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Boundary-layer separation on an inclined airfoil.
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THE PARARO LIL CHARACTEL FPROVIDER BY 7THE MISSING VISco LS Té'IEMS, AND ARTE
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THE &FFECT OF THE DISTURRANMCE CANNOST BE WNOTICER UPSTRZAM FRoOM THE
PoinT WHERE Ir /18 PRobUcEp » THE ZONE I'NFLLEMEN BY THE &FF&CTs oOoF
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OF THE (30D THEN ACLELERATES THE FLow AND MpcES 1T SUFER soA/c AGA/ AL,
UPON MEBRGINS WITH THIE FlLow STREAM O THE OTHER S)bE

A TRA)LNS -Ebsz SHO G
E DECELGRATES AND TURNS THE Flow IN THs STREAMWISE bIRECcT oW ( I"/IG;SCJ«
Wav g

AT EVEw HIGHER SPEEDS, THE LEAD/NG SHock SYRRooNDS THZ BODY MUCH

pLoSER anD MAY RECOME ATTACHED 7o T 1F A WEBGE-TIPE OF G5omeThy
1s ‘oTiizes (Fie So‘> NOTE THAT N SUPZRseNie REGIMZS THE RBobdv Mouss
S uTiL . ™

FASTER THAN THE SPECD OF SOUND AND TS EFFEeT 1S NOT noTlcen vFPSTREAH

4 |



THE DESIGN OF A/RFOILS, AND EVEN ENTIRE AIRGRAFTS, |S FONPAMENTALLY DIRRERS N DEREADL 1 o

ON WHETHER /T FLIEs SURBRSOMICALLY OR SUPBRSOAMICALLY . [FpRr SUBSONIC AIRCRAFETS , A SHODTH
SHAPE 1S GENGRALLY SELECTEZL FOR ENABLING STREAMLINED FLOWS WITHIUT S EFARATION A
ORPER To INCREASE LLFT AND Miti 12 DRAG /E/é. éa,) - FOR SUPGRSomIL AIRCRAFT,

THE DESIEN VST RBE MoDIF(Ed 7o DEAL wiTh SHOCK WAYSS. ok THEST, A THIAN
SHARFP BoDYT W/mTH A POINTED NOSE 'S PREFERRED /N ORDER T0 MIMMIZE THE SHOCK

STRENGTH NTAR THE FRONT OF THE AIRCRAET [LE. 70 MAKG 1T INCREASINGLT OLUKSUE

70 tHE FREE sme:u—v) , THEREBY Miminizing THE LRA6 (Fla, 64).

CoNco R
AIRBUS ARSD
MG.NO.gs ’440 ~ 2011
RBos NG 7T MiG 24
Ha ~ 0.3 Maw 2.0
|
LOockHEEN QR-74 ‘
GULFSTREAM 65D
Ma,w RO
HMa v 0 .22 |
LoXkizsn AC420 | MD F-tg
Ha~o.4y Ma~41.2

(&) SvBSomc

AIRCRAFTS

, (s) SUPERSoNIC ARCRAFTS

Fle 6.

%)



SoNvICc RBoom

WHEN 2N AIRPLANG FLIES AT SPEEPS EXCEESING THT LOCAL SPESL OF Soua g

GENBRATES PRESSURE DISTURBANCES /N THE FORK OF S Hock WAVES AND EXPANS(oN

FANS (70 BE STUDITD LATER 2N ThE cout?se), THESE PRESSURE VARIAMONS PR PAGATE 7o

\N ¢
THE 6Rounb AS AUDIBLE EFFEcLs »wown AS “Sonie Boom ' (SET Fis Fa ).

lE.AD)/Na'

. o3 D TRANING
/ SHOCK. - U SHock
e Flight path Ground track
\ /"~ Pressure ‘
\ /- waveshape
Incident

wave. Reflected

Jil
.ill """IIIIH«» M|z

@-) \;V,""PEESSURE WAVE <AUSED 6N THE
CROUND RY N SUPERSONIC AIRCRAFT .

Ground level

7

Fle =.

Forward
shock
front

THERE ARE 2
7 st Bodus
) BUT THE HUKAN
/' EAR 1S oNLp AT
T0.FERCE WG THESE
AS TUST ASINGLE
ONE

Boom carpet —

After
shock
front

(b) SHock comnzs FPrRobuczo Ry

A SUFERSOW!Ic AYRCRART .

THE Sopic Boowm ! MOVES WITH THE AIRCRAFT DR g FLI6+T AND CREATES AN \}\/:’sHﬁPEQ}

PRESSURE WAUE ON THE G6Rounp AS A RESULT OF vME SHock WAV ES

PA&TH AFFECTED ON THZE 6rROUND

AIRCRAFT (se& FiIG. #b ), THE. CHARACTERISTIC OVERPRESS L g

CAVSED BY SOMC Booms ARE SusT OF THE ORbDEe
OF 49 Fa (SR-74 4T Ma:=3) And o Fa (Concorss
AT Ha= z), RUT THESE TRANSLATE /NTO Mamme&
OF DECIBELS OF SOUNR PRESSURE LEVEL.

IT IS |MPORTANT ToO RECOGNIZE THAT THE LPEED

o

0F sSounD a VARIES WiTH AcTirube (s&z Fl6.2)
A Sownic Rogu REACHES THE GRovwys WHEWN THE

AR CRAFT SPEEZD IS LARGER THAN The SPEZD

OF Souad AT 6RoLND JeVEL , WHICH IN HesT
PRacTicat <asZS (FLIGHT RELOW THE S?I:‘ATOF‘A(ASE)

REQ UIRES MACH NUMBERS LARGCER THAN UMTY

BASED ON THE SPEEL OF souwnd AT ThE
) Noté - Sounp PRESSURE LEVEL®
( -

/
P
SPL= 2000, ‘;:eg) wPorl:?-: 2

PIRCRAFT ALTITLDE.

‘)

THE NARRo w

/S PARAROLIC IN SHAPE AND ALSD MHovzS W/itrw THE
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| | ™ i
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80 ] " —N !
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| |
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|SENTROFIC FLOWS

IN INVISCID FLows WHERE THERE (S NoO HEAT ADDITION , THE ENTROPY EQUAT( oW (43%
SIMPLIFIES To |

L4 t p

>

Q)

|
<y

v
D

WHILH CAN BE INTEGRATEL TO 6IVE S= S,-, WHERE Sp 'S THE JNITIAL ENTRoPY

OF A FLUID PARTIGLE. THIS MHoeTilown (S REFERRED To AS \\/SEN'onPlc ". HowEBVER

17T DOES NOT REQUIRE THAT THZ ENTRoPY BE UNIFORK 1IN SPACE . FSR 1NSTANCE,

IN STEapT Flows, THE EQUATION aARovE BECouEs

L?-VS:O

/

WHICH CoRResFowps To AN ISENTRpFic Fuow [N WHICH THE ENTROPY (S COWSTANT

ALONG STREAMLINES (S5E FI6. q) . IF, IN ADPITIon ;| ALL PARTICLES HAVE TH Z
5,,54

= —t
3 ‘- = - -
Y, S é?’?z v VS';)——% &0 S= So EvERYWHERE 1N
/ 'f'»:;;? 6 / THE FLow o
51 s - $TZaADY /SENTRIRIC
yos L TT Flew / L HoMENTRIFIC
S 4 7 e FLo
5»3 w
LTREANLINES,
£16.9 | Fl6. 4o

SAMB  ENTROPY, THEN VS=0, ANL THE Flow IS REFERRED To AS “ROMENTRORIL,

IN THIS LimiT, THE ENIROPY 18 ONIFOEM EUEA) THOU G 4T Couold BT A FUNGCTION

oF TIxE , S= 8, (é), AN I1RENTROPIC MoTIoN WITH UNIFORM JNITIAL

ENTROPY FoR ALl PARTICLES S ALSo AN HOMENTROPIc FLOW. /N FPRACTICE,

THz TERM NISENIROPC Frow’ wiite BRE UsSEd HERE 70 INPICATE FLlows

IN WHICH THE ENTROPY 15 CONSTANT ALONG STREAMLINES 6

THE BERNOUILL)

EQUATION FOR COMPRESS| BLE FLOWS

e

A FUNDA MENTAL RELATIon CAN BZ DERIVED BY S/iMuL TANEOUS LM CoNSIATRING

JMVISCID

MOMENTUM AND ENERSYT COMNSER YATION I[N FCOMPRESS) BLZ FLOWS .

THIS (RELATION
1S CALLED THE RERNOUL/ILL) E‘,a,uA‘noN; AND (TS DERIVATOY 1S Sluagw RELow .

CONSIDPESfe F/IRST THE MOMENT YN TQUATI ON (12)/

W . 5V - -L VP (24
2L

AND ASSLUME STEADPY FLo W (_Q =0 | . MNoTtNg THAT THE CoNVECTIVE TEEM
pe

caN BE EXACTLY REWERITTEN AS
— - -> - —h
PRV V('L")— OAVAY
2

—
——




. -3
THEN MULTIPLICAT o BY AN YNIT VECTOR e( TANGENT TO THE STREAMUA BS
LEADS TO

ep 7
\ =8
2o V). e v('.v;f) = [ DAUAT) /vam’“
5 TAD

-3 5
THERE Fons, HMULTMPLICATION o©OF Z&. (Zq) 'RY THE OUMT v&eToR 66 GIVE 3
-,2
@_(M )+ 4 9P o , (25)
24 2 § @<
- .
WHERE 9@= ed.v /S TRE DIRECTIONAL DERIWATINE. AN INCOMPRESSIBLE F Lo ws,
¢

gz nsT. AND  (2B) REcomES

&1

oMLY FOR 1a) CommPRESS!I BLE {
¥ tews
I
ﬁ*’ﬂf):o = £+ 0F- ¢,
Q 2 S 2

'S A CONSTANT THAT /N PRINC)ILE DEPENBS ON THE STREAMLIAE.

( 25)
WHERE c"

NOTE ;, HHOWEVER, THAT IN COMPRESSIRIZ FLows , THE CHARACTER)STC VARIATIONS

OF 7H& DENS|ITY ARE ©OF THE SAME ORDER AS THE [SENSITZ )7SELF, AN /ge-_oﬂ)/

ANVD EA&. (26) /S MoT VALID . LONVERSELYT , ONE CAN USE

‘N (Zs) THE

FIRST FPRINGIPLE OF THERMo PYMAMIcS FPARTICULARIZ b FOR I1SENIRO L PROGESSZS
(@]

7 Qh_ A4 QP _ 9h - LA i he T
%éij@{’b%i% R

(WH/CH YI1ELBS THE

BERNOULL BQuATIOn FHOR COMFRESS|ELE FLIWS <
) =2
0L 2

COMPRESSIBILITY

4)1‘ I_G:j.a: # (2;)~
— Z

COMPRESSIBLE FLOWS AREZ CHARACTERIZER RY HACH NVHBERS LARGER

THAN 0.3 . IN cOMPRESSIBLE FLowS , THE PRESSURE VARIATIowS ARE OF THE

SAHE ORDER AS THE KIINETIc ENERevy , AS EASILY ORSERYED FRow Q. Q4 ) :

- - —p
2 3- V5~ - TP - AP~ £,U"

ﬁ/\_Jz —~—

olgs) ° (A4

Wit AP BENG ComMPARABLz T© THE PRZSSURE (TS&LF SImcE

°_A_[.>~ g-LUzu WZ e O(‘)
Po Po '



R

|
FURTHERIMORE, THE BAS EQUATION OF STATE (5) SUGGESTS THAT 7HE RELATtVE !

CHANGES [N TEMPERATURE AND DENSITY ARG ALSo OF ORDTR UNTY .

- P 2o AT + RaToAQ =p AP o AT 4+ L2 . 9 (1)
P- QRyT ~=b AP = &fy pTe &9 + s 1o |
AT - A3 WITH A-FP v X_A_s_ FoR ISEnMRoPIC Flows

AND THzREFors QP ., ~ HJ,\‘,@(Q. R X 1o
P /4 S

To %s N
THIS IS N ConTRAST TO INCOMPRESSIBLE FLlows , WHZRE THE DENS/TY IS CONST AN 7

AND THE PRESSURE VARIATIONS ARE ALWAYS S MALL, COMPARED To THE PRESSURE ,7sZuF.

<® ANVD QF

STAGNATION AND STATIC QUANTITIEL ORBGER M Zuc |

THE BERNoOCILL EQUATION (27F) CAN BZ REWR(TTEW AS

‘ . .
/l'\’f' ’09]2= )') G T+ /U/z.‘-. cp To bR i__ _P_, -+ IUI - ¥ Fo
z 7 " : ¥-q4 % 2 (040

WHERE UsE OF THE DERINITION | g ENTHALRYY FOR AN IDEAL ¢AS A= CPT-..K_E_
% -4 g

HAS BEEN MADE . HZRE, Ao/ To, J0o AnNb o RZPRzSEANG STASNATION QUANTITIES

(ALSO cALED MTorar”

QUANTITIES) . THEY CORRESPoND To THE THERMOBY MAM|C

STATE OF A GAs ISENTROPICALLY BROUGHT 7O REST FRom )Ts IN I TIAL

— .
Vewoc)Ty U. NOTE THAT ho, To, Ro Anps  Fo ARE RELATZp AMowns

THEKSELVES AND TO OTHTR VARIABLES Sulh AS THE STAGMATIOn) EweRgy AND

. SPEBs 0F SOvMD:
hoz GTo= X B o ¥z &l

T-1 &o )’_,‘ ‘

IN GenErpyL, FloweyaRr, FTue- Two OF THESE VARIABLES SUFFICE T0 CoOKMPLETELY

CHARACTERIZE THE STASNATION THERM QDY NAM (C SVATE OF THE MIXTORE .

CONVERSELY, THE VAmiamezs N, T, F, @, a Awb @ aARs cawzs NSTAaTic Y
: —_—7

(N THAT THEY po nvoT ACCcOUNT FoR THE INETIC ENERG? ©OF ThE Keo (W

IT 15 STRAIGHTFORWARD TO SEE T#+/AT

})<}‘m; F< Ps, T<T°/ g<g° ; Xl Ao AND E<e,

]
WHICH 1LLuSTRATES tHAT 1 A COMPRESSIBLE FLoW.S PART OF THE IMITIAL

THERMAL ENERST CAN RE TRANSFORMED INTO K/NETIC ENERE Y. IN FACT,
THE THERMAL AND RikzTIC ENZRGIES BEHAVE AS RESERVOIRS 6F EMERST TumT
CAN BE TRANSFERRED O0R TRANSFORMED N EITHER TYPE DOEPENRING ONTHE Flbw

CHARACTERISNLS, WITH THE VARIATIONS AP BOTh T YW PES BEINS OF THE SAMg

5 3
ORD?’?’A*%Z—@”H“%”A/ =Y




IT 18 INSTRVCTIVE TD REWRITE THE BERNOULLI FQ. (23) /v A MORE ¢oupacT FoRM As

he 0P by = [ T2 = 47 IG2 - 4+ Y=t Ma]" (28)
+z—— 7 26T 2

COMBINING THIS RE LATIay WITH THZ ISENTROPIc RELAYIons

» -4
T -2\ BT
T (3 ' FOR INSTANCE, AT Mg = 4

THIS FACTOR )$ 4.2

(209, REDUCTION 18 T
7HE ExPRESSions / WITH RESPRECT To rﬂ

X—¢

he To = %o = (&2 ze— (_fi = (E’.)%: A+ (M)Hq)z (2‘{]
w7 € 1a) 13 P >

ARE OBTAINéb WHICH RELATE THE STAENATION AND STATIc RUVANTITIES WITY
’

THE Locar Macu NUMRER  Ha = 747//. EXPRESSION (24) 1S TA BULATED IN TARLE T,
a

IN SUMMARY | The CONSER VATIow OF STAGNATIOA QUANTITIES STATED BY Zg . (29)

ONLY peLDsS FbR. STEAD Y (?J.:o) AND ISENTIROPIC /%

o 9650’) FLONS/

CRITICAL QUANT)TIES

THE CRITICaL  QuanTITIES ARE PEFINGL AC THE

OMES THAT Would BE ORTAINEL RBY
ISENTROPICALLY ACCELERATING THE FlLow FRe M REST T0 SomiC (Hq,=1) conpiTions |

DemonnnGg THEM RY ASTERISKS ) THE CRITIcAL QUAArrﬂ/;J CAN RE coxPuTEp RYy
sertine Mo=4 Iv BQ-(22), Whicy Givzs:

RS ENET )T 2 en

Fo ¥+4l
IDBAL MoTian OF GASEs IN VTARIARLE -ARBA bucers,
T'algo ) )
\ f’r‘" e “l;b /&‘D‘ Cowsibsr A VARIARLE AREA DUCT SUCH THAT
A & B-p v Dl = D/ ek SLOWLY  AREA-VARYWN &
I ¥ o { } = /L ( brer )
-~ }\éﬁp\\ e\
D, .
BN > THEN ;, FROM EQ. OF MASS COowsgm VATLON :
L LY [
- hnd Q v )+ Q vi= 0 = v y D
Xz xy), ve(v,v) @X(Q ) o) [g) = \-’V—E<<l
S 4 Y
~—
To1 b S STAGMATION TEPEREUES . gQUZ. 7/ TeAMSVERSE vELaelr
AND  DENSITY, b AL WwEGLIGIRLE [purerzy
., W s WITH THE LONGITV bl paL, O we

SPfzwe ofF soumn




,# MASS CONSERVATION . % g\7~:35=0 s = QUA = r.

Con sT
) PR |
~ »" = " ) w ‘
— = U Pa S MACS-FLOW RATES )
“ e |
CTTTELE, SINCE THE Flow Is ISENTROPIC - |
A(x)\. CRoSS - sscTIovaL . N ) Rl
e m=QUA= 2 8 U a4 - »g,a(,AHa,[H(zs-qm.Jw-*)
l?"? %a Q o 2
—_—) ~ad e ——— e —— ,_....,_.h, -
L Ha 5
FROs Thg L - (/+ (x-4) M&)
Semtrorr, REWTIONS (24) f 2 4
% : (l‘*(&_‘.‘)Hf)‘%—"'{
: o =
¥ NOTE THAT yr  A=zA(x), TMew (f= ux), Ma = Mal(x), T=T(x) , 4= (), Pe P(x)
AND 50 on, RUT - g = So BEcAvse oF ThE ISEATROPIE ASSUMPTION -
¥ 17 /5 AwsD INTEREST NG To NoTE T AT -
THE FoncTion () (_A._I-‘ y}a‘q
z 7~ EL ' os} et .
F(Mo)=He [ 1+ (3=4) M, } 20r-1) - '
2 B
0.4}
- N4
HAS A GLOBAL LAX Iqup, 1+ ;‘;,‘E-
( Z) ) AT Hasd, 0.2} ]
THIS HAS PrRoFOLWS CONSERUENCES SN THE
0 , : , . .
Dtwarcs oF niew spszs Frows 1a VARIAN & -ARESA O 05 1 15 2 25 3
bvcis, ‘As DEsScRiBss RElow. Ha,
EFFEcTs OF VARARLE ARza p SUBRSoN I, Awd Su&:@:omc Fiows
W : Qun Qo \ dU 4+ a&:) dA=o0
' , s SINCE o = SU‘A:cw-zT. =D I = T * w | DA
M A () 3
ey UAdR+ {A 8 =dd3 , 4 w+1§&= (2
Qi o $ 33; U dx A dx )
—
“ ALSO , FRowu THE ENTROPY RELATION S= So =P SPY S_rgb j;g_ AelP (33)
o
o 2
AND  FRoM BERNOLILLI EGQ . (2%)- ho= h+ & o dh o opdu. (?‘//
2 % Ix
Finatly, FRou THE FIRST PR/acipL& APPLISD To AN 1SEMTROP)G SYPSTEM -
7 = di. /dp
Tz dh - & = = (35
/dS/ £ ax § dx ).
SUBSTI17vTING  (R5) Juro [3'? . 4 ode_ - U—jg. . (38)
- § I X
SUBSTITYT g 2€) w70 -
X aé dx o
SUESTTVTING () mre ) v, dde -4 da - | Jw dA‘
- = s =B y I- Ha, Z - J_ 3R
) ) a2 ax UJ&" A dx ‘—) N A g)—( ( \) |




i

A,P .4
MM,, U, Ma,
Math # TS Nevrs ThAT |
R , - 15 I4PeSSIBLT 7o
APT,A CACH Ma,>d wru xusta

o 1NCMT
e , <z CONVERGa No
x S AT 2ALE ZIJART i Fray
X SURSow:! ¢ COM B Tilom; S

i #* NOTE THAT IN SURSONI~ FloWS , AN INCREASE /A AREA (a/A )0) IMPLIES AN PECREAST W

EQUATION (28] STATES THAT [SoNC coNBITionS (H‘b=4) IMPLY AN AREBA Hinikon

oA <o, THS WL BE SEEN BFLOw TO 7NDICATE THAT SeNic CONDFIOMS IN COMUSRGEN 7

X
DAVERGENT NOZELES MUST BE WECCEQARLY REAGHED !N THZ THROAT 1A STEADYT -STATE

OPERATIN G cone (7 )0NS. W

. Ha,>4
Ha. 4/""‘"““\
4A o
dx
Ho,:(

A QUANTTY DEMow,marsp CRimtica, AREA AT CAN Bz 08Tainss BT SUBST) Tur/me Ma=4

EQ. (20) FOR a :
1T \ ~ X4

- %2t
o = Ko&o A Ha | 41+ [_:‘:L) thz 2(¥=4) ~ ga 2 X ( (:_\f 2(‘6-4)
2 A ‘2
AY. o [\ EEL o T ;
= L) ( 2 )zl ‘ ’(3%) ’ Wm’{ Ad [ 2[4 Y=t ;2 2—%{-4
| A*  Ma, | P4 2 .

