonilc flow with suall
perturbation velocitlies (calculation according to Pranitl) emd

the boundary may be detexrmined end the position of the sonic
veloclty borndary ani the velocity dirsction along that boumdary
will be obtalned as final result. It will have tc be further
investlgated vwhethor a calculation of the vhole supersonic veloclty
field beyond the sonic bowndery up to the surfece of the hody by
this method would be practical. Tn the main, the time spent on
the calculations and the accuracy of the mothod which hee bean
developed hers as contrasted with the method of oharscteristics

of Prandtl-Busemann wlll have to bhe considered.

The dlfference method vhich has been develoded here doves not,
however, permit a start cf the mumerical calculation at an arbitrary
distance from the body in the flow; for at a very great distance
from the body the calculation would not be sufficiently accureate
gince tho moshes cf the grid wiuld be too small. This conclusion
czn be dcawvn from the fact that at a great distance the flow about
eny body without extermal forces can be replaced, except fcr amall
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deviations, by the flow fleld around a 8ingle dipole. It is
preclsely the amall deviations from the dipole flow, which exist
oven at the greatest dlstance, that permit & continuation of the
flow, for instance according to the differemnce method, not about
e cylinder but around the special profile.

3. Supersonic Reglon

From the celculations dsscrihed ebove, which were carried
out in the subsonic aree sccording to Pranitl's rule, or by the
differenco method, the bowmdary line of the supersonic veloclty
field was obtalned. The velocity along this lino equals the
sound velocity and the directlon of the flow at every pcint of
this line 18 ¥mown. The next problem consisbs in Jolning the
corregponding supersonic velocity fleld to thls boundary llne;
for Instance, by the method »f characteristics of Pranitl-
Busemann. Accoxding to the method of characteristics 1t is
known that the changes of stebte occurring in a supersonié¢ flow
are manifested in expansion cr campression waves. Therefore,
when the flow passes through theése lines of disturbance, the
flow velocity and the flow dfrestion are modified by definite
valuee whlch can easlly be determined fram the graphical
representation of the characteristics.® It can be inferred from
the condition of constant velccity at the sonic boumdary -line
that two waves must originate at every point of the memtic Bpumdary,
nemely asn expansion end & compression wave. (See fig., 4.) The
veloclty direction Jumps from one starting peint of these waves
at the sonic boundary to the next by a fixed amount for each case.
Since these starting points of the waves can be shifted in cny
wvay along the sonic veloclity bowmdary, the beglnning of a
graphicel representation of characteristlics may be drawn for
any given distribution of direction on the sonic boumdary.
Likowise the starting poilnte of the waves mey be shifted not
only on the sonic boundary dbut also towards points outside of
the sonic boundary, sc that the graphical represemtation of
charecteristice may be adjusted to any shape of the sonic
boundary line. Therewlth 1t has been demonstrated that at least
in certaln cases there exlets & possibllity of continuing the
subsonic flow into a corresponding supersonic flow; finally there
results the new profile contour of the body in the flow.”

“Spompare L. Prapdtl: "Fuhrer durch die Stromumngslehre."”
Verlag Vioweg and Sohn, Braumschwelg (1942) S. 257 wnd folgende.

4Tn order to render possible sufficlently accurate drawings
of grids of characteristics for local supersonic veloclty filelds,
a graphlcal representatlon of charactorlstics wlth an 1nterval
of 1/5° has been completed at the DVL; copies may be obtained.
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IIT. CATCULATION OF AN EXAMPLE FOR A MIXED

SUFPERSONIC-SUBSONIC FLOW

A pilmple exsmple will demomstrate the combined effect of the
calculation methods for various flow regloms, The veloclty fleld
for a two-dimensional slender body wes determined 1n the proximity
of the body by means cf conformal transformatlon and the assoclated
distortion according to Prandtl for the Mach mumber M = 0.86.
Thus there resmlted a sonis veloclity boundary es indicated 1n
figure 5(a). This sonic bowmndary, which was obtained according
to Prandtl?!s method, could be further improved by continuing the
flow step by step to thq improved sonic veloclty bowmdnxy; ome
would have t5 start from a toundary line with sufficlently small
perturbation veloclitics using the difference nethod described
eabove. Thils corrnction of the sonlec velocliy houndary waa at
firet dioreiarded for the saks of simplicity, eince 1n general,
1t cen bo neglectod for the basic calculations plenned for this
report. By mears of the directions of veloclty along *he sonic
boundary, the net ~f characteristics for the supersonic flow can
be drawn so that the contour of the body in the flow 1s a etream-
line of thio smporscnic field. Only expansion waves stert from
the surface of the body, wille compression vaves, which are
necessary for a roconversion of the supersonic flcw into a sub-
sonlc flow start wilthout exceptlon from the sonic boundary. This
behaviour 1ls an escential criteriocn of the grld cof characteristics.
The manner of reconvereion of the supersonic intc a subsonlc flow
(that 1s, for Ingtance, whether steadlly or by mesns of a com-
pression shock) is docisively influenced by the sonic velocity

boundary.

