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Normal Shock Waves
» Wave propagation is perpendicular 1 Z
to flow direction 2 =

e Shock is nonequilibrium process
Internally, but

— flow before shock (1) in equilibrium
— flow after shock (2) in equilibrium
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Approach to Finding Shock Properties

o Start with stationary shock
—> can use steady eguations

Vi— i- i_’ V2 : 2
S L,
P1 P2 > >
LT R P

o Usecontrol volume analysis

— only need to consider properties before and after
shock (equilibrium)

o Equationsfirst studied by Rankine (~1870) and
Hugonl ot (~1877)
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Governing Equations v, .

A EEngR Y
e Conservation and state equations El | 22
— 1d, steady, inviscid except inside shock Ti | Ti
adiabatic, only flow work h, L p
m %Y &
Mass 5 =PV1 =PaVy  (VII]) (VII.2a)
Momentum P1A —PoA =mMyvs =1y, = P —P2 :K(VZ - Vl)
PIA —P2A =poV5A —pViA > py +pvE =y +pov
(V11.2b)

Energy hg +vf/2 =h, +v%/2: hy (VIIL3)

Perfect Gas  p=pRT (a) dh=c,dT(b) a® =yRT (V1.2)

State Eqns. * 6 equations, 6 unknowns
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E5 school of Aerospace Engine

Shock Density Ratio v,

: I V2

- Prif:p
 Combine energy, momentum, mass o, |} pz
_1( - 2)_ 1( X ) T
(V”'B)_)hZ_hl‘E(Vl_VZ ~5 V1T V2 TV, o
LA %

(VI1.23) p;h / Ap2 = (v, - Vf
Shock Hugoniot Eq.

(VI1.4) hz‘hﬁ%(

TPG/CPG (3

= Ry (pz/ Rp, —p1/Rpy)

e Only functionsof pand p
o Solvefor density ratio —>»

P _pl) (]/pl"']/Pz)

m(1+1j=v vy (VILY)
Alp, po) ? '

e Truefor al simple
comp. substances

1+y+1p2
P2_  Y-1p
P1 V+1+p2
y=-1 p; (VIS
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Entropy Change Across Shock

 For TPG/CPG, entropy state eguation o P,

pli  Po
S, =S = cInT ~RInP2 SHIE
T P1 o
i -y1)] [ ~(y-1)
5273 1, Tz(pzj ' ~In pz/pz(pzj '
Cy I T\ Py ) I P1/PL\ P )

P —y * Entropy change as
2 731 _ |l P2| P2 V11.6) function of pressure
Cy P\ Py and density ratios

) acr oss shock
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Entropy Change Across Shock

=S, pz(pzj o | s
Cy P1\ P1 P! P,
o I Sl s
e Combine with p,/p; 100 ¢ : —
from (V1.25) '

10 §

* p,<p,Vviolates
Second Law |

— N0 expansion 0.1 |
shocks |

P2/p1
H

0.01 — :T —
-1 -0.5 0 0.5 1
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Mach Number Relations: vy o

+ General problemistofind changeinall " {[% ~ S
properties across shock . T

» Start by find changesbased on M, M, P | %
1 - 2

— then find M, as function of M,
* Velocity ratio, v,/v,

V2 _ M2a2 > V2 — MZ T2 (V||7)
vi M@y vi Mp\ Ty

» Dendity ratio, p./p 4

P, _ Vi _ My [T
mass PVi=pP5Vys > — — VII.8
1V1 = P2Vso o, V, M2W/T2 ( )
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Mach Number Relations: T

 Temperatureratio, T,/T, S i -
1 o 2

_ _ T T

energy  hy, =h,, =T, =T, Di 1k pj
M, tlbowm,

1
T2 — TZ/TOZ To[
Tl Tl/ Tol ol

_ 1)
}/(1+V 1|v|22) (1+y 2
= 2 > l2_ 2 ) o
y-1,,2 T 1, )
o)™
2 2 2
)

oooooooooooooo
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Mach Number Relations: p