\b Tms FuoAcT w1 S

“Hgie =

AT A:- A" THE CRiTical guanTiTies 6ivan BY FE4. (30) ARE REACHED

X
VELOC! /dlf{@ ) SEE £6 (32)
. An ! T E 32
TY 5= , NGREASE 110 TDENS) /d.g so, 3&5 &a. | )>

AN INCREASE IN PRESSURE d”

e 20 , 88 za- (&6‘) , AN INCRBASE (N TEMPSRATURL
Ma, |
b

(41;0, Bz €a. (35)

AWD A DESREASS 1N ACH AwiRER (
G

CoONVERSE
DIVERGEN Y - wr
b4

<o, 358 ze. (34))

16 4. fURSomc (VPPER PANEL) A D, SUPERSOM <,
(lowsr PAA:e-L) Flows N VARIABLE-ARE A
pUcts

DI VER &7 cOnERcL,,
7 L SUTERSow1c Froms ARE
iHa> 4) D preieraten gy DIVER 6ENT

NoZ22LES AnD PRESSLRIZED

U, Ma, A T
U, Ha, A ‘/




EXAMPLE : FLOW IN A comvees ENT NOB2LE . (M'%( 4-)'

CONSIBER A (ONVERGENT NOZELE ATTACHED TO A LARGG RESERUOIR FIli5e WITH GAS AT

7EMPERATURG To AwNb FPRESSURE £, 7ht GaS Escarss THeoosr Tie
s l fa. ) mvozziz. Assurs
.}

I SENTROPLC FLow ANB THAT THTG NOZ23uy tlAS AN AREA

ACx), with A'Q/L « A -

B—1 v-1
R= Auprent [ Since THE  Frow 1S 7SEmMTROPIC - L‘-‘ = (.& Y - ( Lo e 4+ Y=1 H.;,z
= — U
PRESSUPE Y. 7 £ p; Z
‘ Z: ey FLANG‘H - A

AN Thers ropg MZ):SU'Ae- Lo Q-OAHw{

WHERE gs Xy = i b’Zf%'Ig = R \’l
R%To PaTO

TO ORIaim THE MASS Flow RATE, T#s PRESSURE AT THE &XIT IS

{ MPosED 7o BZ THz AMRIENT FRESSURE (' F = P

<

o, AMb THERSFORE
Y=t

R 2 =t “
()% oy o e [ 2 [l )
2 2 V-1 P AT THE OU3 LET

=

SUBRSTITUT NG TS '8N THE Miss FLow- Rare E XPRESSop

A= FOV%: Az(&j%[(p&)Yﬂ 1’/1( 1

/ —
Y _ 4 > z HAsS Flow kmlg-
Fa. P, T-4
MNotES ,‘0) N CENERAL, 727/ Teu AND .337( 8«.- THESE CONDTIonuS CANNOT
e

| kPOSED IAMD IN GENERAL T HE TZMPERATURE Anes BENSY oF
A SuBsewiy Jz4

ARE por Thost OF THE AMEIENT . ( TRRE EQuaciZAT/ oW
OF 7THESE QuanTi1iEs REQHIRG S SLOW AZRIAYNAMIE Mivsins -
FPROCESSES « THiIs 1s '~ Gomyjmasy 7O THE FRE SSORE |, W Gl

RAPIDLY AT9Mins VALpES Clotz 70 R REcavusy OF ThEz AcTionn
OF Acousiic waytes

B=4 M
¥ e
ie) FoR B4\ o
) s> = 1z M. 893 the  No22Lz IS Chokep
a, %.— -
1) THAT ,M‘LZ - (sbmzc, COUD [Tiove ARE REACHED AT THE .

g

oUILET ) Pwp amz ¥ le’;v Az("**)-z\‘(-{{a)
)
2

/
THB MAx MLy Frow RATE -

~
-

S| For B (M), s wm resssira By is o iau Ry
" 2 4



‘Z SHOCIcS ANo E)tPANS/oN WAV6.§

SURFACES OF DISCONTINUITY
—_——e—m—

THE EUVLER EQUATSNS SUPPORT SOLUTIowS THAT CAN DISPIAY DISCOMTINUGITIES )N THE ABRe - |

THERHOBYN AHIC VARIABLES OR THEIR DER/VATNVES, The REGloms OVER Wiy THESE BIS CONTING J718S

OCLUR ARG TFHIN COMFARED 7o FL)ID ~- HECHANICAL SCALES ANB ARE CANED N SURFACES ©OF ms<o~7monf,”‘

N OBE . .
THIS TERM ENGLIOBES  SHEAR LAYERS, WAKES, Hixing LAYERS, Boumbary LAYERS, SHOCK WAUES AN

MACH SUREACES . IN GENERAL, IN mnon
RGW/N F/XED/ ALTHOVGH THEIR PROFAGATION VELOCITY I VMRELATELN 70 THE VELociTY OF THE
GAS.

CoNSipeR ENERAL SURFACE

SURFACE

/ . THE /NTE6RAT,08 OF MASS (14},

y QF DISCOMT 1nuiT g

MoHEA TUK (43) AND TOTAL

ENTHALPY (44) !N THE comnTro, VoOLVME V, (ssc F/G.lo)

GIVES THE Fouowine IVMP contiTiow ¢

=}

;9_5+ V-(43)- 0 .-.pj'g, du + &-g:%a?: o

-87 .
EABY GAS Frow THe SURFACES oF bisconTinviry be noT
|
|

Ve, S
] L]
- => §4 U= {5 Uyl = anfl= (Loﬂs‘r [3q}
e @
-
> °¢90+ 3.3 - - VP d (eFr 2 de e - (paR
COMTINUITY OF HaSS FLUX PU ARga SBC \ B - d& v N &gu et el
o'z comst Ve s &
- ' 2 2
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DG FLECTION € cawn BE GBTANED RY USING THE GEOHETRICAL RELAIION

o | Dl L ke (pe9)
U:Mnl, U;m/% L'QMF

conpinut T
oF lf&

ALONG wiTH THE TUMP CONBITIow |p (S58) For U"“/U’M ; WHICR glVES

b (P-3) . 2+ (3N ME, P | S 2 cobus (Ma2 P - 4) | )
baw 3 (¥+1) Hay s | 2+ Mol | ¥+ cos(2f))

SIN ,
THE comioorms OF Ea. (SR) ARE GIVEN SCHEMATICALLY N F16.43
~ COMME NS

o

<0 '® For A 61vEW DEFLECTION Awée &= &,

AND A HACH NuHRER Ma,, THERE

EXIST TWo s0LloTions Fof ‘3 L ONE

SuPERSONI ¢ For F’ ARcE (STRonG  SHOCK WAVE) ’

N L Pociwock Frow (Ha, >4 |
< o ; o) AND ANOTuER ONE FoR SHAUER [3
~ o™ | (weax SHDC{;_@@V&-), '\STRONG SHO “k
= " } P eI e
) %0 ~ls S WAVES ARE CHARACTER| ZED R'T )44,2‘(4_ )

FIG. 43 ( Flow IS suBSowIc DOWA/ST’EEAH)

a Ao DefFLECT!OW (%: @) OCLURS v TWO CONDI Tiongs «
_d-»»%:" L) \E (5.___ qe° (c.otOMF:O) =P NORHAL SHock WAVE (H«.Z<L)
¢

: , N |
74.5‘” bﬁ> I F M“,%2F=i , OR EQUIVALENTLY &MF: t 4/Ha..,= Sum/'<:
, =

= THIS 1S A CoMPRESIoN MHACH WAVE (WEAI\' SHOCKWA\:E)’ HACP:E

s Flé6 . 4% .

2
NoTE THAT Mo, Som[B=4 IHMPLIES qu = 4 =b Sowic mormA
“ Flow, sneck

OF UANISHING STRENGH

w Fl6. 49, For %>8HAx THERE IS NO SOLOTioN WiTy
(s A SHOck ATTAckHED T0 THE SHock,

A sowrc uwe
) /G LINME /
<A gp 5 (ey= 1) NSTEAD, THE SHoOCKk WOST RE

CONSIDER THE \NEDGE

SHoCK.
///7/' > STREAMUNE 4 %

°

M, —— 8
2 8» o ¥ DBTACHEZL FRoOn FHz WEbée,
TTA CHE b !
S . Ny SHOC K Haq \Q‘\‘ D&A cyzs YI1TH THE Sowvmod DEPSNDING
lm 1y ™~ (8¢t } Snock (£ Suax) OM THE GEOMETRY AMD
AKX
i —— gHOCK ASYM PT 0 TES 10 A MACH WAV& BDUNMEY COIUNTIO”Q@ ‘
|



: Rz SeLuTLoNs FOR B,
AS MEWTIoNGD ABoVE, FOR A GIVEN B<Buux THERE ARz Z ‘ F
° e
: N ¢ A WA
ONE REPREsENIS A STROnG Shock WAVE (HQ2<4)7 A TR ariee

sHock  (TrricacLy H%Z>A_). STRoN G |

ExpuprPLes .

THE STRONG sSHock SOLWTIowN AR =TS
A LARSER BACK PRESSURE E  Than
| f

THE  WEAK Shock ong, N EXTERN AL

AGRODTNAWCS, STReNs SHocks ARE RARz LY

OBSERVED EXCEFT For £- Buay,

WHERZ
SEEHEMS oF STRon G SHOCKS ¢AN RE

N WZEAK SHOS
STROAS “He Ch SEEN fsap THE WEDs & NOSE W ITH SUBSons (¢
8 OLUT 10N SeLTiopn
FLow BoWNSTREAM (sEE PIc. m) . FOR ATTACHZp
(A B E_ = 2.82 S EA K
& : 6.3 7 HOCKS , Wz ax SHocks ARE 7yfica, L7 oRSERyE

PUE 70 THE TENDEAC v OF 7H& [RACk Przssupgz

70 Rrcoms FQuaLizen 1y orsy ENVIRONMZNT ¢
WiTh THE AMBIENT FRESSURE . THIS HMicnys MoT

BE so suv INTERNAL Flows , WHeRE A Hishen RAc &

PREssvez coucp BE SusTa/vzsn

WEAK ' SHocKk <
—_—A

WEAK SHocks ARE  CHARACTERIZEL BY HAVING A VANISHiNG STRENGTH, Ha.,"‘ {+&

O WITH g«io INTRODUCI Mg THIS APPROX: MaTion 1N THE TOHKP COA/b(Tlova (5'0), (54)

awve  (53) Yiziss

L. (+2 ¢ Beo=4+2¥ ¢ awn - l-2 ¢
U V44 "R ¥+ 4 o "y

1o LEABING oRDER A €. WNoTs THAT THE ENTRoPY VAR/AT 04, 1S

OF HIGHER oRDER <N €

’

§z—sfc Cv&[g(&)ﬁt] NCVA'M 63
1

24

THEREFoRz WEAK SHotics ARE  ESSENTIALL /S‘EA/TIEoF/c,CoumessmN WAVES o/

VAMI St e STRENGTH, WEAK OBLIqUE SHoc kg Aez ALSO CHARACTERIZEY BY A
. f M e

——

Yo s VANISHING  SBFLECTION ANGLE . THIS can BE sec BY R&aRRancin
£a. (84) As

¢s) |



Lz = | : .
Hiy sin [ -4 = (¥14) M@f sm]fcosg . WHIcH For S=b O BECOMES

= Cos([S—i)

HMa? s’ - o [ YH Ma® e < - (60) (I.E. 8/\,@(2))
¢ Sl O Bl B R
NOTE VHAT WHEN 8-»0 ;, THE /INCIPENCE ANELE (3 A PPROACHES T HE
MpCH ANGIE = 1,2 s[> L = S~ .de\./‘b = A, nEAwwE

. May
TyAT WEAK SHoCKS ART MACH LINES N THE FIRST APPRoXmATION . THIS CAN

 WEAK 0BLI'QUE SHICK
BE EXPREZSSED FEQOIVALEWNTLT AS ,

E’-_:_,:’»\;O(G“)‘
l‘am = }M = 1 | ‘ |
P g % et 0(€)

WHICH CAn BT SURSTITuTES (AN (60) TO GIVE °~o(e)

HS&:ﬁZ-‘f ~ Y1 Mey 2 .(H); 1

£ v Ha‘.?"‘(

/>
SUBSTITUTING THIS RELATION (NTO THE SUMP coND/TioN (58) For Z/ﬁ

z
R-f. Z3 (H¢f'saw2'[3—4) o YMoy  § (42)
P1 X‘fA ) Ha.}_.,j

WHICH SHows THAT ThE STRENGTH OF THE WaVTE S PRoPORTIows4) 7o THE
DEFLECTION ANGLE &. SIMILARLY, 17 CAM 8% snoww THAT THE VARmation M

3
EWTROPY 1S OF HIGHER QORDER, As/cv ~ 0(g )

OBLIGUE WEAKL SHOICHKS AR/&&, FoRr (A~STAwcs, I8 GRADUAL SV PERSON/C couﬁezs&oul

Sheck | (J, Sy AS THe Reup FLow  SHokw (N

i S/ Fle

OF wWeAr orLguE SHochs AWAY FRowm
THE wall,

tH. THERE, Ths vuRniN G OF THE

IS ACHIZVED THROUGH LARGE NUKRER

THE  WzAkr 28,608 SHocCk g

| MAY coa LESCE Awmbd Foru A Strowe
WAL L '

SHOCK . Thus, 1F THE CouPREsS op |

. S
r—/G»'fLi, SHooTk CouThvoug

AGHIEVED T LA ?)
CouPRrEssI0p HRovGH A RGL NUMBER

OF WEAk SHOCkS, THE EMNTRoPY ¢NCRFALEF
CAN BE REpuczh

|

(N COMPARISON WITH A SINGLE ST Rewe SHeee




PRANbTL MEYER ExPANSmN FAus
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SOPERSONLC WAVE DRAGL AND COMPRESSIoN LIFT

SUPERSOMIC |wAVE DPRAG IS A ComponeNT OF THE
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F-t62 prerTp-
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{leads to wave drag)

1 Shock wave formau’on]
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A  DIFFERE~NT BUT IMFORTANT ASPSCT OF HICH

SPEEL ELIGHT 1S THE GENBRATION OF COMPEESSION |

LIFT THROUGCH THE XTILIZATION OF

esm——

SHo c k
4~ TANGENT (AL

Y frocomr iy v Ty WAVES CREATED BY THE FUSELAGE . AN EXAMPLE

OF TH!S PHENoMENON (S SHOWN IN FIi6. 47

FOR p FLAT PLATE AT AISUALL ANGLE OF ATTACK-

THE LIFT GBNBRATEDL ON THE PLATF IS

¥, L = (Fg—ﬁ)cws(x

Flb 47. LIFT\NG " WHERE C 1S THE
FLAT PLATE 'N
A SUPERSOMIC STREAM

CHOR D,

Fi6 18 . COMPRESSION LIFT 1N AIRCRAFT BESIGN

HYPERSONIC WAVERIDERS (LEFT | ROEWG -5 )
AND  SUFERSONIG BOMBERS  (RIGHT nrg,.:z.)>
g W |

COMPRESSION LIFT fAS BEEw USEL IV 16 H-SPEED A[RCRAFT LESIENG EXAMPLES OF

K

"
THESE (ARE SHow N 1IN Fl6. A2, SvcH AS WAVERIDER TECH Nodoe st TO INCREASE
L)FT - TO- PRAG RATIOS AT HYPERSONIC SPEED THROUGH THE VEZ OF CSPATVIATE-LIKE

DEsSIeNnS , OkR N SuFersow ¢

bl e Corda (half-power-law-flow waverider) Flé. 14 : PIRCRAFTS THRoyGH THE
® Bowcutt (cone-flow waverider) LIFT-T0- ‘
2 b o (L/D) e = 6O + 2)M _pRAS RATIOS UTWIRATION 0F FOED/ING W/NSTIRS

e (L} D) = MM + 3)M

i ok AS A Fungiiony  [FOR A BETTER CoMTAINMEAT
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ReALTING NORMAL | DISCONTIMUIMIEZ Y 1

IN THE PISCUSSIoN OF THE RANKINE — HUGOWIoT THEORY OF NORMAL DISCOVT WOITIES )
|

(PRI 24) 1T WAS ARGVEDL THAT GASDYNAMICALLY THIN WAVES OF EYFANS(oN

> BIBPEN BY THE SEcowbd PRINCIFLE SUCH cavcrovsions
(V>4, £<1) were Fok PLE,
NEED T0 EE REVISED IN THE PRESENCE OF CHEMICAL WEAT RELEASE /W REACT/AM |
H/xrumes‘, Al ENCOUNTEREP N MANY Eauaus-nou APPLICATIONS, THE z-'x-rsus:oh

OF THE RANKINE -HuGon (T THEORY 70  coMBUZTIon) WAVES BEG:nS B RedZRINIMG

v FFERE
THE ENTHALP'Y DIFFERENCE  AS Y; = MASS Fracnion o

S l

hahis G (B -1y ZN. W TV, e

1 B i ) Z— Z A h’ < Ewtnpap ¢ or Formarion
e S 5 OF EoUPonENT
THERMA L
ENTHAL Py - 7 = CHEMIcAL HEAT RelrAsed pzr Vit MaASS

OF REACTANT
T I NCLUbE :
THE HEAT REZAsEs RY COMBUSTION . IN THIS wav, Tyg HUEON 6T EguaT 0w
(48)  BEComes
-?“fl—(."z - 4 .L+")(P ~), (64)
Sl Si {
WHICH, TOGETHER wiTH THE  RAYLEIGH Linve (q,_,) FORM THE RANKING -My60 w07
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3 » » %
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*g DETONATLON -

WAVE THAT COUPRESSES THE GAS, pEcs)L E RATES IT,

CAICREASES

1TSS PENSITY

AND HOVES IT IN THE DIRECTION gF WAVE FROFAGATION . )

=b fi e & > A,
g R U7
REAGANIS T PROPUCTS
Uy v,
WAYE FRAME
1T /8

Uz <4

Me, >4 Z__2_.>/, Ma, € A

2>
\ /

SUPERSONMI C
WAbE! D’[{T.

; /
< (

b T™HE PRODUCC
CAMN BF SVUPER -

P SUR - OR Sow e,
< ~ ™
<
L)— % l); -U-Z '} ‘ Hbl 4 ,
4 BEALNES PROPULT L, [ SSTRONg CETONATI
LABORATORY FRAME , i

'\\ N weak bevomariloy”

TMPORTANT 70 NOTICE THAT, WHILE A Shoch WAVE CANMOT ExXtsrT W)THouT

AN EXTERMAL SOURCE QF ENERGY (folc INSTANGE B - CONTING OLS FLow) , A DETOMAT DY IS A

SELF-SUSTAINGD REACTING SHOCk WAVE WHOSE PROFPAGATION SFESs /S DETERMINED

BY THE AUTO)6MITIVE PRSCESSES' [NvolvED

REACTIons AND BY THE THERMOCHEMICAL

ONULIKkE A SHock WAVE,

WHICH 15 TYPicawy oF THE orbEr OF A—A40 km /

COMPOSITIon) OF

IN TACH GIVEN MI¥Tukg

IN THE CORRESPOND) NG COMBUSTIorA
THE GASFous MIXTURE

THERE 1S A DETONATtoas vEL bCITY
—» NOTETYPLAL DEFLASRATION VELOCIMIES ARE 0.0-4 m/,

THE DETONATION SUST A/ Ay

IrSair BY L/BERA'nivg THZ CHEMKIcAL Euategy CONTAINEL [N TRE MIXTULRE.

THE DETA|LEYD

DESCRIPTON OF DETONAT 1oy /S BEYone THz SCoPr OF THIS couﬁ%&')

HéchER A QUALITATIVE pISCUSSIoN 1S PRoVIDES HZRE -
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B Y / v

& MORE RECEM
ALTHOOGH 1T REPRESEMTS A CANOMICAL STRUCToRE OF PLANAR DETONATIONS

WoRkS HAVE SUGSESTED THAT THIS STRpcivRE 15 UNSTARE I N REALITY, /N THAT /

PETONATIONS TEND TO +HAVE A (OMPLEX THRsS - DIMENSIONAL STRUCTURE THAT /NMVOLVE(

SHDCJ’\

TRANstresE/\:)A,VES AVD CELLULpre FATTERNS (5% Flb.20) . temowiBboe OF ZEND STRUCIURES Ls
PP TR )

FI6.20. EXPERIMENTAL OBSERVAT!ONS
OF DETows7 ons (LEFT), pbp A SmoED
FoiL REwrD OF A FRopASATING pETOMATION,
INScRIPTION BN A WAL (5= DEIONAION LELL
5121;) P

(#) ;'swo'rAT\ou naeks ") arz vsEzb Swmcs
THAT STRUCTURE 18 woT 7HAT 9F A
TYPleay bEFLAGRAT:oN, N THAT HERE
THERE )s NoO TImz FOR W&AT Zonwcrcou

. AVD MOLECWAR D=IFFUSIon 70 HAVE ANY

/ NoviceanLs EFFECQLS ON 7THE TRANS PORT

L OF ZNERGY AND MASS, Hiowever, THE

/ DEFLAGRATION A THE ZMD STRucior &
//' ALSO Expamnps Anb AZLELERATES THE |

/

/
{

« Fléw AES IN A '\IORMAL DE"AG#A7/ON\ /

S cauwep,

! & A Cw'rouausz DETONATION WHossg PROFAGATION SFEEL CAK RZ COMPLIZ b
/-\A/\'\_,

FRoM ' FguaTio als (65)-(56) (st& sziow) .

A MHAXIAUM ENTROPY |NCREASE

OF THE DE70NAY ipN. LAST./.-r'

LEADING SHOck [OF THE ORDER oF TusT A FEW MEAN FREE PATHS A) IS HOCH SMALLER
THAN THE THICKNESS OF THE REACTING RONG, WHICH 1S OF THE SAME ORDER AS THE

SPEED ©F SOLUMD MULTIPLIED BY THE CHEMICA ¢ (Ao'rame/mOT/ME,

kA ,
100-500 m/c

IN THE GAS WITH RESPECT 70 17€ oRIGINAL STATE uPSIrzs 4

IT IS WORTH EMPHASI 210/ 6 THAT THE THICKNESS OF THE

HOWEBVBR ESSEHTIAL 70 THE UNDERSTANDING SF Th oss

OTHER. $40RE COMPLEX STRUCTVRES. The ZND SIR VTURE

;s SOBblwo;: Ivvo A LEAD Ing SHOCk THAT INCREASES

THE FPRESSURE Anp TEHPERATURE OF THE MIXTYRE

WITHOUT ANY CHEMICA REACTION, AND A TRAILING
T DEFLAGRATION ” (#) in WHICH EXOTHERMIC REACTIoNS
OLVR THAT FURTHER ELBVATE THE TEMPREPATURE,

THE FLoN (M ip72 o DOWNSTREAM THE SHOCK

IS toy (rTyricary AT T lgpo—zooo/v) AND
P~208
SUBsowiC, Bgcavse oF YVHIS o THE ENERGY

RElZASE BEIIND THE SHock 1S ACQUSTICAL v
[QU'F’LE§ WITH THE SHOCK WAVE AND COaTiumowsy
Feeps 1 WiTH EnERG ¥ FOR THE SELF-PROTAGAT) ol
OF 7HE ENTIRE STRUCURE. EOR TYPlcaLL Y pBERYEp
DETONATIONS , THE VEBLOC)79w OF THE BuknT GASES
RELAXES 70 A 20CALLY SowNic Spzsp W 7 RESPEcT

79 THE MovING FRONT, THUS 6ENGERAT /46 W HAT
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# PEFLAGRATIONS - (CopyRARY To Daohmnans, DEELAGR ATIOM S EXPAND THE GAS, ACCELERAIES (T,

DECREASES ITS DENSITY AND LEAVE 1T MOWNSG |N THE OFPIS) & DIRECT! 0 )

OF WAVE PROFASATLON.