Of course, the contour of the body at the boundary of the
supersonic field which has been determined in the foregoing
calculation of the example cen not coincide with the contour of
the original body which was originally dlstorted according to
Prandtl, since the supersonic field, because of the expansion
of the alr, requires more space than the flow field whilch was
dlstorted according toc Prandtl. Therefore the swrface of the
body In the supersonic region will be flatter than the surface
of the original body in order to esetisfy thls incroased need for
space. The outer subsonic flow must be adjusted to this increased
need of space of the supersonic fleld In order to obteln the
original. contour as the result of the celculation. This adjustment
may be made by replacing the superscnlc field with dipoles or
source-sink distributions, which will widen the stroemlines of
the subsonlic region originelly obtalned by Pranitl's method. The
strength of thls source-sink distribution ie known fram the
oondition that the space which 1s to be added has to cover the
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difference of the Flow denslty in supersonic flow and flow
eccording to Prandtl and that this space corresponds In
magnitude to the flattening of the original body which resultsd
in figure 5(a2). By a step-by-step approximation ths contour
vhich results at the end of tho calculation may thus be
adjusted to the desired ocnbtowr.

However, the evample treated here already permits the
conclurion that whon the local soymd velocity 1s oxceeded there
exlst solutions with reccnverslon of the local gapersonic
veloclitles into subsonlc veloclitles wlthous campiesslion shock,
at least in frictlonless flow.

The pressure distribution vhlch wes formd for the sxample
troated-1s compared to the pressure Alstributicn of wnathar
slender bedy (fig. 5(b) vhich was deter-uinod acc~xding o the
game law of conformal mapping and shovll asres woll with the
body of the example. (Suve fig. 5(e).) Tho extrume Flutmeas
of tho presours dilstribution in the suwpersoric regflon im a
specilal characteristic for the lLody with local rezlon ol super-
sonic velocity. This behaviowr correspnnds to the strong -
curvatire of the contour of the body immediately after the
flow hee ontered the supersonlc roglon. Duo to thls large
lozal curvature, the body B in this reglon will prcduce even
‘for incompressible flow higher negetive pressures then the
body A. For thls reason the two prescure dilastiributicns which
vere graphlcally rrpresented ceonot e Alrectl)y compared.

IV, APPROXIMATE TREATMENT OF LOCAL PEGIONS
OF SUPERSORIC VELOCITY

The reprosentations of characterlstics congldered thus far
were notable for the fect that expansion or corpresalon waves
running in the same direction never intersect. (Comparo flg. 5(a).)
An intersecting of vaves running in the sems Airecticn is basically
imposslible for cxpansion waves since such uves alwaye dlverge
from thelr starting polnt. Bubt compresoclon waves convargs; there-
forg they could well form an enveiops and cause a cupresslon
shock.

Such overlappings of waves were found Ffor the ssmple body of
figure 5(a) when the free-stremm veloclty was increased from
M= 0.86 to M= 0,90. The conotruction of tho expansion waves
was started at the sonic bowndary (in oppositicn to their actusl
direction) and alresdy for the Mach number M = 0,85 (according
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to figure 5(&)) led to a pressing together of the expansion
vaves near thé contouri for the Mach number M- = 0:90 - they
ren into each other even before reaching the contowr. This
conéition 1s physically senseless, that 1s, a syrmetrical
solution for the sonic boundary whicLh was found 'dccording to
the indicated schems is, at this Mach number M = 0.90, no
longer possible. In this case the "expansion ehock,” a.ccord.‘l.ns
to a conslderation of Prandtl, rather will dissolve into a
group of divergent expansion waves origlnating at the cantour,
whille the campression shock which linits the supereonic area
Porsists. In this mannsr one oeaslly obtains the flow picturs
foumd from many teosts for.vhich the local supersonic flow is

no longer reconverted into the subsonic flow tkrovgh a continvous
phenomenon but by means of a compression shock.

The preceding treatmont was besed upon tho sonlc veloclty
bormdary line which was obtalned according to Pranditl®s rule
without additional eource-sink todles whlch wovld have corre-
sponded to the groster neel for space of the supeisonlc recion.
The rersuliing solution which was physically senseless might
well he caused by the perhaps no longer epnronriate ccndltions
for the existence of the sonlc veloclty bowmdary line. In order
to obteln a clearer vlew cne considers the limiting case where
th» expanslon waves converge exactly et the contorr. A flow
around & corner develops, as reprecented schemctically In
figrre 6; in tho s'persanic recion such a flow is peoslble
without flow peperaticne., Thin assuwption end a given sonic
voloclty boumdary offer the supersonic reglon the opportunity
to £111 the largest possible space without concave curvature of
the body in the supersonld domain.