 Pressureratio, p,/p, ‘F;l_’ I
1 o
momentu Py +PVE = P2 +PaV; o]
. M ]
pvzzp('\/'zaz / 2 _ 2 :
_ (szRT P+ PiYM1 =P, + PoyM5
2,,P
p( y)%"‘\/'vll) pz(l"'VM%)
=pyM*
P (1+VM12.)
= =X (V11.10)
Py (1+VM2)

oooooooooooooo
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Mach Number Relations: M
« Mach Number, M, =f(M,) ‘F;l_’ 11 ;2
—~ combmealleqns T il T
R mass/l‘pz\ ]
(VI1.1) 1k
Vo Pg pz/RTzPG M, -t M,
M and aMYRT; _ o pURT, @
(VI.23) M, /yRT, v2 om (1+y|\/|2 p, »
T (VI 9) 1+yM 0, /
o)
(VIL1O) T, 2
N— /s
M v—1 M, v—1  Expression of
2 2\/1+—M§ \/1+—I\/I1 M, as function
1+ yM5 2 1+yM; 2 of M,- solve
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Mach Number Relations: M (con’t)

« Remove sguare roots by sguaring both pi P
sides and solve resulting quadratic T, |
2 2 _ ¥ | |
M (1+V 1|\/|2) My 2(1+V1Mf) Moo
(1+y|\/|2) 2 (1+y|\/|12) 2
\\ ~ _J
al Y1 2 ~oM.)
g V2o ygw,) |+ - 2v6(M) - o) =
“*No shock”
Mlz_l_i / solution
2 _ y-1 2
M5 = or Mj
ABNY:
I 1_1
y—1 (VI1.11)

Vs
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Mach Change Across Normal Shock

_Georgia & College off

7 |
1 M1—> : E —> |\/|2
6 i :
5 | L
N 477
= | e |nreference
3,
f frame of normal
21 shock, flow after
1] shock is aways
; | subsonic
0 1 2 3
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Property Ratios - Results

N
o

w
(6]

w
o

from p2: y-1p
(vis) p; Y+l po

N
(6]

- Jim P2 =Yt
[ P2/P>>1 P y—1

=
ol

T2/T1,p2/p1,p2/p1
N
o

T,/T,

=
o

v

1— > V2

P1 P

Tl : E Tz

Py P

M, LM,
T, pand p increase,
v decreases

* p iNnCrease across
normal shock is
greatest static
property change

* Dengity ratio and
velocity ratio
approach limit

ooooooooooooooo
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Stagnation Properties Across Shock

> -

« Stagnation Temperature, T =T, My, T,
- Ta ]
e Stagnation Pressure v or it e
/1+y—1M2\y_1 201 E E Po2
Po2 _ Po2/P2 P2 _ o 2| pp Pl Po
Por Pot/P1 Py 1+V;1|\/|f pl\from(VIIlO)
) g p2 _ (1+VM1)
/M , from (VI1.11) ™~ (1+V|V| )
s P2 _ 2y M 2 _y-1
.y+1|\/|2 v 1 pp v+l y+l
Po2 _ 2 1 { 2y M2 y—l}l-v‘/
- _ R
Py |14 Y L2 | Ly+1l " y+l (V11.12)
2
(V11.13)

oooooooooo
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Stagnation Pressure

T02

* Other Useful Expressions My T
Y Tor i |
V=112 )yt R
Po2 _ i 2 M2 P2 Po1 Ly Po2
Po1 y_1|\/|12 P1
\ 2 y, L
pol T2 pl
Po2 _ Po2 P2 (VI1.14)
Pr P2 P1 v
p02 _(1_'_ y—lM j —1 p2
I oy — (VII.15

oooooooooooo -15 153 l50
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Stagnation Properties (con’t)

» Stagnation Density, p,/Py My T
T,
P.G. Poz — Poz / RT/Z o
Por  Par To1 Po1 L
A/
Po2 _ Po2

Po1 Po1 (VI11.16)
e Sonic Area Ratio, A,/A,

from ﬁ)é — A*Z poZ/\/ RT;oz f(%

(VI.19) My A pol/ T Q(V)

T02
p02
pogk
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_Georgia | College off
—  Tech || Engineering

= School of Aerospace Engineering

Stag. Press., Entropy and A* - Results

M, [
4 - 60 1 M
Po1 |1 Po
y:1.4 L 50 pO:!}.c E : pO%
31 1 A1 :_ j A2
- 40 * Pg s Po ACIOSS
normal shock