SuBsonic wave !

= B <« 2pcd, &t He<y, T
F N U, . T4
DEF, DEF.
REaCTANTS PROBUCT S REACT AN ¢ Fropucts
= b _ .
WAVE FERAME LABDRATOx.Y FRAME

THE DM OF DEFLASRATIONS (OR TYPICALLY chitz o FRE MixzD FLAMES ) ]S REYomD THE

SCOPE OF THIS ClASse 1T SHOULD oMY RBE HMENTION L HERE THAT N OPMAL DEFIASRATIONS
ARE NoT Flow DISCONTINUITYES /N THE SIRICT SENSE of JHE 'Wakb./ ALTHOUGH I N
GASDYMNAMIC SCALES THEY HAY APPEAR TO RE THIN COMPARED WITH Ot}HER LARGE ~ScALz

Flow STRVUCTVRES. IN FACT, HREAT CONDULSTIb N AND HOLECOLAR DIFFUSIoN) ARE DF
UTHAST 1MPORT ANCE WITHIN THE INTERIOR OF A PEFLASRATIoN (AS OPREED T PET oMATINS ) ,

THE  THICKNESS oF A DEFLAGRATION, Sv P_‘l‘_ ~ _}\, $‘>. N IS HuchH LARGE R
Ua Fhy

THAN Thg MzanN FREE PATH, 18 Accorbance Wik ue MOLTIPE CowiSions 5 @U)RED

TO COMPLETE CHEMicAe REACTIONS, MOTE THET A DEFLAGRATION 1S AN EXPANSION) WAVE.

H CHAPHAN = TOUGUET coNbBITION S

® v
4 0 THE  CHAPMAN — 3O UGYET (CI)' CoMDITIONS ARE
|~ TANGENT THOSE "IN WHICH THE PRobucTs Moye AT Local
(21 (V)
TANENT SOMIC VELocimizs wiTh Resmcr To T#z WAVE,
(< B ® AT THe Lowsk ¢I PemwT [c3- DE FLASRATION) -
T He = My~
e, = a & M - - = -
. 9 4 1, @, = 4, P-P<AI %{,4
. Ve AT quE wpr
Fg. 20 &R CT Porny (c:* De—,?owﬂou)
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wierz | BY_ 4, °</K'4)i4 - [1** 2y 1%
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THEeE EXPRESSIONS ALWOW ForR CALCULATIONS OF CF SPEErS. FoR KNSTAwcE, FoR A

LT DETONATLON *

Ay

( w-wﬁ%}

|

7]
H‘: = ( <K 52—4 : = _'Lf+=
1 =P 1
l"v J
AR FOR A €T DEFLAG6RATION:
- 1
Ma, o [ X : b
4 ) =D =
2.0( I]'\EZ_A}) B cy

2

S (¢ ?) ~.40-4oo~\/
V 2.9 (¥%4) / S)

WHE RS (53)-(5:1) HAvz BEEA OBTAINEGD ASSLMING THAY «(xi‘)/zz >4 fé’z) >

NoTE THAT , \EXCEPT FoR CT coNDITIONS, THET PROFAGCAT N VELOZITIES ©OF

DETONATIONS

AND DEFLAGRATIONS C(ANNOT BE CALCVDLATED -FRoOM TusT THE RAN kINE ~Ho6omtoT EQOATIWS/

RBUT CONS(DEEAY)ONS OF THG INTERNAL

IN Fl6. 20,

@ (Asove c3*): STRONG DETONATIONS
+
> Ml < Ma,g00 , Ma,< 4
(2 (sELow CIt): weax DBTSMATIONS

P A< Ha <Mt Meynd
(3 (pRovE CX”) : WEAK DEFLAGRATIONS

D 0< Mg, <M, , Ma,<4

@ (Betow ¢3-): stRowe DeFLacRaTI O

o -
= P'a.4>H¢.4 , M¢e>l , NOT ORSERVED, FORBIPDEN BY comsiEERATI ows

A COMPARISOMNS BETWEEN DZioNATIONS AND PEFLAGRATIONS

CHEMICAL PROCESSES FHAVE T0 BE ADPD) TIONALLY MADE -

S6LuTions THAT ARE NOT CF Po/NTS ARE DENOTED AS FOLLOWS:

RARSLY ORSERVED , REQUIRES SPECIAL

EXPERIMENIY,  ARRANGEHENT

RARELY O&SEEVEb/ REGUIRES SPECIAL GAS MIMbEs

OFTEN OBSERVED, WAVS AT MISTLY LonsTANT

Prissyre .

OF WAvE SikPuvciups

- DETONATI 0N DEFLAGRATON

e, /31 {(5-3 0.05- 0.3

72/71 2-20 L-1g

PZ/P, (0-20 0.95-9,9¢%.

U_z/U"’ 0Y-0.7 b-¢ . @

|



INTERALTIONS OF SHOCK WAVES WITH WALLS

M REFLECTIon OF OBLIQUE SHOCKS

WHEN PN QBLIQUE SHOCK 1S tNTERCEFT&ED BY A WALL (7 /S REFLZcTEp
AS SHown 1N FI6 - 24, THE /ncipenT SHOock DEFLECTS THE Flow

THROUGH AN ANGLE & ToWARD THE WaLL, WHILE THZ RSFECTED

SHOUK TURNS IT BACK AGAIN AN AMOUNT & TO ALIGNK 17 WITH

Fl6 . 24: REFLECTLON THE WALL.
OF M OBLIQUE SHolK

THE /nclimption oF 7HE INCIBENT ShoCk O, OR |%S

INCIDENCE ANGLE (52: G+ g, ARG FASILY CALCULATED FROM
THE ORLIQUE SHOCK SomP compmons (S2) wHsN f Ave Ms,
ARE ANOWN, ALTHOUGYH TiE DEFLECTI owS PRODVUCED BY THE TWo

SHOASS ARE £@UAL To &, THE PRESSURE RATIo ARE Nov, SND Thzes Fors THE REFLECTION IS
NoT SPECULAR (7 T In éenEraL)

H# MACH REFLECTIOW
;F,' N FIé. 24, THE DEFLECTION ANGLE (S LARGER TH AN THE MAX/HMUM DéFL‘&CTzow ANGLE Sm,‘
FoR  Ma, (SET tic 13 Anp COMMEWTS IN PAGE 2-p) , THEN THERE s me Seumion wiTH A REFLECTE)

SHoCk . INSTEAD THE SOLUTLown )& CALLEY A MACH REFECTION AND 1S REPRE SEN 720 (N FIS. 22,

-—-77/—7 FLEC[E‘) ) )
e oL A NEAR NORMAL Spioer  APPEA RS WEAR Thz warL,
-— Hdu >4
N — — Lo TANGENTIAL THAT MERCES WITH 79z Ineivent AND REFLECTES
P He<y OiSconTIinITY 5H0cks AT THE TRIFLE Point ¢ .

THE =
I G STREAMLING

THAT PASSES ThRoL M o)

F16. 22: MACH ReFlEcr,, 1S A TANCENTIAC [sconT/MOITY

ThAT 15 A SOuRcE sF VORTIC17Y¢ Awmn TRANS FORMC

INTO A Stzap LAYER WHEN Viscops Errecrs ARE
CONSIBERED,

REGULAR = REFLECT! 0a) MWACH REFLECTION ,




¥ V)scoys EFFECTS

THe INERACTIONS OF SHOCK WAVES WITH WALLS ARZ OFTENTIMES COMPLICATED RY THEZ

OCVRRENCE  OF ViScCovs EFFECTS NEAR THE BURFACE, !N THE Foku OF BOUNDARYT LA YERS.

/N PARTICULAR, BOUNDARY LANERS ARE THIN REélons OF THE Frow ADSACENT TO WALL

SURFACES ACROSe WHICH THE FLUID VBLoCITY VARIES FROM THE INVISCID, FREE-STREAM VALULES
TO ZERO AT THE WALL. THE INTERACTION OF SHOCK WAVES WITH ROUNDART LAYERS [EADS

TO A NUMBER OF |MPORTANT PhEnouBma SUCH AS SEFPARATION UNSTEADINESS, FRESSURT WAVES,

TURBUIENE |, ETC -(SEE ' FIG. 22) . SOME OF THESE FPhrnousNa HAUG 114PORTANT CONSEQUENCES

IN TRANSONLc AIRFOILS , IN THAT THE BOUNDARY LAvzR SEPARATION 1 NPvcEDd By THE

SHoCk FORWMING UN THE SUPERSONIC FORTIonN SF THE AIRFOIL [ZAPBS To DRAG INCREASE AnD

L /FT DECREASE ,

Wizt

S«Hl §~ o

== .

‘?1/”///’/\;/” )

BounBARY 1AYER STPARATL6 ay
BuBeLz,

[ac) SHOCK. INTERACT (NG WITH A
FeAT - Prat: BounbARY laveR.

\ie_.:ﬂ CGRTTAGINENT shear layer
b Cic
L : ’ SHO separation shock
f niTT T 7T T boundary layer
BOUNTERY LAYER.

sEraRaTIoN BUBRLE

0,) RAMF Flow WITH Bounpaev-ayze
SEPARAILON AT H/IGH Ma,.

~ T qHack
N NOEMAL SHOCH
ROUMPARY
\? LtAYE e
Magd Y SEPARA7 /4,
b

WITH BOUNDAR Y~ LAY ER SEPARATI o8/ -



% TNTERNAL STRUCTVRE OF - SHOCk WAVES. AND ANON -EQUILIBRIUM PROCESSES

INCLLUD ING TRE Tonp couwbiTiens DERIVED IV BauaTlevs

IN The THEORT DESCRIBED ABoVE ,

(5@) -(55) » Né mEwTiov ¢F THE |NTERMAL STRUCTWRE GF THE 5Ma0< WavEé HAS BEEN HADE. N

:
i

FAcT, W )5S REHARKApLE THAT THE DINAMICS OF THE Flow ouTSipE THE SnoCK 1S /NDEPENDENT

OF THE SHOL NTERIOR. THE /NTERI6R OF THE SHock /s POMINATES RY Non) -~ EQUILIRR LUK
PROCESSES , WHICH IN THE SINPLEST CALE SF Mond - AToMiC SASES PERTAIN To THE TRAMSLATIOMAL

DZEREES OF FREEDoM AND ARE HANIFESTED THRoUGH Visemus AND HEAT -Lopjbuct sn EFFECTS .

THZSE EFFECTS | HOWEVER , OPERATE ONLY IMNSIDE THE <SHock IM A WAY THAT THE CoRRECT

ENTROPY INCREASE THROyGu THE SHock IS ESTABLISHED, THE OGUANTIFICATION OF TH Es&

WHICh FPRIMARILY DEALS W T#) INMVISCLD

_»PALE RATZ.
Y inTrRabUCTION, TO PHYISICAL

PROCESSES wWiLL poT RBE PURSVDED /N THIS CovRZE,
Frows. THe READER 1S REFERREp TO VINCENT) AND KRUGERS
GASDTwAMICE '/ For A DFEPER TREATHEAT OF THIK SURSECT. 70 TREAT THE

OF SHock Waves, EBS. (43) NEED 70 BE AvGuewisn WTh THE DIFFUSIVE TeAMSPORT oF

MO vepTUM AND HTEAT -

% ‘ P SurTECT TO
S gu: iU, F= SRy T X~ +=0
A\ F,
| | 2 2 { F-+ Ta
, Pt QU = Cox = Pin 8,0, U 0
\~—_.. Vo 2 2 S 2,
' vihy )+ g -vZ - h, + U,
! R g ( * ?w ¥x = 4y ( Y zl_ hsh,
, K b v
i % .
SHock WITh txx s g/‘% THE SHEAR STRESS AND gx - - /‘C?_?_- rHE
S x
< 1 6NORE HEAT kLux. NOTE THAT THE EQUATIoNs ARove KEDPULs To EQS. (uS) Fok
VARIATIONS I N
fo Awe K \w\ X/gs »>1{, WHERZ GRADIEAMIS VANISH , WiTh Ss THE THICANESS OF TAE SHOCK .

\

2
FOrR weanr Spocks Ha,‘- 4(<4‘ THESE EQUATLONS CAN BE INTECRATEL TO GIVE THE YBLocCsTvw

wHERE C?, :( Rﬁ-’;) 1S THE MEAN
‘ i

- Yy -
=) | | B

— [ G Yy- ):’;. [
c

v~

]

¢+ exp
Al x ]

SPEep OF THE Morccmss , & = (¥ 4)/[9/3 + (7-4)/,,’_) 1S A ComnsTANT

vy

IS THE

MEAN FREE PATM o THE THICANESS OF THE WEAKk Shock 15 \S "~ S1tM

~ T4
(U/ ‘Uz.) Mﬂ' AU Av
NOTE THAT S‘s 1S ANnvLitpLe OFE )’

W'TH 9 -~ ,‘4/‘?1 The KRINEMAT (o VISCoI17 ¥ AND AU= 01-021

]
N NoRMAL SHOCKS | S5~ 10-20 )\ + AND ANALYSES SHow THAT THE NAVIER - S7o0Kes
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R . CONPRESSIRLE FLoWS /N DUCTS AUD HaZill‘Sl
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IT 1S5 IMPoRYANT TO0 NOTICE THAT

W/TH THE FLIGHT ALTITUDE i) AS [P, DECREASES wWiTH }) (SEE F/6-8)« AN. OPTINALLY
EXPANDED NOZ2LE AT MiD AL TITOBE WILL BE OVERE XF ANDE D DURINE LAUNCH THUS CAVSINV G

INTERNAL Flow SEPARATION, AND )T WILL BE UNBEREXPANDED (N THE UPPFER KIMeS PABRE -

exnavsST 72 TaRO AT

THE FPERFORHMANCE

’ AREA RATIO ,
During flight During sealevel static tests
X T
Stage As/n, h(km) I (sec) h(km) I, (sec)
Booster
or first 6 —_— 0 267 —_— 0 267
stage [
Nozzle flows full, Nozzle fiows full
slight underexpansion
—
Second
stage 10 —_— 24 312 DCE 0 254
: > Overexpansion
Underexpansion slight contracti'on
Third
stage 40 100 334 —_ 0 245
Underexpansion Flow sparation
caused by
overexpansion
"6 20 - -Simplified sketches of exhaust gas behavior of three typical rocket

nozzles for a three-stage launch vehicle. The first vehicle stage has the biggest chamber
and the highest thrust but the lowest nozzle area ratio, and the top or third stage usually
has the lower thrust but the highest nozzle area ratio. @4)
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LENGTH 191
WIDTH 120 din.
THRUST (sea level) 1,500,000 (b,
SPECIFIC IMPULSE (minimum) 260 sec. -
RATED RUK DURATION 150 sec.

FLOWRATE - Oxidizes
Fuel

MIXTURE RATIO

CHAMBER PRESSURE

3,945 1., sec. (2,811 gom)
. L7381b. sec. (15,471 gpm)

2.27:1 oxidizer to fuel

965 psia

WEIGHT FLIGHT CONFIGURATION

18500 |b. maxinym

16:1 with nozzl: extension €=
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SN PRESSURE
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MAIN OXIDIZER
FROPELLANT vALVE
uTiZaTION
vaLvE
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TuRBCRUME

043
PRiMERY GENFRATOR

FLIGNT
INSTRUMENTATION -
LEC COMTROL
PACKAGE

EXRAUST DUCT
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Tunming

il BTerAss vaive

Excmanatn

- Main FUEL
vaLVE

tenavsy
MANIFOLD
THRUST

cHAMBER

fue
MANIFOLD

LENGTH 11HL Lin,
WIDTH 61t 8% in.
NOZZLE EXIT DIAMETER 6ft 5in.

[HRUST (altitude)
SPECIFIC IMPULSE
RATED RUN DURATION
FLOWRATE: Oxidizer
Fuel
MIXTURE RATIO

230,000 b, (vehicle 503 2nd stage 225,000 Ib.)
424 sec. (427 at 5:1 mixture ratio)

500 sec.

449 Ib/sec (2,847 gpm)

81.7 Ib/sec (8,365 gpm)

5.5:1 oxidizer to fuel

EXPANSION AREA RATIO {A3/Az)

COMBUSTION TEMPERATURE: Thrust Chamber
Gas Generator
MAXIMUM NOZZLE EXIT DIAMLTER

10:1 withaut nczzle extension
5.970°F =
1LAE5°F

1Lt 7in.

NOTE: F-1 engine will be uprated to 1,522,000 Ib. thrust for Vehicle 304 and

all subsequent oparational vehicles.

CHAMBER PRESSURE (Pc) : 763 psia
WEIGHT, DRY, FLIGHT CONFIGURATION 3480 Ib.
EXPANSION AREA RATIO [A IAz) 251 €=
COMBUSTION TEMPERATURE 5,750°F
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ADPITLONALLY, DvIDING (}.}) BY h, ¢Ives
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H SCRAM SET UNSTART
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FIG.34 : SCRAMSET EnGINE SCHEHATICS .

MAKE THE APNALYSIS MUCH HOEZ

A2 VOLVED ,

Al IMFORTANT TECH MO oGICAL FPROBLEM ASSOCIATED WMTH LCRAMSET ENGINGS IS THE

OCURRENCE OF UNSTART bDug To EXKCESS(V

sSecnon , THE pHzaTive OF SURSownt ¢

FIGURE 4. Schlieren (above) and false-colour OH* chemiluminescence (below) visualizations of £

the flow downstream of the injector (x=56-136 mm) for an equivalence ratio of 0.35.

2.2ms 2.7ms

2.4ms 3.2ms

2.5ms 3.7ms

FIGURE 13. Sequence of quasi-synchronous Schli and OH* ch
the flow near the injector (=56-136 mm) for an equivalence ratio of 1.1.
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"S A CONSERUENCE OF  THE Now - Liyyzas PRoPA GATION Veiocy oF W WAVES . I THE LIVEAR] "®

IMTERSECT L ALY ODTHER
—_——




SPHERICAL SOLUD WAUVES
= e

ANAR PULSES PESCRIBED
W THE ABSENCE OF VISCoSTY Amnb HEAT CoubucTion, THE FL

T . SIS wN
ARBOVE  conTinove PERPETCALLY W ITHOUT CHANGES (N THEIR Fok# OR AMPLTUBE. THI v oT
THE <ASE FoR SPRERICAL |WAVES . THE EQUATIONS ANALOGOVS To (86)-»(3;) IV SPHE#(GAL

COOR P INDTES  ARE

U 4 %0 D (M) -0 (tr) For

at FEY: Ma= Us ccd | Lrngar |
' A» (ACOQS‘“LS)

@—z + %093’ [to2)

2 Re 9r

S0 ThAT Tne CorrESPowbdiwc  PRoPAcATION TQUATIoys  FOR Thz DENSITY AND VZiociTy

PISTORBANCES AmE —b SAME zeuaTLon For P'= 2,70

361( ) %" Q. (rZQ_ _ﬂ))/ (108)

rz v Pr \Re
@'L U, 2 Y @_ 2 ¢
& ~_ - a 4 ]
@t;<"°) o%(r"ar(r‘Q} (to%) ‘

THE S0LUT) op ForR A SPHERICAL DENSITY  WAVE SPREADING ©OuT FROM The CEnTER |

&i R P! & »F’(r‘- ‘LOH = SHAPE bPoey MNOT Chamce RBUT
. —

2o ga THE AMPLITUBE DECREASES Wity

((os)

ASSUME AW AcouStic PULSE OF WIDTH Ar EHanATwe FRos T CENTEA, THE ENErew PER

‘ | - gz

UN/T VOLUKME 9F THE PAlovstic WAVS 1S fFRePoRTlOMA | To g , THZ TOotAL EwvEReY OF
: . t2 /

The wave , 854N A MuST REMAIN ComsianT DURING TS PRoPAsaTION, S0 § & /.2

AS IMPLiEY RY £6. Ub.‘:) . SUBSTITUTIvG (403) W /401) THE Rsmvtoy

9()‘ -

2 - (: F( f“& F r'-q,a ’ :/;,1/406':/. ) Q(r—%k): (J;(;i)
@ Wity gg r_a[.,)
b & -
DAV [ 1 (480 - o SF"("?_)&kx= i R
r | d;_ r?_
r-a,b A S
= Qo | Rl oL Flg)ds |\ = %o [|&- ‘Plr-:»é);)
' |\ -3 o r
' (404)
WoTIcE

"THAT (w-‘,') RECOMES THE PLAWE SotuT)pn (qz} FOR =200 . IV THE SPHERIcp,

BoLuTion JHERE 1S AN ABBITiomaL terny P lr-

a,{)/l ., /M PLANZ WAVES DUE To THe
r
g £ Ex?MSmu

o Fo i camrkgs,a PROPORTch/AL)7Y U/ i gl/g‘) THEFLUIS CAM BE  COMPRESSEL OaLy
il ’—\—/{m— N Thz Rrcion ©F THE DISTVRRANCEZ , THIS POES: MOT WECESSARILY
Vv - F OCeuR IN SPAERICAL WAYES. IN THESE, BECALSE OF MAS COMTERVAIow ;
4 V‘k A couPrESSION MUST RBE Followty BY AN ExPavgiow . THE VBLogTy |
P 'S Mor PRoPoRTiowAL To THE Q' OR P AMb CHAMGES S iGN Wi ‘
Flé, 89

ThEe bisTuRBANCE REGlLots (SEE] Fle . 2q) @



RLAST WAVE S )

A RBLAST WAvVE

FRow AN ExPLSIVE CORE.

WHich (S OFTENTIMTS PRovIbED
WAVES ARz PRopucsl By HIGH EXPLOSIVES

SUCH AL TRINITROTOLUENE WHICH HAS A ExPoSton VELOQITY OF ORDER 40 ,-‘m,/&

BY THE FAST ExPAvSion OF ExProcion PRobucTS -

1S A SPHER(CA( PRESURE WAVG THAT MovsS SUFERSSMICALLY SUT WARDS

BIAST WAVES ARE THE ResulT oF RAPD DPEPOSITION) QF EWNERGY

BLAST

i

(18 ExProsive MATERIALS THAT CAM BETONATE
) AND RY

NUCLEAR ExXPlagions (SEE Fl16 _Mo), The PReBLen OF BLAST-WAVE PROPAGATION /< A

Fl6. 40 : ExAnPizs OF
BLAST wWAVES.

