








































































































































































!
!
!
!
!
!

Homeworks!and!Exams!













































































!
!
!
!
!
!
!
!

Supplementary!slides!
!



Bell$X&1$

ME 355: �
COMPRESSIBLE FLOWS �

�
Stanford University 

 Spring 2016 

Javier Urzay, PhD. 



Bell$X&1$

Captain$Chuck$Yeager$

Breaking$of$the$$
sound$barrier$(1947)$



Link$to$the$Breaking$of$the$Sound$Barrier$
video$

hBps://youtu.be/eQJha&aeP1o$



HISTORY$OF$RESEARCH$IN$COMPRESSIBILITY$EFFECTS$
IN$AERODYNAMICS$

“We$ (Dryden$ and$ I)$ called$ the$ speed$ range$ just$ below$ and$ just$ above$ the$
sonic$speed$<$Mach$number$nearly$equal$to$1$<$the$transonic$range.$$
$$
I$ introduced$the$term$in$this$form$in$a$report$to$the$Air$Force.$I$am$not$sure$
whether$the$general$who$read$it$knew$what$it$meant.$.$.$.$!$$
$

$ $ $ $ $ $ $ $ $ $$
$
I$will$remember$this$period$(about$1941)$when$designers$were$rather$franHc$
because$of$the$unexpected$difficulHes$of$transonic$flight.$$
They$thought$the$troubles$indicated$a$failure$in$aerodynamic$theory.”$
$

$ $ $ $ $ $ $ $ $ $$

Theodore$von$Kármán,$
Aerodynamics$(Cornell$Univ.Press,$1954).$
$



I.$SCIENCE$

HISTORICAL$NOTES$



Isaac$Newton$$
Calcula\on$of$the$speed$of$sound$considering$isothermal$$
wave$propaga\on$(1687).$$$

Pierre$Laplace$
Calcula\on$of$the$speed$of$sound$considering$adiaba\c$$
wave$propaga\on$(1816).$$$

THE$SPEED$OF$SOUND$



Bernhard$Riemann$$
Calcula\on$of$isentropic$shocks$(1858)$and$sound$waves.$

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

SHOCKS$



Ernst$Mach$
First$experimental$observa\on$of$shock$waves$
on$flying$bullets$using$shadowgraph$(1887)$$

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

SHOCKS$



Hans$Liepmann$and$Allen$E.$PuckeB$$

First$textbook$on$compressible$flows$(1947)$$

“The$resul\ng$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$military$classifica\on$

ogen$remains$in$effect.”$

$

In$Preface$by$von$Kármán$&$Millikan$

+Many$others$

$

Landau,$Zel’dovich,$Taylor,$Shapiro,$Lighthill,$Witham,$Crocco,$Ferri…$



II.$ENGINEERING$SCIENCE$

HISTORICAL$NOTES$



RAF$Spipire$$

Subsonic$Flow$

Much$higher$speed$
flow$rela\ve$to$the$
propeller$\p$

FLOW$AROUND$PROPELLERS$IN$WWII$AIRCRAFTS$



George$Bryan$
Theore\cal$analyses$of$subsonic$and$supersonic$flows$over$$
cylinders$(1919)$$

Frank$Caldwell$and$Elisha$Fates$
Experiments$of$high&speed$flow$effects$on$
propeller$blades$(1920).$

HIGH$SPEED$FLOW$AROUND$PROPELLERS$



Hugh$Dryden$and$Lyman$Briggs$
Pressure$measurements$on$high&speed$$
airfoils$(1926)$$

Lig$decrease$

Drag$increase$



John$Stack$
Pressure$measurements$on$high&speed$$
propeller$sec\ons$and$airfoils$(1934)$$

TRANSONIC$FLOWS$ON$AIRFOILS$



H.H.$Pearcey$

TRANSONIC$FLOWS$ON$AIRFOILS$



Skecth$by$J.$Stack.$NACA$(1933)$

“Mach$tuck”/$“Compressibility$
burble”:$$
&  Lig$decrease,$$
&  Drag$increase,$$
&  Center$of$pressure$moves$back$

toward$the$trailing$edge$
&  Hinged$control$surfaces$become$

locked$

THE$TRANSONIC$PROBLEM$



Stabilator$or$
flying$tail$

F&16$

Bell$X&1$





Link$to$X&planes$video$

hBps://youtu.be/jCz1U1o5L5U$



OTHER$APPLICATIONS$OF$COMPRESSIBLE$FLOWS$

Rocket$engines$

Jet$noise$ Weaponry$$

Engine$Intakes$
Engine$exhausts$

Internal$
combus\on$
engines$

Reentry$capsules$



ME$355:$

COMPRESSIBLE$FLOWS$

$

1.  Conserva\on$Equa\ons$
$

2.  Shocks$and$Expansion$Waves$

$

3.  Compressible$Flows$in$Ducts$and$Nozzles$

$

4.  Wave$Mo\on$in$Compressible$Flows$

$

5.  Two&Dimensional$Theory$of$Compressible$Flows$

$

6.  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:*hBp://www.stanford.edu/~jurzay/ME_355$



ME$355:$
COMPRESSIBLE$FLOWS$

Reference*Textbooks*(not*required):$$
$
&  M.A.$Saad,$“Compressible$Flow”,$Pren\ce$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.$$$
$
$
$



ME#355:#
COMPRESSIBLE#FLOWS#

Other&Textbooks&of&relevance&for&this&topic:##
#
1  E.H.#Hirschel#&#C.W.#Weiland,#“Selected(Aerothermodynamic(Design(Problems(of(

Hypersonic(Vehicles”,#Springer,#2009.#(applied#hypersonics)#

1  W.G.#VincenK#&#C.H.#Kruger,#“Introduc>on(to(Physical(Gas(Dynamics”,#Krieger#1965.#
(kineKc#theory#of#gases)#

1  Y.B.#Zel’dovich#&#A.S.#Kompaneets,#“Theory(of(Detona>on”,#Academic#Press,#1960.#
(detonaKons)#

1  G.S.#SuYon#&#O.#Bliblarz,#“Rocket#Propulsion#Elements”,#Wiley,#2010.#(rocket#nozzles)#

1  M.#van#Dyke,#“PerturbaKon#Methods#in#Fluid#Mechanics”,#Parabolic,#1975.##
######(two1dimensional#aerodynamic#theory)#
#
1  J.D.#Anderson,#“Computa>onal(Fluid(Dynamics”,#McGraw1Hill,#1995.#(numerical#

methods#for#compressible#flows)#

1  R.J.#le#Veque,#“Numerical#Methods#for#ConservaKon#Laws”,#Birkhauser,#1992.#
(numerical#methods#for#hyperbolic#equaKons)#

#
#