An admisslon of concave surfaces wonld presuppogs a sonlc
veloclty bowmdary vhich could no longer be produced irum an
Incompresslible {low about a proflile without addlitlonal scurce
and sink dilstributlons in place of the supersonic reglon; or
else ocne would have to drop the conditlion of flow syrmetry.
Figure 5(a) demonstrates clearly how the surface always shows
& convex curvature when the lncoming wave 1s a coupression wave,
the outgoing wave an expanelon wave. However, for the oppoeite
condltion of concave curvature in symmetricel flow thie coming
in of an expansion wvave and golng out of & compreselon weve
would result in the emission of expasnsion waves Irom the sonlc
bounflary in both cases. But an expansion weve vhich starts ab
the sonic bowndary cammot be obtained by simply exchanaing the
campression end expansion waves, for inatance accoriing to the
diagrsm in figure %; Tor there must always first appear an
expansion wave and thon a compression wave in the dlrection of
the flow at the sonlc velcclty boumdary, because the flow cem
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pass from the sonlc boundary into the supersonic region only

by mesns of an expansion. An expansion wave starting at the
sonic boundary 1s posgsible only for a certain shape of the
corners in the graphical representation of charactexristics:

two expansion waves are gent out from the cormer simultansovaly.
(Conpare fig. 7.) Thers is, however, a condltion: +the somnic
boundary in this reglon must take a steeper course than the
expansion wave which is Incllined toward the directlon of the
flow by the Mach angle. The streemline through such a cormer
polnt liles between the expansion waves, while for a normal corner
i1t is tengent to the apex of the trlanale formed by the expamsion
and compression wave.

It is an important criterion for the cormer with two expausion
vaves that the otreamlines becoms steeper, not flatter, with
increasing distance from the body; otherwlse the flow would not
fit together efter transitlon throught the two expansion waves.
This result agrees with the fact that in a symmotrical supersonic
region also the direction of the streemlines grows steeper with
increasing distance from the profile. The causs of thlas phencmenon
1s that the stroamlines (because of the maximum flow density at
sonic velooity) are closset to each other at the sonlc boundary
vhile thore will be the greatest dilstance between them for the
supersonic region at the polnt of maximm veloclty, that is,
generally, at the point of greatest thickness of the body.

Such distributions of slopes occur only ia supersonic reglons;
they are not posesibvle In subsonic areas for a flow about bodles
with convex contours. Therefore it ia nnt swrprislns that the
sonic velocity boundary, which was obtalned by dlstortion of the
incompresslible flow about the body, will not lead to a uwseful
supersonic flow pattern as long as there are no singularities,
as for instance source-sink distributions 1n the incompressible
flow by means of which the effect of the lncreased expansion of
the alr in the supersonlic region can be calculeted.

Presently a method is wnder investisntlon in which the sonic
velocity boundary may be adjusted to tho incrmased neel for
gpace of the supersonic flow by arrengement of slingularitlee in
the flow; the results of these investigations will soon be
published separately.

V. SIMMETRICAL AND UNSYMMETRICAYL REGIONS OF SUPERSONIC FLOW

As stated in detall in the preceding chapter, concave body
purfaces in the supersonic region are dependent upon the particular
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type of corners in the net of characteristics which 1s charecterized
by two expansion waves starting fiom a point of the sonilc boundary.
(Compare fig. 7.) The stipulation of flow symmetry then causes
compresalon waves to start from the corresponding polnts of the
contour vwhich In turn canse these compression waves to proceed
toward the sonic boundary in rg. Since these compression waves
vhich start at the contour always converge, such sclutions ere
poseible only as long as the radlated compressiocn waves do not
intersect; otherwise a compression shock wlll develop. Therefore
the exletence of eymmetrical flows with looal supersonlic roglons
cannot be commted upon for strongly concave cwrvatures or for high
Mach numbers, because the compression shock would presuppose a
symmetrical expension shock in & corresponding location; thils
expansion shock, however, io not physically posslble.