STILL 6ag
A S,
' R e Fa,
s 4 lﬁrmc;(
7 - ;| FRont
ar E N
d s,

| coupPLEX ONE&E Thar 1S OFTEN TREATER (N A SIHMFLFIZED
MANNER , AS DESCRIBES RZLbow -
cons|psr A GAS OF Deisi7¢ %@, /NMITIALLY AT REST,
IN WHICKH A LARGE AMountT OF ENERGY [= 1S
LIBERATED [N A SHALL VOLUMMZT DURINGE A SHORT TIHE
INTERVAL , IRESEMRLING, F ok INSTANCE , THE SITUAT (0N
FOUND Dykinve AN INTENgE EXPLOSton . A Sllocik wave
WiLL PROPAGATE THROUG I THE G@AS STARTING FROM
THE PO(#T WHERE THE ENEELET WAS ORIGwWALLY RELEASED .
THE EXPAwuston CBUSED BY THE EXPLoSion) /S TO FORCE
THE ©BAS Bounbed RY THs SHOck INTO A THIN SHELL
INSie THE FPROMT ., consinzr THE LimiT IN WHICH THE
RADIUS OF vz FrowT R 18 MucH laréEa TrAN THZ
CHARACTERISTIC SIZE OF THE ZONE WHERE THE FNERGY
WAS RELEASEDL, /N THS Linig , THE ENERGT E IS REEASED
1N ETANTANEO USLYY  AND AT A PolaT 1= 0 [N SPACE, WHERE
— (2 ThHE RABI.A(_ DisTANcE FRoOM The bBIPOSITIon PoinT .
|F THE FREsSure OF THe Svite GASs Tay /¢ NESLIGIpLe
COMPARED To THE FREsSSURE BEHwD THE SHock (A Goeon

APPRox MATION FoR woT T00 WREE R Since THE HAY 14y

PRESSuRE BECAYS AS ThE WAE Gkowg) , THEN THE |MITIAL

s HMUCH SHALLER Tran E, AND THE SPEap OF Souvmud €,
s HUCH SHALLER THAM THz VELOCITY OF BOTH 64AS Awb

WAVE FROwWT.

&)




THEN THE GAS MOTION IS DETERMWED BY E AWD S,o.- THESE PARAMBTERS HAVE To

RE COMBINEs WITH (7 AND €, & THE ABSENCE oF SPATIAL AND TEHPORAL SCALeS , THERZR|

§WviIng RISE To A SELF-SIHAR FloW )N WHICH THE MR/ABL&, CHANG L ‘WIiTH TIME 14 Sk

A HANNER THAT THEIR DISTRIBuTionS WITH RESPECT 7o I ARE SELF-SLMILAR 1A TIME . NOTE
JHAT THE FPROBLEM , AS STATEDR, DPOES NOT HAVE A CHARACTERISTIL VEloc(TY. /F THE COVNTER —
PRESSURE F,, IS mEsLECIED ) TWEN a, = O Awnb THE I3FEE& OF Sounb (N THE Stice GAS

DOES NOT APPEAR /K THE FORMUUGLATION .

THE DIMENSIONLESS SIHILARITY VARIABLE |8 ORTAINED THROUGH COMBINATION &F E/S¢

S .
(WiTh vnirs /M/S’*) WiTh v Aun b, NAKELY

N U VR
= F (__"*'.. : 108
Et») )
THE SHOCk RADIUS. 1 DEFINED BY A =%, , wmh o~ 04, ann
N /s
R = e (_E_ éz/S . /49‘?)
Sa

THE  FROPASATION VZiac)7y ofF THE SHOCK FRewty 1%

Uw=dR_.2 F_ 2 E, (é)//se_*%s . 2 8% (g)sz-%

— (110)
Olb S & S ng ) /

o

WHICH InbIcaTes  THAT THE Stiock sreen BECATS WiTh R . THE  vELoeiTy U3, Fressure @)r
ANp DEwg)T 1 o
Pa\, P@,gQ’ R, g, 1Ty ‘gox RBEHND THE FRoaT <Aay
R 2 :
Sar_p s Usey 284 . C COMPUTEL FROM THE TUMP CONDRIong Csa)/
, - sw S1) AN (53) PaRTICUL
U% USW-U'? ) ( ) MizEy FOR Ma_,{-—uso‘
MB FkAqe ,‘()_ _U_ . .
S =wl = Al = .J& = Z (4(4)
v (Y+4) M2 V¥4 Usw Yt4 '
¢
L - (v+o) 2 Ty (eh2)
S 24 (¥-y) He? -4
B 4r 2y (Mef-a) 2 2Y M2 - 2¥ U2
Fa Y4 Ttq Y1 KPa./
< gc\,
= Py= 2 SUzy {ug)
Yt

TE .
Ltd

THE PRESSURE OF THE GAS B&tinp THE Sheck [DECREASES WiTH TIHME ACCORD 6 To

Fop= 2 SUch ~ R Usi n 85T 7%, B )
oA YERE / R

WHEN R /s LARGE ZmouGH, Such TrAT EXN &CU)/ THen  Sac STARTS DEPARTING

LSS




FROM THE Liti7ine- VALUE Y4 Lq (seE Fi16 N Face 24) , AMD THE AWNALYSIS |s AO !
X -t .
LONGER VALID , IN THAT THE EFFcT OF THE COUNTER PRESSURG Pq, NEEDS TO0 RE /NORFPOIRATED,

e SoLuTion PRoFues U (M) , Q(r.k) Avd P(r t) /nside A Blast wavE WERE FIRST
OBTAINED By SEDOV (44%),77:*:.«:&(4«50), AWD VON INBUMANN (1463) 1N THE LiMiT ARoVE.
THESE | K VESTIGATIONS WERE AMBRIENTEY /N A TIME WHEN ATOMHMIC WEAPONS \WEBRE FIRST
bEvewprEs | THE PROBLE~ OF THE BLAST WAYE REINE FUANDAHZNTAL TO UMb&&STAN&us

7HE DAHMAGING PowER OF THE SUPERSoNIC QUERFRESSVRE PULSE /AN DESTRIYING ENEMTY

ASSETS . WHILE TAYLoR ADDRESED THE NUMERcAL SoLUTIon (TAYLOR , PROC. RoYAL

SOC . [onbDow 22, 4450.) , THE OIHER Two AVTHORS VABY AN ENERG Y JNTEGRA, TO OBTAI N

THE ANALTI AL Sowution [ SEDO V) BOKLABY AKAD NAuk, ()SS R, Ly s VON NEUMAWN 4%3) =

THE ANALYSIS IS REFERRED To THE fO)WT-SVURCE SOLTION , /N THAT THE EwsrRET B

1S ASSUKED To RE ‘RELZAS&b AT A Polrw7 .
CONSIDER THé SLiuTL MoBIFIED SIHILARITY VARIABLE g‘: F/R(l?] . WHERE E(b)

'S Gwen Y (104q). BASED on ES (10)- (4(3) , 1T 1S comveEmEmT TO DEFING THE

SELF-3IH4|LAR NELOCTY, PEN2ITY AND FPRESSURE

f

P
- U—-__ :J D = _f'_ ; E: P IP (445
zZr ER »’ S < )

e
sk . FRRa

-
N

Ble

£2
WHERE U, Q Awbd [ ARE FuNcTiows oF ¥ Ans b. /n ACcorbAwcE wiTh Tas. (414)~(u3)

Tnz Rouwbary vawwes of V, D Awb P ar ¥-4 arc

Vo= =2 ) D__.Y-M 2. Z ) (Mé)
RAR ¥ -4 Y+4

THE &@uATlonS FOR THE ExPAaniyaus GAS ARZ:

g_)g_ -+ *‘{'z%, (gUrL) = O (4[?) (CONTM}UH"Y)
g_zj ! ug% =-419r (‘“9> (HouEmou\ peTE THAT THE PRORLEL

30, IS UNSTEADY {VSf.‘@
ANb THZ 3Svlock [/MNeREASES

Q_. &AE, 4+ (Jr() a't - A . E ‘ / % o )
@6 ( g,) (;( ‘?f )‘O (“4) ( NTROPY CONSERVA?@(;U) HE ENIROPY OF THE ¢ S

AS IT PASSES tHRrougy -

SUBSTITUTION oF T1E VARIARLGs  (4¢8) /NTo (44;).-(444} GIVES THE Zauatioms

%3_31_? + 3V'D’+ gjjg. (V-D)-_— (@) ‘ (420) (CONTINU L7 Y) |




EXAMPLES =

g e i) [ o) T
?j% (nE) - 7‘(_§j§(&b)= 75_\}_:‘_2:‘15 (122)  (ENTRoPY ) ' N Ti-' e 35--;_5 V’_--s_zt_:(w;w)
al B8l 2o
T D ERRG v S H G- sE L e e e o

CHANGE THE DIFFERENTIAL OFERATORS . EQUATIONMS (12 o)-(tzz) ARE SUBSEZctEp 1O THE
BOUNDPARY COADITIOMS (446) AT THE SHock FRowt g = 4 . AN EXALT AMALTTICAL

SOLUTION OF THis Sysiém ExistS Do To SEMV(CALLULATION DETALLS 10 SIHItAR/TY AND DiMEnsioas

R METHODS /4 mecHawics', L.). 3EDoV [4?54)
Y2 - s(¥-4)(1-V )V %

—p ENEREY /NTEGRAL  (OBTAINGE b FROH S(ﬁﬂ) ))-4-1 2 (gw (hu ))-B

> 2 (¥Vv=1)
s Y0 Pagr-gv]] [ ) (00 :
. (5 v _, CEIANED BT SUBSTITUVING 2‘32 FRON
I ' s
2 (120) InTO (122), AND INTEGRaTING THE
(.% (Y+ 1) V‘] REsuLTIvg eaum)'mu.

e : o
D - ¥td [ ¥+ 4 (xV‘-«)] i (‘:‘;if;) (s- [37-4)V] g { r;A (J-V‘)_[F+ FRo (120)
- | -4 1

¥-1 L ¥4
WiTH Qa = =~ 43 XZ- ty+ 42 P b= S-—————(K-4) ) c= 3 __ ) O’= "‘i ¢ ¥= - ~Z
(38-4) (2% +4) 2¥t 4 2%+4 2-¥ 2-Y

The cowsiawT §, !N THE BEFINITIon) OF TH SIMILART Y VARABLE & (THRovGH THE Flowr

Rabius (496?) 18 ORTA(nNEd BY (MPoStne THE ENZREY ComS?&«:ur,
R

E-= S YTt {@-ﬂ- %&]Jr (123)

o

WHERL | TAS MEANIONEN REForRE, THE IMITIAL THEMA, TNsR6Y OF Ths GAS +iss BEEWN

NEGLECT ED  IN COMPARISow with &£ . /NTRobuUCING THE SELF-SIMILAR  VARIABLES (ns) v (423)

AND  NoTICING THAT €= ["_E‘-SS ' @NE‘ OBTAINS, , ézksz §°3 (E )3/':*5/5. j §:<£ )1/5 EG/{
- % d
4 » B o / \\“_\ — 1_{ §°S E/
E-= g Hm R3§9‘327§Qb {._E_ -l-“f['z Jo‘? =3 ?; y t 8,\_ -
' ST Lep 2 g e S PL
’ | S - DZSSD[(H) ]?di-i

o
FROM WhEre 5, = {023 IS oETAswep ror ¥= 4.
THE SoLUTIow PRoFILES OBTAINED FRom THIS ANALTSIC ArE Glvew BELOW /A
F16. Y 4., THE GAS DEMS,/v DECREASES VERY FAST REHIND THE SHOCK WALE ', (D) CAT NG
THAT HMOST OF THE GAS THAT WAS #NITIALLY ONIFORMLY DUSTR)BUTES /NSDE THE

SPHERE OF RADIUS R , IS Now CoNTAwED WITHN A THIN LAYER NEAR THE FlRonm v



ADPBITIonALLY, THE PRESSUREZ DFCREASES AWAY FRoy THE
FRONT To Tht CENTER BY A FACToR ©F Z To 3, Awb
REMAINS APRONIMATELY CONSTANT [UWSIBE THE SPHERE .
REMARKARLY, THE TEHMPERATURE JNCREASES AwWAY FReM THE

FRoNT 7° THE cewi6rR RY A FACIOR QF ORDER {0 , Avh

THEORETICALLY TO INFiNiTey AT THE CENTER, THLIS IS bhusg To

THE FACT THAT THE GAS MNEAR THE CENTER WAS HEATED B Y

A VER'T STROMNE SHOCk WAVE.

RT A LATER <TA6E oOF THE EXPLo Slon, WHEWN

Fiec . Y44. PotnT -Source
SOLVT N For %2=4.4 ~ -1

Py n 8314 By | THT SELF-21MiLAR Soution oF The

o .

BLAST WAVT ND LONGEE MMoLbs ANDL THE CoLwizR FPRESSORE

1Y)
A Rapus R "’(E’/PD> . . FoR E < CC{D"“J‘ ( corrES PowsV G

all. TO THE EWERGY LIBZRATES !N ExPLobiyé 20 .000 Toas o=
“{! it ], TNT ), THE RADIvS R Is 9F orber A kun , WHICH s
: ‘ L~R/ 2
1 REACHED | A7 CHARACTERISTI ¢ TIHKES Piay) % SECS .
s ro.
— __) AF76rR THis, THE STRoNG6 SHock BECOMES A SPHERICAL

MEGATIVE PNALE

SOLNL WAVE OF THE TYPE AMALY ZeR | N PAGE 56, wan

Rz @y by THE CoMPRESSI00m Zowe Accrs §3 b e A Wave

/(S Foltowsd BY AN ExPANS)ow R&slow, Wrich BRigeGS
Fle. H2. VaR/ATIONS OF
BLAST EFFECtS ASSOCIATED ALONG A4 wiup O|RECTZD TOWARDS ThHE ceEnren (SEE FIG. y

WiTH EOMPRESSLON  AND FXcPANS (on)
0,10 MS. '
w

THE NUMZRICAL SoLuTlows oF &a5 . (420) -(422) WAS PRoviRed BY

TRYLOR (4 4RBD. /N A SEcond PAPER, TAYeor UALIDATED HLS

0.38 MS

*
. CALcuLATIONS  AGAINST THIZ DATA ORTAINER FIRoK THE FIRST
052 M8 |l : e NucLzar ExPlosion TZST PERFORMEL /4 NEW MEX|Cs N THE HID

ForRTIES (TRIN(TY Romp) .  THE DATA MAD BEOME DECLASS(FIED

0.66 MS ¥
Wi

RY THEN. HIS RESULTS, WhHICH RESEMBLED THost W Fle 4y,

0.80 MS
i

WERE SUPPLEMENTER WifH A SERIES OF FPHOTOGRAPH & o©F THE

EXProston (SEE FI6s. Qs»w).ANAL‘f?.fw THESE /HACES, TAYLoR

" & 3 2 ¥ ( ) - L
F/ 6. Hg. TRIneTH sxh@,;‘rouc'ms) ‘Ploricp THE TIRE SworuTiow oF THE E&LAST RABIUS Awvb

3 2/"
R "\/A" S GRAD QALLYT TkM.S f7lé~[ﬂ/ é HWO/ 7HE CHARAGER‘S‘!‘C

2)

o

x




|
COMPARES T A6a/nST THe THEORZ Tlcay, FPREDICTIN /N [(404) , NAMELY |
// : 1 % iU, \ ‘
Rg/;: (&Z \2{; =+ Sl R = *‘Z"’";}uo“g (_E, \}2;: + ¢ 3
Qe / 4 k See. /]
THE  CompaRISon 1S SHown Ia Flg. 45 FOR é%t (4,’ g/g( "’} = {{, 945 BY Usiné THE
J

VALUE OF S5 = {.033 OBTAMED [FROM (ATEGRATION oR (420)_“22) with ¥=4.90, Hc WAS ABLE

TO CALLULATE Thg DEPosiTED ENZREY £ = 7F.4y- l I’ TQUI VALENT To 16800 Tows BF TINT.

/
THE CHARACTERISTIC BLAST PRESSURZ P% COMPUTES FRom (€¢u) 1s OF oRDER {0000 bor AT

R= 30m . THE PREDICTIONS OF TAYLoR TROVEL TO RE ACCURETE /w THE RAnce R=20 To (85w,
THAT Is FOR moT 7oo <HALL iR, ( WHERE 745 DETAILS OF THE ENEREY DEFoS(i)on ARE egPOLIANT
AND THE FOINT-SOURCE APROY(MAT 0N +S A)0 LONGER WL ) AND FOR WoT Too Larst R
(WHEBRE THE POST-SHOCK PRESSURE BECOMUES COMPARABLE 70 THE ST/LL ALR F/egssURE) . My

THAT (NTERHMEDIATE RANCE OF IR , THE PRORLEM 1S SELF-S|MILAR  in THAT 17 DOES
J

NOT CONTA|n BNY LENGTH ©R TIME SCALES OTHER THANn ¥ AWD t WiTH 'g ) (105)
BEING THE SIMIARITY IWRIABLE . THIS , /W FACT, 1S AN ARCHETYPA L EXAMPLE OF

\ 1/ ; .
h INTERMEDIATE ASHYMPTOTICS = (SEE S SIHiLaRaY, HELF-SIMILAR TY AND INTERMED [ ATE

/
ASYHPTOTIES ) G.1. BARENBLATT , IQ 7q) .

4
1051~ +/+
/JK
9-5— f
e
e fj‘
851
e
7'5,+ | | 1 | J
-40 230 -20 -10
log,, ¢
Fle. 4Y. TRiNiTY ExProsiony A Fl6. US ., LoGAR/THMic +LoT COMPARI NG
t=1ts ms ThEokY (LINES) WiTH DATA (PotnTs)

THRSE |MPORTANT EFFECTS HAVE NoT BEEN INCLODEDS AN THE DESCRIPTION ABOoYE : THE

VARIATIONs OF Y WO TEMPERATURE- ;' THE UAPIATION coLng OF THE HOT CORE,

AND THG FORMATION OF MACK) REFLECH e Us NEABR THE ERCVLND g ﬁ ]: ﬂ ';"{ s «;




V. Two-DBIHENSIONAL COHPRESFIELE Fl.ows

— e A2

THE Flowe STuDIED 1A THIS SECTion) PERTAIN To STEADY TwWO-DIMENS(OMAL SCEMNARIOS . IT WILL BE
SHOWN RELOW THAT THE COMNSERVATION EQUATIONS REDULE TO AN BauATION FOK THE VELOLIT™ POTEMT lat,
AND THAT DEFPEMOING QN THE GEOHEIRY AND Flw REGIHE THB PRIALEM CAn BT CONVEAMIBUALYT

LI NBARJZED TO CALCILATE, FOR JUSTANCE , AERODYWAmMIC Fopcss .

NATURAL COORDINATES
T e s s,

IN PART I OF THIS COURSE 1T WAR ORSERVES THAT SOME Qua
NTLT!
ES, SUCH AS THE EMNTRopw AND
STAGNATION OF TOTAL ENTHAB-PY , ARE CONSERVEDL ALong SIREAMLINGS /N STEADY, tNMViIscip Ab)4ag,
, ATIC

)
Fiows. /T 1S THEREFORE CONVEMIEaT TO REFORKLIATE THE COMSERVATION EQUAT lons [N TERMS OF
] [}
SinvTRINSIC T OF '.ENIA‘IURAL ‘! ORTHaSONAL COORDINAT T , WHICH covsist op A .
c’ P U ATE 'S

pe
/ v‘7 REAMY TANGENT To THE STReAm LinES AND A COORD INATE m, Vorra
L

'4.
T : -
2 0 ThHEM (SBe Fig. q:) < /N THESE CoORDINATES , THE o
CONSERVAT toN Tyl RECOME (EeuvaemiLy, SUAN = comsT
. PR ng"l-l é—Mo_LM = 9%

% (g()) + Sug;i' = O (COM’NOHY ) = (IZL.) ,?5 795 |

gua__ 4 ’2__ o [ $-BirEction)  (A25)

7
XV

FlG Lo NaIvRAL cookpmatzy

P!
M s 3 /TauWALEw LY
2 ;
U% an Le 92
\g-’- q’j .

A

ey g o (n-mesmey (126)

D8 Qm

Edvamonc (4z4)-(126) ARE SOPPLEMENTTDS \u{'r” THE Eevation ©F STATE. /N Fe.. (126)] %79
R

(S THE INVERSE OF THE LOCAL RADILS OF CURVATORE OF THE STREAMLING. LSING THZ F!RST

FRivcPlE, Tds= dh- .gldP v wn  dh= dh, —vdu , THe EnMRoPY Equations For
AN ADABAIIC Flow (@.e. Mo THERMAL ENERCY INPUTJaurPuT  Atowg STREAMLIyES @‘7‘/
0 0

TR - (V5505

=0 ) Recouz

(424)

7Tds = - vau { P d‘o
g;‘ ( /)M+S®M) dM

THE FIRST 0F THESE EQUATIONS STATES THAT THE ENTROPY REMAINS CONSIANT Alod & <5 , ALTHOLGH

IN PRINCIPLE 1T CAN C’HAMG‘E ACROSS STREAMUNES Mowsvz._-k (E Ao: consT. 7/F("‘ Anp
V. 4 i% 3 20 - @' = O EVERYWHERZz , THE FlLoW /IS ISENIROPIL THROUGHOUT (ALSO
9n §9 Qm 4

Z RST ConITION REQUIRES UN/FOR
CaLLED homEmRoPic, sEE Prse 42) . THE FIRST W £ FORM STAGNATIO N

ENTHALPY TROUGWoUT , WHILE THE SBcomwd IS TRUNALENT TO IRROTATI ONAL FLOW, Wik

w = ﬂag - UDE -9 THE VorTicITY. THESE CONSIDERATIOMS [MDICATE THAT ZERO VorTICITY
“ Ok

| WPLYES UNIFORM ENTROPYT F THE STAGNATION ENTHAL PY 1S UU'fQRH.. (F owLv

ho 15 UMIFORK , THEN THE VORTICITY CORRESPONDS To VARIATI 0w OF EaMIROPY ACReSS

@




STREAHLINE A AND ALSO TO VARIATIONS . OF SIAGNATIOAN [PRESSURE AcCROGSS: STkCﬁKLl“ES/

Y
W = I 9._5 = - _E_-_Tf_ (44 F& , (428) - NOTE: S-Sp= c«&(.ﬁ.(_e) =
U Om U @m 5 Fo \g
- cm(t(I)‘{;E.
THIS A BOVE 1S ACTLALLY AN EQUIVALENT FORH OoF THE Fo Py .
4 J = Sy dn [ B - vz‘.;‘:4
S cRoceo's THeorEH '/ WHICH CAN BE HORE GENERALLY STATED / (F: “tl‘W“) .
, - = ( s y
) T - Iy -
WSING THE HoMENIUMK EQUATION "/(/TA;)* ! {4+/(j_—f¥n(—) 3%4 > =
2 - - 7 ho:eomer
TV('Q)— UAVAUL = - E ( (Toa-cousr') B CVA“(E:’)‘
2 /
/ 9
5 :@) =D TN ADI&BAT IC FLowS, THE
witw T Vs = Vh-=VUE , WwhICyH (eaps To ’

VAR(ATIOn S oF EN}ROPY

L ARE BIRECTLY RELATED TO
L OVARI AL S T SIAGuaTIo0 (]
. .2 - -
W(l_u_nh - On = TVUs | rRESsURE.
2 N

\

—_ — : -5
WiTH = UALL THE VeRAQY. WHEM V( h + /_U_/Z) 2 Vho= ©, S0 Thar ho ts
z 2

COUSTANT THROOGROUT,

THE ENTROPY YAR/ATIONS ARE RELATEs "ToOr THE VoRMCITY AS

l T Vs = — (7/\0? 7 /42Q)

OR EQUIVALENTLY, 70O THE STACNATION PRESSURE YA RIAT (OLS

CVTV(&)Fo):-l?/\(j’ (43@)_

TO: ILLLSTRATE THESE COMCEPTS ; CoNS)bER AN [NVISCID F LbW. PASSING THIRSVGH A

SHeCK WAVE . IT WAS SEew (1IN PART/ [H- THAT ho = coner. THROUGH THE SHock. /F THE

Slock SIRENGTH 1S UNIFORM ALON G ITS LENGTH , THAT 1%, W THE €ONBIoNS OFSTREAM ARE

OF INCIDENLE (S ConsTAnT, THEN THERZ 1S A Toup
ON | FORM l‘ﬁ.ﬁ:o) AND THE ANGLE ,
M

IN ENTROPY ACROSS THE SHocke BT T

HIS TOHMP IS CONSTANT ALONG THE SHock /%_S’_ =0 3,
' "
so THAT V<=0 BERIND THE SHOCK - THERE o

ForE THE DOWNSIREAH FLow HAS p & =

-~ - )
A Ccorpine TO EQ. (424) , THIS 1MPU®S THAT E(THER U AND W ARE EVERYWHERE PARALLE( ,

/b(Eveu Lees 1A ZDS’INCG‘E-‘L3" )
WHICH 1S NOT THE CASt 7 SINCE THE LOMPONEAT (OF W NORHAL Te THL SHock 1S ZERo (AS IT
JNUOLVES TANGENTIAL DERIVATIVES OF THE TANGENTIAL VELOCITY | WHICH ) S couTlNUoos) oR J’go )
WHicn LEADS To THE cComcroston THAT THE IMITIALLY ) RROTATIONAL Flow REMAINS IRROTATIONAL
DOWNSTREAM OF THE Stlock. OM THE 0olHER HAND, THE Fow DDWANSIREAM FRom A CURVED
SkHock 1S GENERALLY ROTATIONAL AND THEREFORE NOA Ho,.',gm,eop,c_(ALTﬂouéH )T BAN GE

| SENTROPIC IN THAT S

1S consianT AloNe THE PaT-SHOCK STREAMLINGS & FIG. L/é)

5=5So EVERYWHERTE

- S=5,
(pevo) S= S, EVERTWHERE Bufls e il J5 8y (V—Wm)
520 |
s =0 w= 0o e S 2 |
—»( > (vs=0) P S , SR wio (zmrmmL)
w=0 (IrroumovsL Ww=o0 (nmar:mou“_) *he T Yo ) |
h'-'ho h:ho V e V " =ho
EVER( WHERE
vedha “ R zvslszwue'zb‘ (q.,) SHOCk OF JMIFORM (b) SHotk OF NONUWIFok
(5= [dhe/), =0)

STREWGIH (ALSO WEALK SHOCKS) STRENG T L. o



THE VELOCITY ~ POTENTIAL FQUATIOW.

W
-

CoNSIDER AN 1RROTATIONA. Ftow , VAU =0, THEN THE VgiociTY (S RELATEL To THE

POTEATIAL (IS AS el
U= Vef (42¢)
SO0 THAT \'7A(V§$>=o . NOTE THAT CRocco's THEoREM (42R) IMpPLiES THAT AN ABIABATIC
Frow FIAS (onsSTANT ZTNIROPY /Vs’: o) T HROVGHOVT
AN STEAPY Klows

-

(v.(%ﬂﬁ\-‘):o) AND | RROTATIONA L (V/\():O)
2

(,.;_ VT 18 uouan’r"”P'G)J A GENERAL TEQUATION Kok THE vEBLOCITY POTGN'HA,LV/Z'AM Re DEriysp

2
ERou ®ULER'S MOMEANTUM FQUATIOV :J/ha,Jg
?
Tui--4dwrs -2 vg
8 §
= -
AND  ELIM/NATING THE DENSITY GRAGIEMT FRoOM CONTIMULITY U~Vg= "SU-U ’

G- (C05) 2~ 5.ug « &PV
§

INTRODLLNE THE VELoAITY POTENTIAL (424) 1N THE ABOVE / EQUAT low,

|V -9 (ogv)op <0 | . 1o

N CARTECIAN COORDINATES <THIS CQUATION Cax BE EXPRESSED A €

a?d _ % @Q 92! . B
Qx-‘axi Oxq @xi @xfgx\.‘

OR EQuivaten It , AS

(- 85) o x (5870 6y, v (5 5) b 2( Dyt bbby Prbdis) o

Wherz TWE SPEED OF SOUND a. CAM BZ EXPRESSEN As A FuwcTiown oF THE Vetoerry

(QR v¢) BY #™MAKKING DLSE ©OF THE ,SEWROPIQ R-EMT‘OM (Z‘t) , A/A‘.(:Lv
z = -4 z
o () 19p1% L ()

EQuaATion (42‘3) (S OF ELLPTIC TYPE when [Me = KU% < { AWD HVPERBOLIC Wien H«.:l_'zl;(_
a,

Al 1MPORTANT PROPERTY OF HYPERBOLIC EauaTLows (S THE EXISTENCE OF (HARACIZRISTIC
DiRECTIons o [V TWO DInswS|ons, TAESECAN BE 0BTAINES |1 THE NATURAL FRA Mz
BY REWRITING (425) WSiwg 1S5ATROPIC 7Y,

2

Uai)_' = -i @_P = ‘& 98
94 S 9% R 24
AND USiNg 3_§=—g@§:- g__@__()_ EEoM (42‘1)) WM IcH GLlysy
24 2m VU 24



co bt Qu - @ _o  (435)

T 21 ‘0 am

WHIicHl 18 EQUIVALENT To THE 2ZBD VERSwow 2F (133) WHEwW SUPPLIED WITH THE

IRROTATIONALITY CONDITIOWN

4 QU -9 - 0 (¢36) .
v 9m Qs

/v EAUATION [435) c'ofo.vf/a,_ M2 4, wiTh /é'THE MACH ANGLE [N TERUS
/ -
oF Ma, = U/% - E@S, (43S)—(43q) CAN BE PUT (N CHARKCTE RISTIc FORM RBRY
USING “THE  PRANDTL < MEYER [FUNCTION P = g’-""-‘%[ﬁ dv => dv-= cr)&o.w/c %} ,
)

so THAT (435) - [436) BREcoME

- 26, - | b 7 -9 .0
%7‘ ZLM/LQM 0 Awe Tepgd - o2

SDBSTEAC:"rwe AND  ADDIlng THESE EBQUAT 045 GIVES

DR + bup @R -0
94 Ia(a,,,_ WiTH R= 0-9’ { RiIEmAvN | W vARIAUT

R - bt 2Q . o A -0+
CER w |

NOTE THAT THE CHARACTERISTIC LINgs ARE Gluew RY

C G i%; = é-%/-(, (LEFT—- Romw;va) , E&utvménn‘r G_(_S})Z(_ = Z‘FM //0 'te—')

EQuiwaswiLty dy

d x ém/@_/l,)

C - _dlw_ 5~ é‘m/u (RMH‘T-R (mwms} :
d 3

Wy 1T 4 émﬁ: 4 NOTE THAT THE CHARACTERSTICS ARE MACK! LI)NES, WHICH
N 2 : —_——
l_\y Ha®-4 ARE GtacRALLY CURVED. AS THE HACH NOH BER
DQMAIN OF -
pepewsencs _ — ", < VARIZS 1M SPACE (SBE Fles.46-4%), Tuz
] /
BOUNPARY KW — Dormalw op (N FORMATION AT PomnT A INFLOBNCE |
DATA '/ ' INFLVE NeE
ALoNg - OF A ONLY THT REBEloN RETWEEN THE 7 wo
Axis | ST REAn
Wy e
Uron = CHARACTERISTICS (SEE MACH
WH ICH ‘ ( ( LINES YN FlL. qA
A -
DEPENDS bx N PAGE 8). SIMILARLY, THE Sowunow AT
Flg. g PoOrys A DEPEMDS ONLY &N THE PoRTION OF

THE ROUNDARY /NTERCEFTED BY THE CHARACTERIST ¢y

IT SHoUL b BE EMPuas 260 THAT THE VELOCTY PotewniaL Ea . (133 /S Moa-L/vEAR, Aub THEAE

1S No GEWERAL Solutiow TO iT. /7 /3 HOWBVEA CUSTOMARY In AERODYNAM ¢ THSORY TO

LJNEAé/?E 17 A4S DEScR(REn. RELOW, ALTHOUGCH SOME PROBLEMS SUCH AS TRAWNSONIL AMD
HYPERSOMIC FLOWS ARE INHEREATLY NON-LINEAR . FORTHESE PROBLE #s IT (S CHALLEWGING @

\



e

To ORTA/N GENBRAL S6LUTIONS, AND OTHER METHORS RASED ON SIKILARITT MULST

BZ USEL, IN WHAT FOLows, THE FOcus IS ON LINBAR ANALYS(S O©F (133) To TAckee
PRo BLEMS (N SUBSoNic AND SvoFERSONIC AEBRODYNAMICS .

SHALL ~- PERTURBATION THTORY

Cconsiner THe PRoBLEst OF A UNIFoR)A STREAM

_vS8E Fl6s Y8-4q,

Uy Ftowme ARovwd A THiw AIRFoIL
OR OTHER OCEOHEIRICAL OBSTACLE THAT ICREATES oNLy A SHALL DISTURRAnCE /N THE Flow.

‘ 4
- THE HACH NUVMBER OF THE FREZE STREAM s Mg = UM/@' ; wiTH a,,—YP.,)/‘
- ey,
VELoCITY FIELL .
. @7;"\/ The ociT (3 Had RE WhiTT6N AS
— Vs y RN
£ V = (U'.o+U',V,W) L ,% L W o< (438)
e R
Z
Fl6. 48 THE EQUATIONS OF MoTiow FoR A Stzapv imwmscs Flow ARE
LARGE (5ISTURBAMLE {QePAMrta.v)
‘.j.a@Ng + 82% .o = | s
xy, 955’ PSR BANCS
: (Screanwvg),
U»i% = -4%P : = e
Qx;\ g D Flé_yq Ft.o\u)
CoVTiwe (77 )
For consiant - P 4 _.(l 20l Ny,
EwiRoP T CVs-o) . Voa/@x;ﬁ a"jba%&z = ‘%&ngo‘/Dx; o+ THEREFoRE THE Sauatiom
ABIVE SikPLIFY To
Uy U," QUL - 4290,1‘
x.
{ D2

ExPAVBING THIS EuaTiow osiwe THE VEdoci1v FlaLs '\7 (438) yieins

2 !@%-@V w 2 ‘ ‘
v (ax g‘),‘*(?;)= C‘C"“-")%‘: +va%1{ + ww +

¥ 22 (439)

=+ W<Vw‘\‘0 QW*(B__U_
)') >(O>e f’)z)
WHERE @~ /s

(Ut v)4 vitw? 2 Uror 5 ‘ o
) + 4 - % 4 Qo =D @&z A - Y4 ZUU_r{vo-tll 2)
—= = = . — w
> oy > == B ( o + (-{‘io)
SUBSTIIING  (140) InTo (A3q) GIVES
Z ’. _ 2 - " 3 T
(1- Ha.,‘)% +‘(3& +%\£ e chw[hf«u)u + U5 vy Vf:*.&'zlg—u 1
vovs -2 2 g )9
+ Hae [(X—«)u + X1 v L ed 02w Qu
Ve 2 u* 2 U | 9y ’
i
1 (¥-A) 4L+ X442 Y-t 0% ]@w '
+ Hes [( V& w5 (440)
-r

t+ Ha & [é’ (4+Jv-_L)(%§ @.!)-t w 74+u. )(ﬂ-t&ﬁ']*‘ yw (/DWCW)—]

-



A
@¢/92% . TRANSFORKS (4'-10)

ADDITIoMAL SUBSTITUTON oF THE VELeCITt PoTawnllAL, U, =
INTO A FOLL NOw- LINEAR EQUATION FOoR ¢A~Hak€ NO S{MPLIFICATION }JaS REEN MADG SO FAR.

SOME SIMPLIFICATIONS CAN BE MADE ¢n) ORDER TO Sewve ({490) . FOR INSTANCE, IF The

| ) o e y o << i THEN ONE CovLd
PERTURBATI0N VEBLOCITIES ARE SHALL y U/O‘w ¢ /0;' /0‘.., ’ '

NEGLECT THEIR SQUAREL , S0 Tyat (140) REcombs

/f-—Hai OV + 2w - Has, (¥ u Mal 9
/ )9)‘-!'7*92 a,(i'()[(}w/bx-l- q,(Z()U (531-%_&)

&

o y W 4 Qu
(94(&_3 %&(a‘;+9x> (444)

FURTRER SIMPLIFICATION <AN RS MADE BY NEGLBELTING CROS - PRODOCIS OF THE

PER TURBATION VELOCITI®S WHIGH LEABDS To THE LINEAR ERGATION

ps—

(oved) e Su e By=o o (k)

QO

IV SOKE ProBLEMS, HOWEVER, SUCH LINEARIZAT 104 IS AMOT POSSIBLE, FoR (VSTANCE

IV TRANSOVIC Fiow H%—ﬁ _4_’ ANMD 17T 15 NmeT POSSIBLE TO NIGLECT THE FIRST Tepuy
ON TUE RIGHT-HAND $IDF oF ({4¢) WHEW COMPARED To THE FIRST TERHM 00 THE —LEFT HAWD

SIDE. /N GENERAL, THAY TERK Caw RE RETAMED ., Whitch Gtues

2 (
[1- Ha,,) ;2_13 + g_\;l * %r = Mo (25-1-1)(_;!__ g"t; (¢43)

coemss»v@ DING 30 AN Zaualtesr vaLlb (N SuBSomIC, TRAWSONIC , AD S8UPERSONE  Flow.

SUBSUTOINE THE VELociTX PaoTsaliaL 1MT0  (142) Aub (143) GIva s

(1- Ma,,,)?¢+9_é+?_é-o (194)
Px*  9y* g

CAND

((4-:4‘.%,} X @_ci + _é W% (1%)

@2 ?y> 0927 o 9 (/)x

e et [

THE LINEAR POTEMIAL Eguaiion /4;,«.,) CAN BZ usED FOR SuRSowic AND SUPERSONIC FlLows

cemmm——
ey

THE NOW - LinEAR POTEMIIAL EQUATION /[q;) +HAS 1o BY u3ED In TRAASoNIC AERODYA/AMLCS)

ALTHOULY) T CAw ALSO RE OSED IN SURSWIL Aub SUFERSOmE FLOWS TO A hinsk DEGREZ

NOTE THAT THE CHARACIEMSTICS OF EQ. (144) CAW BE ZAsiLY ComPuTER

@F MQOR#CY ¢
BY NeTiciwe THAT ;| !Bt TEFNTlow, TuE FIRST DERIATIVES oF ¢ (€. TuB VELodmy) )
. (68




ARE CowTiwnvovs ACROSS SHARACIERISTICS RBUT THE SECoan DER|YATI UGS (I-E- ThE vEtoctTY em;eny

ARE 1 NeT . THUS, USINE

(t-Hen )26 + 29 =0
Ox* 9y~

IN  cONTVACTION W ITKH

a@%}- Maxw_cé dy

@ x® Gv?)y
@ (%) (t)d dx + Q‘Q
Qy ’3*8\/ @y2
OME CAN SoLhE fFor Tug Stconp DEBRIVATIVES (3¢ CRAMER'S ELiMinaTiorn RULE
o—j2 o A [1-mem) O o
d1la \, w
2, (9x) % 0 % dy d(*ﬂ}
od. iz & 9 VLo I dK)
Q2 o ooyt o
(4-Ha.’;) o 4 ((-HG.E) (0] 1
de " dy o dx dy o

INDETERMINATE , G\VES TH& EQLAllow OF VHE CHARAGTERICTICS .

dy, t\ 4 . + ¢
ax Y:{:T M/b

FOR Mg <4 1THE CHARACTERISTICS ARE ComPLEX AMD &d, ((‘H) 5 ELLIETIC « 8 TRE

IS H7PERBOW C.

oTze namn, For Mg > THE Characrzristics ARE ReAL Aws ES (4] —

7* FPRESSURE (CoEFRICIENT

AN ExPRESSIoN FOR THe FPRESSURE COEFFICIENT <cAmn RE EASILY OBTAINED /N THE ConTEXT

OF <SMALL PERTORBATION ThzoRY . CoN§;bER THE DEFIMITION

Cp: = - 2 (-E. -—l) (Iqé)
druur ymr, (P )
‘x ——
ANb vsE Tpe ISEmiRoPlc RElamieny . = N (-;—‘) Ma,, |4
o 40 (220 v
2

CONSTAN STAGNATL o p U
T TLon EuThaLky  RELATION (fmo) . SUCH APrroack TRAWsForMS (44as) IwTe

ALong WITH THG

s
G 2 ai[‘-\!;‘m;& 20 ¢+ URVRWI) (Y,
YHQN, 2 U—” l)_l"z
%)
Wh ek | £
leH Cav QT FURTHE:g SIMPLUFIZD FOR €<<{ 7o GIv&
‘CP [ + (-nas) @ 4+ viaw T (auR)
e oWt | @




FOR SoBSomww QR SUPERSONMIC PLANAR FLOWS THE SECoND TERM 1w (143) caw B &

NBELECTED , THEREBY YIELDLAG THE <|MPLFIED EXPRESS 00

P

»
-9
W
)
N

(we)

WHIcH ESTABUSKHES THAT ANY POSITWE PERTURGATIon BF THE STREAMWISE VELOCITY cALsSEs

A- DEZCREASE IN Tug LocAL STATIC PRESSURE AND THEREFORE A LOCALLY NESATIVE PRESSLRE

COEFFICIENT -

¥ BOUNDARY COND (T ows

'

THE BOUWDARY COMDITIOwS TO RE APPLIEY FOR (NTEGRATING T QUATIONS qu} Y C“'l‘b) ARE

THE FAR-FITLD © e

HE FAR wE ViViw =0, AT |X[a e, S0 Thar 8 - 2¢ . 2% - o
QDX @y o7

Awb  Tyg NO - PEWETRAT QN LNBITION, IN THAT THB DIRECTIoN OF THE Klow 1S TANGENTIAL

- — i Y
W mews 0 THE S0UD SURFACE. DEwmoTws THE ATIER B (v 2 )20,
T/ ’ \ THE No ~FENETRATION 24 OITION [3EcoMES
A S V- vg=o (¢49)
.
s
S,'NCG_ “ = VF/IVQI IS THE WorracL VECTOR TO The SURFACE,
IMRODUCI NG TYz PERTOR BAT | op, VELociTIE S (438) (NTO (Hq) Glug.y |
VQ€+ VQQ-:—WQ.@ (450)
ox y 22 ‘
Whsrg ‘
€ T HAS REEWN veen THAT U e d, M Two BDIMENQoN 150) ¢ Bg
s 8, Li5e) cam Ba
REWRTTZ AS o WhLE Y (%)
Mo o (454) |
Uoo 9?/97 x |

SO THAT THE u;RT,CAL VELOCITY ON THE SURFACE EQUALS THE SLOPE HoTitLrgs BY Uy, .

IN SHALL—P’EET(J&BA:HOM TMEag*, THE 7N¢LINATl0N OF THE SURFACE oOF THE BO DY

VARIES  SLIGHTLY FRom BerRo , AS /w )= EG(x) with E<L{ aws G(x) An
{éﬁ:ia(*) y>E6(x) ARBITRARY SHAPE Fomctiow, ¢7 1S THERE FORE
- ; <<4’”’ Y ComvENnIENT TO TRAMSFER THE BRouwbagy CONDITIO W
<4S4) 7o 7 O /w THZ FIRSI APPROXIMATION (& g
NAxE LY ]
\/(v,\/] = v (Xzeéb‘)) ~ V(X,O) + 2_\/ ( E6(x) 4 ®(€2‘)wv(y,o)
) — - y Yﬂo (Ta LBABING OReEn ’ ‘
8O THAT  (45() BECoMss v (x,06) c/yw__ / @_@(x 0) (152 '

o |



Flow FAST A wavY waLl

—_ee———-
—bd
Uo Iy CONSIDER THE FLow PAST A SINVSO 1 DAL Socip Bouw bary
AL aZZ0D>, PrLe £ Glvew 8v .
/MI' 'zh\z‘ﬂ'i‘bx® \7/ = E A S, (2—& )
— A
N7 WHERE A

IS THe wavsLEweT AND X2

THE SUPzrSowic AND SUBSOWw C Fiows ARE DESCR,ng BY TQUAT o

/4qq) . SUBSECH
7o 28 - A <0 v s Far Fiee
= o -2 O AMD To @ ) o
9 5 97 7 -@%[xr’/w)- U:oaégw = U;og\c,os‘( %‘)
USine Tyg MNON-DingnslomaL VARIABLES ><¥= 2hx ‘ |

¥

" .
; »
Ty VY, e
PROBLEM To SO6LUE IS P -

— N ('NoTE THAT THE

» 2. - o V
A= Mo @3 Y SuRIEeT To S Y ,/ IMBuCED VBt Y
(A= Hou,) Sons ‘

2z CDX“ DYY FIMTE st sque < AnE OF
ay¥ 14 %;fn o 4(‘*\‘5@% Ds:::g\ ng or
tad nd ’ ' L R .
\/ =0 QQ_S = sm(x) (TRANSFERR&@ TO 7=0>
i i @ »
ASSuninG FIRST SuBsowic Flow, Maw<d , THIN THE VELOCITT-PoTEnTIA L EQUATION BEcoME ¢
r 4
L 4 z/ % 2
%«el_?_‘é =0 wen m={-Ha, >0
'3*“ i gynz ¢
n "
SEPARATING VARIABLES AS ¢: F(x)é(}l), THE ABOVE sQuaTiow Becomes F. + L G = O
4 ) “ 2 F M"z G
AND THEREFORT .E- < -_4.7_9__-:‘/( , WiTH K A CONSTANT T0 BE DETERMINED FRoM THE RounbAR Y
N

conpiTionS - THE SOLUTION To tHizse Eauatiows (& [F(¥X)= Ay sin () + Ay cos (“"') AND

¥

-mkY R, @
G(Ya>= B, e + B, 2, . THE FaR-FIGLD [EBoUNDARY condITionS REWIRE [35=0, WHiLe
THT BOUNDARY cONDITION AT Y=0 REQULRES A:L:O , k=4, awo A, R, = "‘/M , THE

ReESL LT ING VE LoctTt PortewnTial 1S

-Vl y”
#)1 —d e cos X
Ci-nz

WHICH GIVES THE VEtoeiTy PERTURBATION FIELD ]'———~——"
’ - {"Hq,i YH

Uu 1 :
) ng- 4-HaZ

. cog s

THE CORRESPOMBING PRESSURE COBFFILIENT (S giyew BY £ea

vE Q8% _ SV
9y

(4498), wriret U 7Heng REFERR g
To THE D>(MEWSIonAL VBLOCITY (1.E. THE ABOve &wPRESSwow OF o MULTIPLEY BY E(/ )
©

=D AT THz wWaw '(7"-9) z CF: -ZU/O.—': =
W [
y-,o

——— Stm [ 7T 1
i ()|

NOTE THAT THE SoLUTION PREDICTS ZERO DRAG FORCE, AS Cp IS IN PHASE WITH THE WALL
SURFACE .