IExcopt for the speclal case described &bove, supersonlc flows
on principle tend toward flow symmetry as wlll be shown 1n the
example repreosented in figure 8(a). Thore wlll always develop a
symoetrical flow along the wall with two changes in direction for
incompressible flow wlthout separations. It 1s, howover, knowvm
that for pure supersonic flow the flow along the vall is unmsyrmetrical
(fig. 8(a)), i1f no additional gulding swfaces exist. Conditions
of symetry can be echleved through calculations for the mixed
suboonic-supersonic flow around this double cormer: the outer
subgonlc flow at the sonlc boundary will supply the missing
syrmetrical boundary conditions (as for the exsmple in fig. S5(a)).
But 1t does not appear lmpossible that such a mixed superscnic-
subsonic flow which has been made symmetricel by the outer subsonic
flov may be wmstable. Since the subscnlc flow 1s produced by the
form of the obstacle in the flow 1t w11l bo symmotrical only fcr
a symmetrical obstacle. On the other hand the cuter flow willl not
be symmetrical for an unsymmetrical obstacle, as for instance a
symmetrical boldy with a local supersonic reglon and a compression
shock. Therefore it seems very doubtful whether the outer flow
vhose form 1o decisively determined by the form of the supersonlc
region, will In twrn be able to reshape decisively the supersonic
flow by forcing the symmestry conditions upon 1t5

A confirmation of the nonsymetry of the symmetrical type of
solution would explain the occrrence of wmsymmetrical solutions
with compression shocks which has been observed in tests,

On this.occaslon T should 1like to point out that a symmetrical
supersonic flow also could be suggeested for the single wall represented

5A golution of this stebillity problem shall he obtalned by
assuming a small wmsymmetrical deformetion of the sonic boundary and
by then observing whether this deformation increases or diminishes.
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in flgure 8(a) whick 1s physically not real but satisfies the
conditions for potential flows with regard to contimrity and
irrotationality as well as Bernoulli's equation. This flow is
represenied in figure 8(b). Such a flow, ma is well kmowm, is
phyeically real for the reason that a dlsturbance can not be
tranamitted upstream Iin supersonic flow. TFor solutions which

wvere obtalned analytically it must, therefore, always be erpeclally
verified whether this alditional condition has beem satisfied for
the supersonic flow.

VI. SAMARY

1. A method of calculating the epprcximate veloclty fleld
for cormpressible flows with lonal regions of supersonic velocity
has been presented. EStarting from the flow at a large dlstence
from the profile dectermined according to Pranitl's rule, this
outer flow was continued to the sonic wvelocity bomiary by means
of a numorical msthcd; the method c¢f characteilstics of Prandtl-
Busemarn was applied for continuation beyond that boundary. These
calculations result finally in the contour of the proflle in the
region of supersonic velocity.

2. It has besn demonstrated in an exemple that mixed subsonic-
supersonic flows abcut two-dimensional bodios can be calculated
where nct only the transition fiom subsonic to supersonic dut also
the transition from epersonic to subsonic takes place continvounaly,
that is, srithout pressure jJump.

3. No phyelcally real local area of supsrsonic veloclty could
be determined for the example conslidered here vhen the soumd
veloclty was far exceeded because then expension or compression
shocks occurred. Hownver, there 1s a prospect of calculating mixed
Tlows for such cases also. before starting the calculation one
would have further to extend the outer subsonic flow by means of
pource end sink distributions; in this wvay the greater need for
space of the superscnic velocity field would bs satisfied.

4., The symmetry of the local arsa of supsrsonic velecelty for
mixed suporsonic-subsonic flows may be enforced by the outer
subsonio flow. B8ince, however, the outside subsonic flow in
turn must be produced by the profile in the flow or by the local
area of supersonic velocity, the assumption secms justified that
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of'ten only an upstable symmetrical flow can be produced by the
outolde subesonioc flow; and this wmstable symmetrical flow will
twn even at small disturbances into the wmeymmetrical case with
compression shoocks.

Tranalated hy Mary L. Mshler
National Advisory Committee
for Aorcnautics
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Figure 1. Schematic representation of the flow regions for mixed subsonic
-supersonic flow.
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Fig. 2 NACA TM No., 1114
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Figure 2. Partition of the flow field for the difference method.
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Figure 3. Relation between air density and velocity under the assumption
of an adiabatic change of state.
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Figure 4. Sonic boundary with the field of expansion and compression waves, _
respectively.
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Figure 5a. Grid chacteristics in the local supersonic region for a two-dimensional body
B (relation of thickness d/1 = 0.0715 at the Mach number M=0.886.
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Figure 5b. Calculated pressure distribution for two two-dimensional bodies in incompressible
flow and in compressible flow with local area of supersonic velocity.
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Figs. 6,7 NACA TM No. 1114
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Figure 6. Mixed subsonic-supersonic flow about a body with plane surface in
the supersonic region.
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Figure 7. Schematic representation of the two different kinds of wave
.radiation at the sonic velocity boundary.
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Figure 8a. Supersonic flow about a double corner.
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Figure 8b. Symmetrical potential flow with supersonic free-stream
velocity about a physically not realizable double corner.
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