¢

SIMILARLY, AS Ha,wﬂ {, THE VERTICAL EXTENSION OF THE DISTURBAWCES GROWS
LARGER , WHICH IS AcCcomPANMIED WITH A DIVERGENCE OF Gp » THEZ RAcTOR A V- nas "
. = MG

(453) IS MAHED THE PRANDTL -G LAUERT ___FACTOR | AND APPEARS UBIGuiTousLYy !N THE

0




]

i ‘ — OLAUEBRT
THEORY OF sUBSOMNIC AERODY MAMICS AND coNsTIToTES THE BASIS OF THE PRAMDTL=G
* "‘"ﬁ
TRANSFORMATION~ /N THIS TRANS FORMATION, 7 1S RE-SCalLEDd AS Y= }l I—Hq.t , WHILE

(?S —— ¢‘“‘: (4-H@&)¢)AAND X REMAINS UNCHANGED. /N THESE |JARIABLES (444 ) REcouss
Z W W]
—¢ 2 + 9__@ =0

) =D (NCOMPRESSIEBLE VELOC(TY ~POTENTIA, EeuaTion
Qx* 07"’—

THE PRANDTL -GLALERT FACTOR PREDICTS AN UN BouvAp gy

INCREASE OF THE PRESSURE
COBFRICIENT AS T RANSONIC comnbd TIONS ARE APPROACHED _

IT SROLLD powsVER RE MoTIcED
TEHAT NON-UNEAR BEFFScTS BEOME IHPORTANT N TRANSOMCE Fiow

; WITR Ea&. (148) BErNG
REQUIREL 1MSTEAD 0oF &o. ( 4qq) .

WitsrE Q

IS EasiLy OgTAINEO FROM +4E Sotutiows BIVEN ARSGY

&. IF THE ARGUHBNT OF @ (s
EPT CONSTAWT, THEW CP

IS A SoLE Foncrion oF E 4Aws THE PR‘\NDTL-GL,qusg-r FACTOR,

NoTe acso pron The SOLUT(ON THAT THE s Maw U oy
/m et

“PERTUR BAT (ons ASS LHPT oW
Rzauirss a SHALL AMPLITUDE OF THE WaALL DISTURBANCE S SUCH THAT
) /

€<<V(-Hai R

FOR suPEpson,. FLOW,W Mo >4
/

THe VELOocITY —POTENTIAL FQUATION CAN BE WR(TTE4 AS

&*.. L @td)’a (®) WITH e = Ha.;-A >0
‘%X"l “‘:.%‘_'sz '

WHicH RESEMBLES A way ERUATON WHoSE Gruerar SoLUTION (s

. R d_z“z Ny (F= ONST
e FUXmmy )+ Gt s R v TR )
\ 'M/ X + MI? " o
/ C: - éi*: _L. (G‘: C@NST)
(‘rAM)LIES oF » e dy* mz’
Mote  THkT THERE ARE TWwo! criArAcT ERISTIC L&NESI ﬂ.?i L=t
~C 7

s : . ALONG" WHICH THE
s . v‘f—Hv}o ’

WAVES F AND G PRoPAGATE . WHEN THE STATZ OF VHE GAS AT

- ,
\/qoo IS THAT OF A vaiFpr 14 FREE STREAs, AS /N Puz

PROBLEM ADDRESSap HERZ , THEW 6=O’ IN THAY THE

RI6 HT RUMNING VAVES ARE BoRA) A UNDISTORREp REGIopg )

v 'S
THEREFoRrE THE SoLution 1S @‘: F(X—Wf) ) WiHTH F OBTAINED FROM THE Bovwp ey

CONDITY ON AT THE WaLL AS

adi*: - mdF
@7” dy

os X, wy Z = X*-‘Mf, = F‘(i):-s-w;z; =

/= -s«m{ximz“}
7

m

}-‘:c

i~

>3




‘ . s : ' e FYU
THERBFORE, THB® VELOCITY . PoTsatiA, I8 GILUEN BY o\ WO T THAT 9_;('2.7!0

ke , 1 9__@ o AT U+ e
Qb: - st»«(x"- yVH.E -4 J 9y 7 /
VHa:' 1 S BUT THEY REMAIN FIMITE

AND THE VElociTY PERTORBATION FiEed IS
U= 24" - cos [X: 7'4"‘4.-4 ]
o sz-4 | |
¥+ o * »
v 0P :os[x-y\)m:-4 ]
97”
SIMILARLT |, THB PRESSURE CoBFFIGEy T REcCOMES

C?= <€ cos [ZTF" - vau—4 1 - kHTH X Al

“'fmi"f

BACK I b IMZE 310074, FoRM)
WHileH ATrains THE WALl valLue {\/eo)

; NMNote That C CAv BB
s [2Nx ‘ -
CPuw= co (? ) (155) —  mamme &
Pus =2 Dy
HaZ-y ‘dx
THE CoRRESPonciNG DRAG CosRRicEuT Cp PR LaT WAVELEAGTH /5 \bgws(V«l)
T T T T T e _ _a VERICAL PReTBCOW '
dy a3 Cp= A g CFw \/W oF TH5 SDRFJ‘Z Clomens
dt: ’+// TN - ’\ o : g Cr‘” d-—-Lw O(X
1 . 2
SUBtoWIe PRESSURE FIELD ? . .
a ¢ (Gos0) [ = = X Sdw 4 o
- o= =2 = / A - %
T IONER 777 F 77 o Hq.,,
7 N \ :
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Fle . So - Low P ?

NOTE THAT THE  SuPERSom e VELCITY DI&rpAncsSs U AND VvV Do NOT DECAY AwAY FRoM THE WALL,

RATHER | THE DISTURBAMCES REMAIN CONSTAN T ALONG THE CHARACTERISTICS \/—_(fm/cjx + cwsT,
, ’ HACH Lings -
L T, WHICH CORRESPOND To MACH LINES . IT IS Also REHARKABLZ

THAT THE PRESSurRz Freed (Cp) Near THE warL TRaus(Ts

FRou an anTISYuuetRic DieTRIBUTION AT MHa, <4 , Whzrs

THE MAxIMLM FRESSORE OQURS IN THE TROUVGHS ANDN THE MwIMOMN /oy THE CRESTS (THERERY

YI2oiNG Zero brag), TO A SHIFTEDL FRoFIE AT HMaw >4 WHERE Ths HMAxX)sum
PReSSURE OCLURS Own THE WINDWARD SI1bs OF THE CRESTS AMD THE LOWE ST PRESLURE

IS o THE LEBWARD SIDE (THERE&Y YIELDING A  PoSiTive PRAG FORCE OF NoW-VIscous
omcw)
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ey

y REIAN ¢ TxPRESSED




ELoW OWR A SUPERSONIC THIN AIRFoll

SOHE oF THE® RESOLTS oBTAmED FOR THE WAVY WaLL FRoOBLEM ARE ACTLALLY .Moka GENERAL
ANP ;/-\PPEAR AS SeLuTtonS OF A NUMRER OF PROBLEMUS , To REE THIS | ConstDER A THIA) AlkFolL

Y S FCy OF ARBITRAR'Y SHAPES , AS DEPICTES ©N THE SIDE Floors, WITL

7:5)\<Z{x] oM THz UPPER SURFACE
v .

YL,_QK\/H(}() ON THs LOWBR SURFACE

pIneNStonLESS

PARANETER THAT IS PRoPoRTIowAL TO THE R4ATIo ©F THE A/RFotL
WIBTH To ITS CHORD LEwGTH, WiTH E<<4{ . THE GEWERAL

SOLUTIoN TO THE SUPERSONIC Frow PROBLEM

o teo, Qs 24" Fmre

2w = .
(A_Mazm) 9—41 ~+ 92% =0 SuUBIECE To ox 0y
42 ;
@ x* @7’“2 5oyl g_é O[YU
o ) ' 7 7 @ya d)f LOTE THIL LS
h ' : r / <o
y> vl (-a—‘é (g——g\"‘f‘s e
3 X< Yo
¥ ¥ 'S > v 2 2 e J;’
- qﬁ: F{X‘/‘M\/)* G(X+My) ., WHERE M = Ha,,,-4 Avp X, \/ AND ¢
' S
» »
AV BIew NoRkauzes Ws Wz XA,y Y\ ey L VoI, ans " i L AS w
THE PREVIOUS SECTIOMNS « NOTEZ THar The SOLUTIb CONTAINS TWo WaAuB: THAT RUW
ALowve THE CHARACTERISTIC LinES C+ . O_I_y AM/{’ Avs O - ay* _é“ ¢
) ch‘f a-)ztb /b

i H&-g i

Witk F < A -
HETANT pimwe C, Avs G CowsTawt Asong c_.
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! s [
BRrRINnG 1O FORHAT o OF 2Z=&Re RIUISTORRANCE FRow INFiveTy /G:o) . THEAN

¢, F(x- ,M\/*) For 7*> o

& S / /
ANp  Since g_&“; -M«j_;)yw: ;J;éi , Wik S x-wmy  THEn Fo(x) = —‘LC{V".((’S@‘

SIHILARLY, oN THE

LOWER SURFACE, The RET LEVANT CHARACTERISTIC /5 C_ , Sives

C... TUST BRINGS /NFORMATI 0N 6F ZEro DISTURBANCE FROM /NF/NIT'Y,,(F:Q)- THE N/

?y: 6(xy+m7f) FFo R \7/20

X
ANb  Since @Q - + wdG
: d,&
Fopu
IN SUAMARY, THE DIMEWSonaL DISTURGANLE VELOCITIES ART (1N BisEwSiovac )

- |
=e¢_ . Us dyy (BN UPRGR SurFkE) o U=OP = Vo dy [on Lowgn SURFacE)
Hel=4 o ’ Px  Vzo; 4x P9

|
Z And H BEing Two ARBITRARTY FUNGIOLS AND & A DikEusouss



THEN THE PRESSURE (OEBFFICIENT ((qg) RE comzs

G- - 270 = =2 <j\/v> low ULPPER SUuRFACS)
- Vaa oo \dx (154)

Cﬁ_: ~ 20 = < (_ _G‘_E (6n Lowsr SUKFACG)

Ue Y mpz-y dx |

witk dYy = EXNdZ aw» dYo . -~ EXNAdH  SEPSABING 6N ThHE PARTICULAR GEOMETRY
alx dx dx o x

OF THE AIRFolL. NOTE THAT THE CORRES PONDIN G DPRAG COEFFICIENT 1S

A » |

Co= Coyt Cop = A S %, dy, = J—% p.dy, -
)\‘ v L L

° A/\ o (450).

= 2 4 g [ dy, L+ dy. "c/><

\JH"i‘f i A <3:<_) (dx } ’

®

RESLULTS  (1%3a) Awn (460) EBxPrRESS AN 1M PORTANT CHARACTZRISTIC OF SUPERSOBMLC

WAVE DRAG , NAMELY, +HAT SUPERSONIC WAUE DRAL 1S HIekILy DEPENDENT ON THTE

LocaL <SLoPE ©F THE PROFILE , QR EQUIVALENT LY, OMN THME RATE OF <CROSS-SEcTIoN AL

AREA VARIATION OF THE AIRFolL TWICkaNESS . THIS ResuLT 1S CENTRAL 770 SUPERS owLc

WAYE ~DRAG HITIGATION | AS /N  WHTCOMR 'S AREA RuLe PREFERRED To A PA 65 258

THEREFORE , IN GLNERAL )
| Co- 2O

VH¢3‘4

ACCORDINC TO Tht TWo -DIKEQSIoNAL LINFAR THEORY OF SUPERSONIc AERODYNAMICS,

({64)

WeTh © THE L6CAL INCHAMATION ANELE OF THE ALRFOIL SURFACE
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WI. HMPERSONIC ATRODYNAMICS

THE Flows ANALIEED 'N THE PREUIOLS PARTS OF THIS COURSE PERTAIN TO MOPERATE MACH NVUMRBRZIRS.
FOR Ma 2,5-6 , ADDITIONAL EFFECTS HUST BE ACGOUNTED FOR N THE DESCRIFTIGAN OF COMPRESS/IBLE
Feows , THESE EFFzCTS IN VOLVE HIGH-TEMPERATURE CHEMISTRYT | SucH AS IONIBAT (on AND DISSOCIAT! 0y
OF THE GAL , NON-EQuL IBRILM EFFECTS |, éuca AS VIBRATLONAL EBXLITATION OF THE GAS MOLECWES,
VISCOUS INTERACTLONS (DF SUOCK WAUES WITH BOUNDARY LAYERS RADIATLON , AND RAREFACTION
@.r: THE ENVIRONHEAT AT HIGH ALTITUDES . THESE ZFFECTS SET THE HYFPERSOMNIC RANGE OF

HACT NUMPBERS (‘f’{a,?d 5‘6} AFPART FROM (OWER- MACH H CONVENT) gua ¢ CO M PRESSI BLE FlLows

THE GAS ENVIRONMENT !N FYPERSONIC FLOWS

THE HMAIn FIELD OF APPUCcATIOn) FOR HYPERSOMIC Flows 1S Thar OF HIGH-SPEsp FUSHT - H7PZRReoN IC
VEHIGLES Suck As X=I5 (MaAF) OR THE <PAcs ShuTris (Ra~ZS DuRinG RzEWIRE) ExPERENCE

KERSDLNAMIc EFFECTGS THAT CANnoT BE SOLELY EXPLAINED RB'Y? CONVENTIOMAL SUPERSONIC ALERS B SAM LGS,

REENTRY VEHICLES , SUCH AS SPACE CAPSULES AND ‘LIFTING RODIES, ARE TYPICALLY DES/GNED T¢ HAVE RLowT

NOseL AVD Rouwd ZPEES ., THIS (S 7o MHA kIHIZE DRAG AWD

Space Shuttle
SLtow Dowa 3 PACE CAPSUCEs, To MHAYMIZE THE (LIFT-79-DRAG
RaTio (N LIFTING Bopigs, AND IO SEPARATE THIE FRowv Suock

[FRom Fus FUSBLASE THERERw Rubuciag AERoDYmNANlc HEATING LOARS

O THE VEHiQz'sS AIRFRayz, IN HY PERSON 1, AIRCRAFYS, THE

ARFRAMES ARE TYFiICALLY b&sisnep To wAvF SHARp NOSE To

REBUCE BRAG . ONE IMPORIANT DIFFERENGE BETwrsn/ HYPepsouic

AND  comnvENTONAL SUBSowic AAD SUPER 2 04) 0, AT 140SPHERC.

AIRCRAFTS, 1S TLAT Tus LIFTIWE SURFACEs , PROPULSION SLBMEATS

AND AIRFRAHE ARE STROMNGLY COUPLED /A HYPERSON IC AIRPLANE S
) /

WHILE THERE 1S OMLY wEaAk coUPLNG ETAEEN COMPONEN 7S (0
SuBsewte AaD SUPERSomIc ONES. AN ExALPLE OF THIS STRoag
COUPLING IS THE REGUIRED INTEGRATION ©F THE PAePULS 1ow

SYSTEM SCRAMSET /a THE AIRFRAME OF HYPERSonic VEHICLE S
WHERE TH® EAMTIRE UNCERSURFACE OF THE AIRFRAWE | S ACTUALLY

PART oF THE SCRAMIET ENGNE AND CONTRIBUTES TO FHE AR

COMPRESSton). FOR JNSTANCE, THE IMITIAL COMPRESSION g

PERFORMEp (v THE LEADING Row S-HOChE FRrowm The ~eSe o

RAMPS . THE H10T GASES ARE THEW SUPER SoNlcalls zxPANDED |
THROUGH A wo2RE FORMED Bt THE PROPER STREAMLINIAG oF l

)

THE REAR OF THE AIRRAFT -




B SHOCK LAYERS

AN IMPORTANT CHARACTSRISTIC OF HYPERSONIC FLOWS 1S THAT THE SHoCk waves ShusEh By THE

FUSBLAGE SHAPE T6ND To BE VERY CLOSE TO THE FUSTAGE SURFAGE AT 1Y PERSonIC MACH bt o ¢

THEREB FORHING AN ENUELOPE ARSUND THE SURFACE THAT MAY BVEN PENETRATE I&) TH1&

BOUNBARY LAVER . THE THIN GAP BETWGEN THE SHock WAVE AND THE SUREAcE (S CALLED g

2HOCK (AvER [SEE Fié - 55), THIL LAMER IS THim Awp 18 FormEs BY HeoT GAtss THWAT

7 ;,X"g - TSU’EkS@N‘C

EXERT HFaTINC
Loas ow TnET FUSELAeE - IN THZ Limi+

OF /wEIWN ) TE MACH NUKBERS,

TRE SuURFACz

OF THE FuszcAse COMDBLSTING U Sera =
. J HiPERSO AL e 2 e
Me = 30 b THE Skocrk. THIS 18 cawLed THE NEBwToncaN
P:lﬁv d
Shiocke LAYE
LIKIT AND Gruss REE 70 LOca SURFAcCE -
Fie . S3

INCLIN ATION METHODS o <o POTE BRAS Forcss

AT HYPERsomtc HACH! Norgz RS

P oy "7 PISCUISSe I s cownsxt oF cRocco's Thsokew (Pace c4)
o . ok Vsgo ' A CURVED 'SHoCk Wave PEADS To TRAMSVERSZ EMIROPT GRADENTS |
e - .
. > :’\7’0 IV HYPERSONIC BLUMT—posEs VEtucLss (SEs Fi6.8q) , THE Row
- \ﬂ%@w‘}w,,.a‘,@ SHOCH 1S NEARLY Norma, ciost 7o THE NOSE AND @ers INCREA S /sy
e, Ao SHALLOWER AWAY Frowm i . THEREFORT

A FLud PARTIC Lz CRoSsING

THE Bow Swockh NEAR THE NOSE WILL ERPEREWNCT A LARGER EwT roty
L NCREASE TiHAN ANOTHER ONE CRoOSS/ A6 THE SHOCK THROU 64 A

PERIPHERAL REGIon . THIS CAUSES A CIAMBSWT aF & wntRop 'y ATORMA

7S THE SURFact TuaT /wBUcES VoRTIC I THE BoUnDART

LAMER AS INBIcATED Ia Flé. SH, TvE Reston musns THs snTror

'S NoN-UNMI Foku IS callen THE ENTROPY LAYS R

¥ VIScous DilssipaTion

BY AMALYZIVG tHE Co RRES Poub g CONSER UATLON) ZguAT low:

CHIRACTERI STIC

Qe+ 88.0e = ~PU-3"+ V. (hvT) - 1,08

——
=i sPYKkE IV ViSwous . DISSI FATIon)
LAY
TemPrpaturz WHILE THE ComMvEeTIvE TERMS ARG OF ORpeEgr Sg;, Cy AT Tkt ViscousS
CAus®y BY U L.
vis DlisiPation 1S OF orpsp M. THE RATLo OF 74 Lamier T0 THE FORMER
cous 2
) z g A
DISS{PATION NE oF wUio /. 2 :
Bz o oen&/‘\/s,b:)_ir@“'u—gz_qui’
Fle. 5. ' S-onCvAT/Z $7 Ul &3 '

FoR Mup 4, Tz grrecr 0F THE Viscous BISSIPATION 1S To TRaANS FOR &4

ERGY ) 18T BOVUBARY jyt 77
THE RINETIC ENERGY OF THE OUTER STREAM /A0 ORBER-uMITY IWCREASES OF THERMAL ENERGY Ju 10 ? wdZ?)




¥ HIGH-TEMPERATURE GASDUTNAMIC EFFECTS

TH\) HIioH - TERPERATURTE EFFECTS ARE MAMFESTED

IN HYP&KRSowic Flows in SEUBRAL WATS :

h ‘A;‘E:; TBSU\ZE:;: gs:r:nou, — HYPERSONc BOUNDARY LAYERS ARE HOTTER
Dur 7o THE CoMVERS (0w OF ORDER -t v .
HIG H-TEMPERATURS foﬂ’;&:oil; i Aot pasiess Tty Sires ety
e (TW e At ) AHovuts oF THER MA | ENERGY. THIS TYAMLLY
T HICH-TEMPErRATURE SHock LAYSRS

LEADS To CHEMICALLY - REACTING ROUNDAR ¥

FiG. 5t TYPICAL REENTRY VELOCITIES , LAYERS , AS ExPLMNED BELow.
O 41
Arotto ff;" 3M/‘ —~ THE GAs SHock&p RT THE BoOW Shock g&1s
~ 38
(4

BXTREMELY HOT AT Y PBERSOMIC HAC{-I#UuesRS
WHICH @IVES RISE To

RAPIWATIVE HEAT TRANSFER FrROM tH1E cAS To THE SURROUMD ING SURFACES

ABDITIONALLYY , THE GAS TEMPERATURE

|

-

IS S0 flich THAT 1T can BZcome 4 pARTYIALLY OMIZED PLASHMA

CATION S BLACKOUT , /N THAT THE FREE® ELECTRoNS ARSORE THET
RADIO WAUES FROM COMM UL CaTION BETwzEN THs NVERICLE  App GRoyMD CREWS |

THE [NCREASE 1m0 TEHPEWUR‘ES AT HYPERSOWIC SPEELs PRODucES A MUMBER OF PHVS(COCHGH(CAL
PHENOAEM SuCkt AS

= EXCTATIOoN OF VIBRATIONAL ENERGY OF GAS HolscuLEag

(T> {000k ), THE PASSAcz ofF BAS
THROLGH SHOCK WAUVES PRopuces VIBRATIONA L Now

-Eszwuemun(sse biscussion '1n Face 38), N
SUCH A WAS THAT MOLEcuLes SORE PART OF It ’

S ThERM4L ENERGY /A170 VIRRAT torsay. MODES,

LEAD To PRovowmgs o RESIoms
OF PROBR MO¢y~Aun v WHiCH

THE VON-EQUILIBRIv M EXCiTATIons RELAX To EQUILIRRIUM
= MoLecvran DissociaTion (02-»20

1 TR2000k; N2 —2ZN, T 5 Hoo&k)
AT Elgyarep TEMPERATURE 5

ORMSEN AND NITROGEN HoLECULE § b SsociaTE

AND THEp BesSociatiow
PROPUCTS CAN REACT Anmowe THEMSELVES OR WITH THE ORIGIvAL HoLECuLsS '
~ » ‘ :

NO worzecures, once THT D/SSOcaTION PROBUCTS coy, BE WiTh THE SurFracs OF THe TERMAL

_>THROUGH CATALWS (S

PRotgction SYSTEMS AND REOMBINEG THERE ™ /N EXOTHERM REAGIons , THERERY CAVSING EXTRA
HIEATI N6 LOADS si THE AIRFRAMEZ Anbd DEPLETION or THE THERMAL PROTECT on SYSTepm,
- loNIZATION (N—s NeeT, O 0t e , T % Qo000 k) . AT SUFFICBWTLY  F/G 1

TEMPERATURES, THE GAS REcomzs A PARTIA LLY -1 ONZED PLASMA WHTERE /0NS AND ELECTROuS

MoVE FREELY .

IT 1S (MPORTAnT TO NOTICE THAT THE =FFECT § LESCRrRIRED ABovs CANMKOT RE TrPicacey HANU_ED

RY THE caLoRicaLLy PERFecT GAS HoDB L, BUT THAT THE CHEM|cA L CONVERS lom A ND NON EQUIL\BRIY M

s e - = F
EFFECTS COMPLICAT & THSE CHARACTER |ZATLON OF THE 6AS PROFEFRTIES ,AMD JHZ DESCRIPT 0N © @
THE &EwNER6T TRAMSFER .




¥ RARIFIED FLOWS

|

|

AS DESCRIRED [N PAGE Z, HIGH ALTITUDE ENVIRONMENTS ARE CHARACTERIZED BY Low |

DENSITIES AND CORRESFoRNDINCLY LARGE HEAN FREE FATHS ()w 4 tm AT ArTTunE (0O e ) '

THE RAREFACTION ©F THE FLoW PRODUCEY MOLECULAR SLIF ON THE SURFACES AND PROLOAGED |
FlloH ALT)TUDE

/ ATHOAPHERE

NON=-EQDULL BRIUK EFFECTS .

ROW Srocic s
y o J— g Shrg
CHEMICALLT -Ra’i(;ﬂz R~ Z - Ve n
NDARY LAVE w LAME . OW VeI
oY |scous HEATIWE enTRoT st AL g

o CHEHMICALLY Atroptuame.  HIGH-TE PeraTure

Reactivg HEAT Ine
il BASPYMAM . EFFECIS:

ABLATIONM (CaTaLES IS “RAD ATIVE TRANS FER

¢ T wen

R oNPARL S
P

LAMER b RAREFACTION | INDUCE p _
BOVMD“{‘ 2. - VELELUTY 24P s w FBEIAG KR 'oM?A‘uoN
¢~ Haeo \ Y PE RS0y - Dl Ssoc)aq10m

3oa~me~;—u\rsa TRAUSYT oo VIR
=V R‘A'?(ONAL

STRowg CopPuw 6 BsTwezn NON-Zay, Ll
Rioy,

AIRFRAus ANMD PRoPULSIOY <YSTEH
SHOCK LAYER , hoT PARTIALLY lon12ED
Prasma, ADSACENT 7o Fussing e
) SHOCK UERT CLose To SURFAce
s EXTREMELYT gy opr (WEranan et
y RESI1PENCE TiMEs 1w COMBUSTOR . l

7 -
Flg. 8% : Thez f1YPERSONIC FLicht ENVIRONHNE Y (SUMmaRy)

B SHock Sour Rewions (5g)
THIS LIWT IS oBTANED BY HAk/e Mg, S&««l‘! >4 WHICH iz s

-

P - _Zl Hq,f gg:“F (aez‘
P, Ut
U5 ,v, = HOorRIZowT
3_2_: c+ A (463) cre AWDVE:;:;LL
%« ’Y- A Con POMENTJ
OF U3
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(-13
S [LARLY [TUERELATION BETWESN THE (WCIBENCE AMGLE [ Awb THE STRSAMWISE DEFLECTLON

. /N :
ANGLE D (E?‘(S‘\)) . | § 1 o .
2,2 | : ")/";,""' -
bond = 2cobup [Magsm P-14) e
Z+ HaZ [st(i;s)] > _
2
PN
Chn BT snnPumeo Fok Swuap, g (SLE.»osg ngtss) AND H.‘, SOw }3 *>>4{ . To ne 59,
vse bl ~ 8, S {8 » F cos (2P) v A muT Haf s ~ a5 F »4, o TH4T
THE AROUT REBLATION [EBECoMES YS: (“(+4 ) < [164)'
2

: Ea. (16'?) PREDLCTS THAT THE HYPERSOW UK Frow ArRovys A SLENDER WEDGE OF SHMALL

Shecik

51‘3 STHIANGLE Q) IhvoLyes A SHoCK WAVE WHOSE IN CliwaTioy

Avéce P /S Tust g2 Times € (For ¥ = 4M)  wpign et
ThHE RelBvAnce OF TH v SHOCK LAVERS 14, RYPSRSOMNI C  F Lows
IN OBTMwING ExPression ((63) , IT waS ASSUMEL TH at [>Ha, YA . OFTEWTI MBS, Hows VER

TS PARAMTETER 1S OF IEWTIKES OF ORDER OMITR AN ACTUALLY RZPRESEWIS ©OMNE OF THE

HOsT (1 PORTAWT PARAKTTIERS /o HYTPERSOMIC Flow THToreT: ‘_

\k = \EHG,' j H%Psesoma'&nluaa-r PARAMST EA 5455}
: (FOrR 8 SmatL owey)

THEe HYPERSomI¢ SUKNARITY FPARAMETER APPEARS PRoMWEMIL Y IN THZ FORMULATLONS OF FlYPersoy
Feows , /)76 USBFuLNESS less:bmev'lu Ths FacT TWwAT , TOGEIHER w Ty zr) IT tS TRE ©MLYy
PARAMELIER ON WhLiCH THE SOLUTION TO MAyY stnbouxc‘v ‘N VISCID PROCELEM: DNEPEMD .
FOR inSTANCE, Fo RODIES OF DIFFERSAT S  (DiFereant B) HAVE The <Az Dkras corrficizwr

WHEN Thg HACKH NUABSR Ha, IS MANGER TO MARE TUZIR Sise kB TT PARAKETERS Eaoac.

CORRECTIONS  To TRUATIO NS (‘62-)—(4670 CAW RE DERIVE, FrRom (58) For FmTE A

(1-5. FINTE MACH UUHBg&) , WH/Ch &IveEs

%= %i (“T) N A— (46%)

Pooo e ¥(¥t4) 2, ya*> (w_x 204 (¢70)

O w) w*

Cp= Z8T| XL ¥+4>_,,A (171)
SR [0y

1) Pl DER. VAT -] .
[sE8 AWDBRSOW's ““HUPBRGoN/C AND 1)1ow -TE M PErAT o RE  GAS DY MAm(LS , 209¢, FoRr )

RELAT! ow. '
NoTs THAT Cp= $2 | (/<;_Y) ENBROES FROM (471) AS AN [ 4PoRTANT SIMIUR) Ty ®o

“ A




SIMILAR SIKMPLIFICATIONS CaAN B& MAPE FOR EXPAWS (0N WAVES (N THE HY PSRIomC
Limir. REcar FRoMI PAGE 27 THAT THE TURW/NG ANGLE © AND The MACH AMUMNEE AS Ha.' Avbd Ma,

ART RBLATED AS

Pl O = V(Ma,)-V(He,) (422)

WHERE O(Hc,‘) IS THE PRANDTL-HEYER FUNCTlON

T () = |l wrdan| B (M- - archon e

FOR LAREE H“' THE PRAWDTL- REYER FUANcTtow REcoMEg

(Ha.. ¥t ancban MQV“in_« )—M&M.MQ,

Y" b4

He,

et Sy

WHIGH CAN BE FURTHER SIMFPLIFIER 3 NOTING THAT

axdran (% )= E—M&m<_l_)-_-1~ 4 - O(LI> FoR X = oo
2 X 2 *

oy < (Tt (g - (he) ) (340 (k2))

WHICH Y1ELDS THZ APPRo X IMATE By PRESSION

e

S0 THAT

SUBSTITUROw & F (l?B) /nTo (432) MIELDS THE Ex PRESSIow

=2 (4 o4
l@ ~ -4 (""n,‘ Ha.z)

For LARGE Ma , THE cHawcs /0 PRESSURE THROUGH THE EXPANSIon FAmy 1§ GiEwm BT

- R
P}_ :(4—’ (Y—!)Hq?; )iﬁ-"v (t(ﬂ- %::1

(nq\

1 z-&(;{))« He.,
Avn Siwce Ul (L \ma— From (t74) | P2 BEcouss
Py
) 2Y
P oL ({ - W—¢ k) Y q W 1T I I = Ho,{@.,’ TH® SIMILARTY PARAKRETEA
54 | ‘ .
X ‘ (435)
UsStnwe THIS v THE BEFRINITION ©F CP LBADS To
G-=2 |f _ 2 2%
p=— MEEE S Y - [X-4 D -t *
xm;(a ) v | (! S L R Y

WHICH ALSO INDICATES A SIMILARI+v LAw OF THE TVYPE

Cp= OFF /k, v)




¥ NEWTONIAN THEORY OF HW FERSowlC Flows

IN HIS EARLY THEoRY OF FLUIG HMOTiow (PRINCIPIA, (687 ), NewToN EMVISIonEy THE FFokes

EXERTED ON A RODY SvRMERGED (A A FLUID AS THE EFFECT OF A ColLLECTiownw OF FLUIb PARTICLE !

INITIALLY moVING RECT!LUNEARLY ANMD THEN COLLIDING' W ITH THE

BODY SURFAcT. AT cortision, THz PARTICLES pould TRANSFER

&47,(47;7%:2 NORUAL HomEnTUM LHNTIRTLY To THE BobdT Anb THEY Would
Flg. £8 SUBSZQUEWT Ly SLIDZ ALONS Tz BobY SURFACE, AS DEPMCTED
IN Fle. 58, THE RESULTINg FORCE own THE Bobvw /S Tusr
THE Normar couPonznr OF THE veroctTY Uy sum & HMostiPuss
BY TS HasS Flow RATE INCIBENT oM THE RobY supFack, Um Sw Asun &, whicy giuss
F- Af»oU',ozs;}g » NEWTow HAD WoT THE CURREWT ISNOWLEDGE THE comuun ity HAS 00/ THE
'KPORTANCE OF RAmbom MOTIoN OF Molzcuces (PRISSURE Forcess ) , BOOMDART LAwERS, SHock
WAVES OR cOMPRESSIBILITY EFF&TS, THAT ARE ILPORTANT /&) COMPUTING THE AEROBYNAMLC
FoRces . YBARS LATER DALEMRERT Frovso THAT In At Jnviscid FLow THE DRAG FORCE IS 2ERo |
AVD PRANDIL DISCovERED THE |uPoRTancs OF BOULDARY LAYERS W DEWERMwine THE AcTUA L
FORCE 06 RODIZS ALTHOVGH NEWTONY THEORY WA S ERRONEOUC s/ves 18503
, IT HAS Rec&MmLYr” Fovwn
APPLICATION [N THZ Frzin oF prgrp&,mc% YN THAT THe TIGHTLT ENvELOPINE SHoCk
THAT DEVELOPS ARIUMD THE BopY MAKES 7ur fFlow BTREAU /<,
7o DEFiect PARALLEL Yo THE Surracs , PRECISELY AS /0 The

WAY AMEWTos EMLISouED v VHE CHARACTERISTI( FPRESSURYE

COEFFICIENT FROM MNSWTOMS thEokvw [

‘f%: Pofo | Qo Ubud ZsinS | (177)
Lgatr  dgelir
z 2

IN THE MEWIOMAN THeORY APFLIss To COMPLER RODIES , THZ

AnéLE g Y ((’F‘?) IS TRE local DEFLECTION AmNGLE oF

THE SURFACE . 'w ThYs HobEL, THE FLUW PARTICLES |HPACT

oNLTY  THE FrowTAL AREA OF THE BOD\)’ EXPOSED 7o 7ME FRES

STREAM , Wik Tye AT PRT BREWG /v Tue StABOW Wik Gp=O.
FOR instancs, FOF The FLAT Piate b FI6.3Q  Cp= 2 sin’8 ©n THE LOWER SurFacs, AW D Cp=O
ON THE UPPER SURFACE (&: AVGLE OF AT'IAC&) , With Cp = ZF. i & = ZWS& THE DRAG

2 , AV )
CoEFFIciENT AN O, = CPODS‘§-. 2 sim SCDSS THE LIFT cospF¢c7w7,(HA;<)M vm G AT S~ /$§ )

@>)




AN IWPORTANT CHARACTERISTIC OF THE NEBEWIOWiAY THEORY (4‘1’-?) IS THAT |\ T bDOES

NOT DEPEND O8N THE HACH NouBER , THIS 15 A FUNBDAMEWNTAL RESOLT QF THE HYPERSouw

IMVISCID THEORY , ThE MACH-N UMBER INDEPENPENCE PRINGPLE | sy rtAT <o, Co, G

o et a0

AND THE FLOw STRUCTURE BECoMT I(NBEPENDENT OF THEe MACH NuMBER AT #11EH

MACH NUMBEES, (SEB F/@.éA)

QNG ‘
A RN A IT 18 INTERESTING TO COMPARE (472) Wak
\ “(H‘y ( ) o 'G

Co

< ',‘i‘,%“wzubemcc ASYMPTOT APPROXIMAT| oa ( 455) For Cp. Fok AN

OBLIQUE SHOCK AT Ma,f S.SJF»J .

L
* _>‘4> C.i) = —L(._—- &%QF CP—.— 267{;4\,2' (g
k o, X4

oy o0 (OBugve .suock) (NEW?OU)AU’)

ForR ¥=4 GO BxPRESSWNS AR THE SAME MID Y[ELA

gz-f__*"——bw " P:g(\%“f)f'-bg

S0 THAT THe BLENSTY IS INFMITE BEHine The Shock , AND THT SHOCK 1S CO/NCisey,

/

WiTH THE BobY SURFACE. THEN OME CAn RE(pVER NEWTEOH s ThzokY RY 1A KING THE

S|MLIAUDLS LI MIT >4, Hg—>=.

A NUMBER OF MODFICATIONS EXI|ST TO CORRECT THE NEWITOweAN THEORY , [PEREAPs
TH& HMOST FAMOVS ONE BEING THE NEWToWN —BUSEMANA CORRECT(oA] FOR THE

CEWTRIFUGAL PRESSURE GRADIEWT THAT ARISES FROM THE FUSELAGE CURUAT 0 RE

AND WHICH (8 MoT 1 NCLUDES | THE NEWIONIAN [SORMO LA (4?-?).




Homeworks and Exams



ME 355: Compressible Flows
Stanford University

Warmup Problem Set

Spring 2016

Javier Urzay
jurzay@stanford.edu




Problem 1

The altitude-velocity flghtpath of the Space Shuttle Columbia during descent is shown in Fig. 1(a),
where it is denoted by the label ”STS-2”. Variations of the properties and thermodynamic variables
in the atmosphere are provided in Fig. 1(b,c). Assume that the density decreases with altitude as
p = paexp(—h/a) where a = 7.2 km and ps = 1.2 kg/m3.
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(b) (©)

Assuming that the characteristic length of the Space Shuttle’s thermal shield is I = 32.82 m,
calculate at points A (h =80 km altitude), B (60 km) and C (20 km) of the trajectory the following
parameters:

a) Knudsen number
b) Reynolds number
c¢) Mach number
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Problem 2

An ideal gas at pressure P, = 1 atm and density p; = 1 kg/m® is compressed isothermally to
P, = 10P,. The adiabatic constant of the gas is v = 1.4 and its molecular weight is W = 10 g/mol.

a) What is the density of the compressed gas?
b) Calculate the increments of thermal energy, entropy and enthalpy in the gas
c) Compute the ratio of the mean distances between molecules in the gas before and after com-

pression
d) Answer to parts a-c if the compression process is isentropic instead of isothermal.
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Problem 3

Consider the subsonic Pitot tube in the figure below. Knowing that the static and stagnation
pressures measured are, respectively, Py = 2.45 bar and P = 2 bar, compute the velocity of the free
stream assuming that the gas is air at a stagnation temperature 7y = 550K.
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Problem 4

A straight duct of cross sectional area A is attached to a large gas reservoir as shown in the figure.
The atmospheric pressure is P,. Assuming that the values of the density p; and speed of sound aq4
in the reservoir are known, provide the expressions to compute the pressure, velocity, speed of sound,
Mach number, mass flow rate and density in the duct. Consider the cases Py/P, < [(v + 1)/2]"/(—1
and Py/P, > [(v+1)/2]"/0~D separately in your calculations.
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ME 355: Compressible Flows, Spring 2016
Stanford University
Homework 1
Due Tuesday, April 19, in class.

Guidelines: Please turn in a neat and clean homework that gives all the formulae that you have used
as well as details that are required for the grader to understand your solution. Attach these sheets to
your solutions.

Questions (40 pts)

1. Air flows isentropically through a constant-area duct at Ma = 0.4. The stagnation pressure at point
1is Py = 1.3 bar. What is the stagnation pressure at a downstream point 27

4 —PHaz0u 5 SINCE THE FLOW (8 (SEMIROPIC, THE STAGwATION FPRESSURG
Fy<4.3 basr REMpI NS consTAnT | Po:‘: Fo, = 4. bq,../ﬁ ) v (6 (0
2. In addition to the conditions described in the previous question, it is also known that the stagnation
density at point 1 is pg = 1.0 kg/m3. What is the static enthalpy at the downstream point 27 o
e 4 ¥ | T L 4
By (H A ME\ K - 0.8 < (&) = B :(%2_.) =) }725 he o hot 2 h, o B\T Y B 23380, ‘0
Fo 2 3e Po \8o he o Fo ¥-1 %o A
=490 ks/k"}g

3. Sketch the streamwise variations of pressure, speed of sound and flow velocity for a) a subsonic flow
through a divergent nozzle, b) a supersonic flow through a divergent nozzle, and c) a subsonic flow
through a convergent nozzle.
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4. A gas with v = 1.4 flows supersonically through a diverging duct. At section 1, the cross-sectional
area is A; and the Mach number is Ma; = 1.6. At section 2, the cross-sectional area is As = 5A;.

Calculate the Mach number Mas at section 2.
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Problem 1 (30 pts)

Consider the subsonic diffuser shown in the figure where the inlet Mach number Ma; < 1 and the area
ratio Ay/A; > 1 are known parameters.

Az

a) Derive an expression to compute the static-pressure ratio Po/P; as a function of Maj, As/A; and .
b) Calculate the static-pressure ratio P/ P; for Ma; = 0.4 and Ay/A; = 4.

c¢) Prove that the expression

P, (y—1) v/(v=1)
2 {1 + 5 Mal]

leads to the incompressible Bernoulli equation
P+ pU%/2 = P,

in the incompressible limit Ma? < 1, where Py is the stagnation pressure, U; is the flow velocity, and
p is the density.
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Problem 2 (30 pts)

A small hole is perforated on the wall of a chamber of volume V' that is initially void of gas. The hole
resembles a convergent nozzle of minimum cross-sectional area A, < V?/3. Air from the atmosphere
flows through the hole filling up the chamber, as shown in the figure below. The atmosphere is at

pressure P, and temperature 7.

A2 P(l’ T(l

P, pa \L/‘/
A

convergent
nozzle

chamber

a) Show that mass and total internal-energy conservation constraints require that the time evolution of
the density p; and pressure P, of the gas in the chamber are given by

dpd m
Zhe _ 0 1
dt vV (1)
and ip
d _ m o2
£y B 2

where 7 is the mass flow rate and a, is the speed of sound in the atmospheric air.

b) Obtain an expression for the time ¢* during which the hole remains choked as a function of 7, V, A,,
T, and the gas constant R,.

c¢) Plot the time evolution of the density py4/p, and pressure P,/ P, of the gas in the chamber during the
interval 0 < ¢/t* < 5 for vy = 1.4.
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ME 355: Compressible Flows, Spring 2016
Stanford University
Homework 2: Shocks and expansion waves
Due Thursday, May 5, in class.

Guidelines: Please turn in a neat and clean homework that gives all the formulae that you have used
as well as details that are required for the grader to understand your solution. Attach these sheets to
your solutions. Assume v = 1.4 for all problems.

Student’s Names;....JAVIER  ORZAY. . Student’s ID:...oooooveeeeieeei

Questions (40 pts) e gg_; e B2
4
1. A supersonic air flow at Ma; = 2.4 and P; = 1 bar encounters a normal shock wave. Comp&te the

Mach number in the post-shock flow Mas as well as the relative variation in the stagnation pressure

(R = Fi)/ o specic etropy 51~ )/ i St (2 1)
Ma., (7+(Y )M, ) = 0.82 _{%; } % . 0.59 cv g
— ) . 2oy T O] T \HL-“% P - ()2 v
z24 | Ha, B .y
l’ ne 5 *E-:; (M=, -4) b.5 = ?oa 0a-Per . 9, q.s ll/ A(/{U (s, >5,)

2. A supersonic flow parallel to a wall at Ma; = 3.0 and Pl = 3 bar encounters a corner that deflects the
stream outwards at an angle ¢ creating an expansion fan. Compute the angle 4 required to decrease
the static pressure of the gas to P, = 0.1 bar. What is the associated Mach number May?

Hey=3.0 ISEAneOMC  FLow: > &= /‘76”’“‘1) ~W(Ha)
Rty L e =k _0.4( e B Ny | TGS gad
Y £ 3 = 5. e
R 2 ! 4+ (B-0h? : v a lo= 327 10/ 0
= : AR R

3. Sketch i) the supersonic flow at Ma; = 4.5 around a symmetric wedge of semi-angle 6 = 15° at pressure
P, =1 bar, ii) the same flow when the semi-angle is increased to § = 70°.
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4. Compute the Chapman-Jouget deflagration and detonatlon velocities, as well as the Mach number
of the reactants and products in the wave frame, for a stoichiometric Hy-air mixture at temperature
17 = 298 K and pressure P; = 1 bar. Assume that the heat released by the combustion reaction is
q = 3423 KJ/Kg and that the gas constant is R, = 383 J/KgK.
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Stanford University

Problem 1 (30 pts)

Consider the flat plate depicted below as a model of a supersonic interceptor aircraft flying in the
stratosphere at an altitude A = 20 km. The aircraft flies at Ma; = 3.0 with an angle of attack ov = 30°.

a) Determine the wave-drag and compression-lift coefficients given by Cp = (1/2)D/(p1U%S) and Cy, =
(1/ 2)b./ (p1U2S), respectively. In this formulation, S is the length of the plate, while D and L are the
drag and lift forces per unit spanwise length.

b) Because of the non-zero angle of attack, the solution in the wake of the aircraft involves a tangential
discontinuity A that in reality leads to a shear layer with constant static pressure across. Compute
the streamline angle of deflection a, with respect to the incident horizontal free stream.

c) Far from the aircraft, the leading shock B becomes weaker and resembles a weak shock or compression
Mach wave whose streamline deflection angle is just 0.1% of the aircraft angle of attack «. This
wave creates a sonic boom that is perceived in populated areas on the ground. Compute the angle of
inclination of the Mach wave on the ground and the associated sound pressure level (in decibels) as it
passes through the populated areas.
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Problem 3 (30 pts)

Stanford University

The Concorde was powered by four Rolls-Royce/Snecma Olympus-593 turbojet engines capable of
producing 38,050 lbs of thrust. Each one included compressor, combustor, turbine and afterburner
stages. At supersonic flight speeds, the air had to be decelerated to subsonic velocities before reaching
the compressor. However, slowing down a supersonic stream necessarily involves shock waves and loss
of stagnation pressure. For that reason, the intake design for Concorde’s engines was especially critical
and involved complex ramp and nozzle assemblies, including a variable-geometry intake control system
that shifted from a straight duct at subsonic speeds to increasing the ramp angles at supersonic speeds,
thus transforming the intake front into a supersonic diffuser. Downstream from the shock train, the
flow became subsonic and it was further decelerated through a subsonic diffuser for increasing as much
as possible the static pressure upstream from the compressor. A model description of the intake at
design conditions is depicted in the figure below, where Ma; = 2.2, o; = 10°, P, = 0.3 bar and
Ag/As = 1.4. A pitot-tube measurement right downstream from the shock train gives Mas = 0.7 and
P5 = 1.4 bar. Consider only the weak solution for oblique shocks.

al‘[_‘::::
A — _
= ]
compressor
— AG
subsonic diffuser Mag
As
=

a) Calculate the angle of attack a such that the angle formed by the leading shock and the upper cowl

lip is 6 = 30°, as shown in the figure.

b) Calculate the Mach number Mag upstream from the compressor.

c) Determine the pressure-recovery ratio Ps/Py;.

ME 355 Compressible Flows 5
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ME 355: Compressible Flows, Spring 2016
Stanford University
Homework 3: Convergent-divergent nozzles, and flows with heat addition
Due Tuesday, May 17, in class.

Guidelines: Please turn in a neat and clean homework that gives all the formulae that you have used
as well as details that are required for the grader to understand your solution. Attach these sheets to
your solutions. Assume v = 1.4 and ¢, = 1 KJ/KgK for all problems.

SCRAMJETS (supersonic combustion ramjets) are utilized as propulsion systems for suborbital hyper-
sonic vehicles. SCRAMJET-powered vehicles carry the fuel on board, and obtain the oxidizer by
ingestion of atmospheric oxygen. SCRAMJET engines are composed of three basic components: an
inlet supersonic diffuser, where incoming air is compressed through a shock train; a combustor, where
gaseous fuel burns supersonically with atmospheric oxygen to produce heat; and a diverging nozzle,
where the hot combustion products are accelerated to produce thrust. A model description of the
SCRAMJET power plant of the X-43A hypersonic aircraft is provided in the figure below, where
Ma; =5, 6 = 15°, P, = 0.1 bar, T, = 270 K and A4/As = 0.5.

X-43A4 Hyper-X

A 4

& e S
crealed Apri 6, 2004 by Tony Landis
XAsADvow
- Py
0Lz e
B WS )
W gel injecon 7~
1 / 2> e Ay
=== flame May oy Y
inlet combustor nozzle
L

a) Compute the Mach number Mag, static pressure P; and static temperature T3 at the combustor inlet.

b) Calculate the amount of heat release per unit mass that is required in the combustor to attain sonic
conditions Ma, = 1.0 at the nozzle inlet section (combustor exit). What are the associated static
temperature Ty and pressure P,?




Stanford University

c) Determine the Mach number Mas and static pressure Ps at the nozzle exit.

- d) Show that the thrust F produced by the engine can be written as

! Py 2y 2
= —(1+~Maz) — (1 +~M 1
P]_ 45 Pl( ,7 a’5) ( ’)/ a’l)’ ( )

and compute its numerical value for A5 = 0.03 m?."

e) Characterize the jet flow at the exhaust. Compute the streamline deflection angle and Mach number
downstream from the first set of expansion fans.

f) The length of the combustor is L = 10 cm, and the autoignition time of the fuel+air mixture at |
temperature 73 and pressure P; is t;; = 10 us. Estimate the ratio of the characteristic residence time
of a fluid particle in the combustor to the autoignition time. The ratio represents the Damkohler
number Da. Based on the estimated value of Da, is the residence time in the combustor sufficiently
large to warrant combustion of the reactants?
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ME 355: Compressible Flows, Spring 2016
Stanford University
Homework 4: Wave motion
Due Tuesday, May 31, in class.

Guidelines: Please turn in a neat and clean homework that gives all the formulae that you have used
as well as details that are required for the grader to understand your solution. Attach these sheets to
your solutions. Assume v = 1.4 and ¢, = 1 KJ/KgK for all problems.

A cylinder of diameter D and length L initially closed at both ends is filled with an stagnant gas
at pressure Fy and density po. The cylinder is surrounded by air at pressure P, < P,. At t = 0,
a pyrotechnic system breaks the right-end wall of the duct, so that the gas starts flowing out of the
cylinder. This problem addresses the dynamics shortly after rupture of the right-end wall during times
of order L/ag, where a is the speed of sound in the gas. Depending on the value of the overpressure
e = (Py — P,)/ Py, the disturbances produced in the gas may be small (¢ < 1), so that the linear-
acoustics theory is applicable, or large (¢ = O(1)), in which case the linear approximation is no longer
valid and the non-linear acoustics formulation needs to be employed.

L
K ” P,
t<0 Dif Fo z
A
7| 1 1 1 1 = P
t>0 ! 1 I | 1 R
| 1 1 1 1 —=U,
A

Consider first the case in which the air pressure differs slightly from the pressure of the gas in the
cylinder, e = (Py — P,)/ Py, < 1.

a) Compute the velocity of the gas at the cylinder exit Us.
b) Calculate the force on the cylinder.

c) Characterize the spatial profiles of velocity and pressure inside the cylinder during the time interval
0<t<2L/ap.

Secondly, consider the case in which the air pressure differs from the pressure of the gas by an
amount of order unity, e = (Fy — P,)/ Py = O(1).

d) Compute the velocity of the gas at the cylinder exit U;. Check that U, becomes the one obtained in
part a) in the limit € < 1.

e) Calculate the force on the cylinder.

f) Characterize the spatial profiles of velocity and pressure inside the cylinder during the time interval
0<t< L/ag.
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ME 355: Compressible Flows, Spring 2016
Stanford University
Midterm Exam
Tuesday, May 10

Guidelines: Please turn in neat and clean exam solutions that give all the formulae that you have
used as well as details that are required for the grader to understand your solution. Attach these
sheets to your solutions. Assume v = 1.4 and ¢, = 1.0 KJ/KgK for all problems.

PART I: Closed books, closed notes, calculators allowed
Time: 20 mins

Questions (30 pts)

1. Explain what is supersonic wave drag and how it differs from viscous drag. => S5& F4e% 2% OF UY NeTe]

2. The stagnation temperature upstream from a normal shock wave at Ma; = 1.5 is Tp; = 335 K. The

static pressure downstream is P, = 3 bar. What is the stagnation enthalpy downstream hgy? ‘='>}q)’\c = conaT-
85 = Cp = G T N
3. A Machmeter for a supersonic aircraft consists of a very long central duct connected to a manometel azmg *

that measures the post-shock stagnation pressure Py, along with a lateral probe far away from the *‘/A
tube nose that measures the static pressure Py at that position X (see fig. below). Based on those .
two quantities, how would you compute the Mach number of the free stream Ma,?
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ME 355: Compressible Flows, Spring 2016

Stanford University
Midterm Exam
Tuesday, May 10

Guidelines: Please turn in neat and clean exam solutions that give all the formulae that you have
used as well as details that are required for the grader to understand your solution. Attach these
sheets to your solutions. Assume v = 1.4 and ¢, = 1.0 KJ/KgK for all problems.

Student’s Name:....... TAV]ER . U F? %Aw .................... Student’s ID:..oooeveiieiieieeee,

PART II: Open books, open notes, calculators allowed
Time: 60 mins

Problem 1 (60 pts)

A supersonic stream at Ma; = 4.0 flows parallel to a wall and encounters a geometrical disturbance of
type A or B, as depicted below. Type A is an indentation and type B is a protrusion, both having the
same deflection angle o = 20°. Determine which configuration (type A or type B) yields

a) the maximum decrease in static pressure, (P — Py)/P1
b) the maximum decrease in stagnation pressure, (Po1 — Pooo)/Fo1
c¢) the maximum exit Mach number, Mag,

d) the minimum entropy increase, (Soo — S1)/Cy

Ma1 Maoo
—_— —_—
TYPE A
I’ /
A
A
TR
;o
Ma]_ /l/’// ’ Maoo
. i 7

TYPEB
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Stanford University

Problem 2 (10 pts)

Shock tubes are typically used for studies of combustion chemical kinetics. In a shock tube, a
diaphragm separates high pressure inert gas from a lower-pressure, flammable gas mixture at temper-
ature T} = 300K and pressure P, = 0.1 bar. At ¢t = 0, the diaphragm is ruptured and the over-pressure
created by the inert gas produces a shock wave that propagates at Ma; = 2 into the reacting gaseous
mixture at rest. The reflection of the shock wave plays an important role in the ignition of the re-
actants. In the first approximation, however, neglect the combustion chemical processes in the shock

tube.

diaphragm rupture

high—pressure inert gas

—>

low—pressure flammable gas

ARARARRARNN

end wall

shock

a) Compute the pressure P, and temperature 75 of the flammable gas after the shock has passed (see fig.

below).

T27 P2

T11P1

Ma1

moving shock

b) When the moving shock reaches the wall, it is reflected back towards the left leaving the gas at rest
behind, Us = 0, in accordance with the non-penetration boundary condition at the wall. Calculate
the Mach number of the reflected shock May, along with the pressure P; and temperature 75 of the
gas between the reflected shock and the end wall.

Ty, P2

ME 355 Compressible Flows

T37 P3

Us3=0
Maj,
reflected

moving shock

LM

end wall
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ME 3556: Compressible Flows, Spring 2016
slanford University
Final Exam
Fridayv. June 3

Guidelines: Ploase turn n weaf and clean exam solutions that give all the lormulac that von have
nsed g well as details thial are reguired for the prader to understanel your solution.  Astach these
sheets Lo your solutions, Assume v = 1.4 and ¢, — 1.0 KJ/KelK [or all problems.

Student’s Name:

PART I: Closed books, closed notes, calculators allowed
Time: 40 mins

Questions (30 prs)

L. Using the conscrvalion conations in a control volume that includes an obligue ghock front, stawe the
comtiniily, momentum and energy jwmnp cousbralnls across Lhe shook wave, indicaling which variables
tor group of variables) remain invariant and which ones are discontinuons, s FAGE {4 weTEl

2. Explain why a curved shock wave gencrates vorticity in an initially lrrotalional flow, Sge pase 04

METEC
3. lixplaim the structure of 4 N1 detonation indicating 118 main regions in terms of pressure, Lompoeralore

and velocily variations across the front, and sketeh the approximate thermodynamic (rajectory of a
fuid particle in u pressure / specific-volume diagram, — See Frés B2 Bors




, ME 355: Compressible Flows, Spring 2016
Stanford University

Final Exam

Friday, June 3

Guidelines: Please turn in neat and clean exam solutions that give all the formulae that you have
used as well as details that are required for the grader to understand your solution. Attach these
sheets to your solutions. Assume v = 1.4 and ¢, = 1.0 KJ/KgK for all problems.

Student’s Name: SAVIER ULEZAY Student’s ID:

PART II: Open books, open notes, calculators allowed
Time: 120 mins

Problem 1 (40 pts)

A simplified model of a RAMJET engine is depicted in the figure below. RAMJETS differ from SCRAM-
JETS in that combustion in the former occurs subsonically rather than supersonically. Supersonic air
at Uy = 2 km/s, T, = 270 K and P, = 0.1 bar is ingested through a nozzle of cross section 4; = 20
cm? that creates a normal shock. The flow passes through a diffuser of area ratio As/A; = 2 before
entering the combustion chamber. The heat release from combustion leads to a @0% increase in the

stagnation temperature. The combustion products flow through a converging-diverging nozzle of area
ratio A4/A5 = 02, with A4/A3 = (5.

a) The Mach number, pressure and temperature of the air entering the combustor.
b) The Mach number, pressure and temperature of the gas leaving the combustor.
c¢) The Mach number, pressure and temperature of the exhaust gases.

d) The specific impulse of the engine, I, = F/(rng), where F is the engine thrust, 7 is the mass flow rate,
and g is the gravitational acceleration.
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Stanford University

_Problem 2 (30 pts)

A closed duct of length 2L is initially divided into two equal cavities filled with the same gas at
the same temperature T, and separated by a diaphragm. Initially, the pressure of the gas in the right
cavity is P,, while the pressure of the gas in the left cavity is P,(1 + €), with e < 1. At ¢t = 0 the
diaphragm is removed and acoustic waves propagate into both cavities. Draw the velocity and pressure
profiles in the duct as a function of z for a) t = L/(2a), b) t = L/ao, and ¢) t = 2L/ag, where aq

is the speed of sound. Justify your sketches by appropriately computing the flow variables using the
acoustics theory.

diaphragm
Po(1+6) Py
T
2L
SINCE E a4 = VSE LWEAR THEORY. - F’é (.(L‘. + _P_,' L) L - F +€
%0 %44 .
e p[ . SOQ‘
G= _( (—- -0 !
n = SoQoL ae 1o = F_G
| ‘:'o
{ EPo = E it lalhalll
AT POt B: = = = g
i A Seed 2% Vg=0/
-4 ERh _ € B _cp
Gr b e PB=£Po(

THE GRS BELOW THE TWO CRARACTERISTICS EME0G 1 G FROK
Xz0,E-0 HAS Mot MOICED THE RUPIVRE OF THE D/AMHRAGH

« &1 PonT C: Faz Zi‘-,i Uc— Fz-/ K (
Gy=0 —
' EfizFé-rG,—-i:b?iEEjJ
8o a5 2Y¥ 2 |
_L/[//l////////,/'///,,,,,{/’/‘%— ® AT PoONT D= SAKT AS ¢ .
7 Foltre), a0 ’ a,,P F
:J' }/’/)’ R T ’ . o AT POINT E: Gz: g F3:62: 6
rr e PP T P T 25 _)’
Vg = Bz ReGy= cEph=EPR
E"o E - 3tl3~= “g% 3 2
» 2
AT PoinvT F f-'_ { Gg: F,:O S sy o got{.a
Up =0 B :
E—’ e
\P ( Fz—i—xi 6'1: 5:5/2{ R
a7 Fo T — r
T INT G 3 2Y § :2%, t UlH:O Phlf Fz't‘6’~1= % \.l&,: 6?0 {
6310 4‘10 R %0151
_l,i‘ _e_ _b'. PG: €_‘E? ¢AT Po/nT I Gi".o k F..‘:G‘:O
e 52 () Eee ]

L ME 355 Compressible Flows 3 PRAW WG ——>




SRR &
A f
| U{:O t‘: 2_':
/‘\ Qo
!
= v:faof2x oL
T e
= UiEae/2x n
22,

A Pz €fp




Supplementary slides



ME 355:
COMPRESSIBLE FLOWS

Stanford University
Spring 2016
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Captain Chuck Yeager

—

Bell X-1




Link to the Breaking of the Sound Barrier
video

https://youtu.be/eQJha-aePlo




HISTORY OF RESEARCH IN COMPRESSIBILITY EFFECTS
IN AERODYNAMICS

“We (Dryden and 1) called the speed range just below and just above the
sonic speed - Mach number nearly equal to 1 - the transonic range.

| introduced the term in this form in a report to the Air Force. | am not sure
whether the general who read it knew what it meant. ... ©

| will remember this period (about 1941) when designers were rather frantic

because of the unexpected difficulties of transonic flight.
They thought the troubles indicated a failure in aerodynamic theory.”

Theodore von Karman,
Aerodynamics (Cornell Univ.Press, 1954).




HISTORICAL NOTES

|. SCIENCE



THE SPEED OF SOUND

Isaac Newton
Calculation of the speed of sound considering isothermal
wave propagation (1687).

Pierre Laplace
Calculation of the speed of sound considering adiabatic
wave propagation (1816).




SHOCKS

Bernhard Riemann
Calculation of isentropic shocks (1858) and sound waves.

William Rankine and Pierre Hugoniot
Flow across a normal shock (1870).




SHOCKS

Ernst Mach

First experimental observation of shock waves
on flying bullets using shadowgraph (1887)

Ludwig Prandtl and Theodore Meyer
Flow across oblique shocks and expansion fans (1908).



Hans Liepmann and Allen E. Puckett
First textbook on compressible flows (1947)

“The resulting treatment is believed
to be as up to date as possible in a
subject which is developing as rapidly
as compressible fluid hydrodynamics,
and in which military classification
often remains in effect.”

In Preface by von Karman & Millikan

+Many others

Landau, Zel’dovich, Taylor, Shapiro, Lighthill, Witham, Crocco, Ferri...



HISTORICAL NOTES

Il. ENGINEERING SCIENCE



FLOW AROUND PROPELLERS IN WWII AIRCRAFTS

4 |

Subsonic Flow

N

Much higher speed
flow relative to the
propeller tip

RAF Spitfire



HIGH SPEED FLOW AROUND PROPELLERS

George Bryan

Theoretical analyses of subsonic and supersonic flows over
cylinders (1919)

Frank Caldwell and Elisha Fates

Experiments of high-speed flow effects on _LL
propeller blades (1920). g
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Hugh Dryden and Lyman Briggs
Pressure measurements on high-speed

airfoils (1926)

Lift decrease

Drag increase

v

L%

Amrorin 3R20
LIFT COEFFICIENTS Cr
Angle of attack
Vie :

—4 | —2 0 2 4 8 8 10 12 14 16 20
0.50 | 0.275|0.800 | 0.363 | 0.309 ; 0.442 | 0. 439 | 0.534 | 0.564 | 0.624 | 0. 687 | 0. 749 agﬁ
.85 .300! .313] .343 .338| .444| .481| .528 .gg .443 | .503 ! .68 | .612
.80 .147| .103{ .168| .230| .202 | .827: .373| .411| .462| .518! .52 | .e27
95| —. 026 .010| .076| .160| .220| .289 | .207| 344 | - 388 .gg 464 | 547
1.08 | —.057 | .000  .059| .121| .179! .283| .260 .207| .332| .382 | .464

DRAG COEFFICIENTS Cp
0.50 | 0.097 ] 0.083 ! 0.078 | 0.076 | 0.080 [ 0.088 [ 0.099 [ 0. 112 [ 0.120 | 0. 145 | 0. 16¢ | 0. 271
.65| .109| .092! .080| .078 | .081| .080| .000 | .148| .173| .200| .223| .279
- 80 118 | -115( .115| 120 .131| .142| .157 | .174| .192| .216 | .243| 207
" 95 172 | -167 | .163| -185| .187 | .177| .188| .190| .210| _240| . 285| 316
Los | .183 | .177 | .175| 177 | .181| .190| .205| 219! -236| -257 | : 300




TRANSONIC FLOWS ON AIRFOILS

John Stack

Pressure measurements on high-speed
propeller sections and airfoils (1934)
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TRANSONIC FLOWS ON AIRFOILS

H.H. Pearcey

F1G. 2. Schlieren photograph of the flow past an aerofoil with severe separa-
tion at the foot of the upper-surface shock; 10 per cent RAE 102 section at
2-deg incidence (M, = 0-88).
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Stabilator or
flying tail
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Link to X-planes video

https://youtu.be/jCz1U105L5U




OTHER APPLICATIONS OF COMPRESSIBLE FLOWS

Weaponry

Rocket engines
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ME 355:
COMPRESSIBLE FLOWS

. Conservation Equations

. Shocks and Expansion Waves

. Compressible Flows in Ducts and Nozzles

. Wave Motion in Compressible Flows

. Two-Dimensional Theory of Compressible Flows

. Hypersonic Aerodynamics




ME 355:
COMPRESSIBLE FLOWS

Instructor: Javier Urzay, Ph.D.

E-mail: jurzay@stanford.edu

Office: 206 CTR building,

Office Hours: Mondays 4:00 PM-6:00 PM.

Lectures: Tuesdays and Thursdays, 1:30 PM-2:50 PM at room 380-381T.

Homeworks: There will be 4 homework assignments.

Exams: Midterm Exam: Tuesday, May 10 (TBA), in class.
Final Exam: (TBA).

Grading Scheme: 30% Homeworks + 30% Midterm Exam + 40% Final Exam.

Website: http://www.stanford.edu/~jurzay/ME 355




ME 355:
COMPRESSIBLE FLOWS

Reference Textbooks (not required):

M.A. Saad, “Compressible Flow”, Prentice Hall, 1993.

A.H. Shapiro, “The Dynamics and Thermodynamics of Compressible Fluid Flow”, Wiley,
1953.

H.W. Liepmann & A. Roshko, “Elements of Gas Dynamics”, Dover, 1957.
J.D. Anderson, “Hypersonic and High-Temperature Gas Dynamics”, AIAA, 2006.

Y.B. Zel’dovich & Y.P. Raizer, “Physics of Shock Waves and High-Temperature
Hydrodynamic Phenomena”, Dover, 2002.

L.D. Landau & E.M. Lifshitz, “Fluid Mechanics”, BH, 1959.
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Other Textbooks of relevance for this topic:

- E.H. Hirschel & C.W. Weiland, “Selected Aerothermodynamic Design Problems of
Hypersonic Vehicles”, Springer, 2009. (applied hypersonics)

- W.G. Vincenti & C.H. Kruger, “Introduction to Physical Gas Dynamics”, Krieger 1965.
(kinetic theory of gases)

- Y.B. Zel’'dovich & A.S. Kompaneets, “Theory of Detonation”, Academic Press, 1960.
(detonations)

- G.S. Sutton & O. Bliblarz, “Rocket Propulsion Elements”, Wiley, 2010. (rocket nozzles)

- M. van Dyke, “Perturbation Methods in Fluid Mechanics”, Parabolic, 1975.
(two-dimensional aerodynamic theory)

- J.D. Anderson, “Computational Fluid Dynamics”, McGraw-Hill, 1995. (numerical
methods for compressible flows)

- R.J.le Veque, “Numerical Methods for Conservation Laws”, Birkhauser, 1992.
(numerical methods for hyperbolic equations)