1 >
| 30 NJ\; drop (alot)
|~ «Entropy increases

1 Po2/Po1=P02/Po1

Po2/Po1,(S2-S1)/R
N

- 20
1] | e SONIC arearatio
ASIA | 10 Increases
] —larger throat
R —— e ——— e B required after shock
1 2 3 4 5 6 7 to reach sonic flow

(same mass flowrate,
lessp,) MOA p,

Normal Shocks -17 153 150
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Examples: Problem 1
e Given: Air flowing through constant area

duct encounters stationary shock v,=500 m/s
p,=50kPa — (D | @
— oncoming air 500 m/s, 111:250 K
50 kPa, 250K
* Find:
M2, T2 P2 Vs

Poo» T oy (relative to shock/duct)

 Assume: AirisTPG, CPG, y=1.4

ooooooooooooooo
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Solution: Problem 1

— first calculate M,

M]_:

M,
1.50
1.51
1.52
1.53
1.54
1.55
1.56
1.57
1.58
1.59

Vi

500m/s

JYRT  204/250m/s
— can either use equations or tables (e.g., Table B.1 for y=1.4)

M,

0.7011
0.6976
0.6941
0.6907
0.6874
0.6841
0.6809
0.6777
0.6746
0.6715

P2/p1
2.458
2.493
2.529
2.564
2.600
2.636
2.673
2.709
2.746
2.783

T,/T,
1.320
1.327
1.334
1.340
1.347
1.354
1.361
1.367
1.374
1.381

1.58

pozlpo 1
0.9298
0.9266
0.9233
0.9200
0.9166
0.9132
0.9097
0.9062
0.9026
0.8989

v,=500 m/s

=50kPa — (D

p
T,=250 K

@

p2/p1
1.862
1.879
1.896
1.913
1.930
1.947
1.964
1.981
1.998
2.015

ALIA
1.076
1.079
1.083
1.087
1.091
1.095
1.099
1.104
1.108
1.112

Po2/P1
3.413
3.451
3.489
3.528
3.567
3.606
3.645
3.685
3.724
3.765

Normal Shocks -19
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Solution: Problem 1 (con’t.)

+ Analysis (con’t): M =158 ‘fondkba — (D | @
T,=250 K

— M,:B./VIIL11 M%:(1.582+ 2 )/(2(1'4)1.582—1j M ,=0.675
1.4-1)/ \1.4-1

— T,.B.IVII9 % - (1+ 1'42_ 11.582j / (1+ 1'42_10.6752j =1.374T =344 K
1

— Py B.AVIIL12p/py =[(2x1.4)/0.4]1.58% ~[0.4/(1.4+1)| = 2.746  p,=137 kPa

— V. BANVIL7  Vi/Va=py/py =(1.58/0.675)1/1.374=1.998  v,=250 m/s

5
— P AUVILIS poz/plz(1+&2‘10.6752)3 2.746=3.724 P,,=186 kPa

— T ALVIE Ty = 01:250K(1+ %1.582):(250/0.667% T,=375K

oooooooooooo -20 153 l50
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Examples: Problem 2

e Given: Expanding nozzle with exit/inlet arearatio of 4.0
— normal shock stands at entrance

— Just before entrance m=22 @@ I\F/>Iee
He, Mach 2.2 with P=101.3kPa 2
stagnation pressure of 101.3 kPa |

e Find: AJA=40 e

1. Mach number at nozzle exit
2. (static) pressure at exit

o Assume: Heis TPG/CPG with y=5/3

oooooooooooo -21 153 150
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Solution: Problem 2
* Analysis. /

Me

— M. get M_from arearatio M=2.2 @, @ Pe

( / A ) p,=101.3kPa
isentropic  Ae — —4.0 \
2.e A (A /A ) AJA. =4.0

e
— but need M My | My poo/por SPreadsheet
2VI1.11/B.3 2.20 0.5813 0.6860 of VI1.11,13

M=M,=22 = M,=0.581 VI.17,7
A A {0.118 M AIA™ | p/po

& L =4x1.20=4.80 =>M_ = 0.118 4.799 0.9884

A lu, A |g5a1 0.581 1.198 0.0906
VI.17/A.3 3.732 4.799 0.0132

— Pe Pe=Poere =[p°2 pollp

poe pOl pO M e:O.118

VII.13/B. J vizas
p, = (0.686x101.3kPa)0.988 Ps=68.7 kPPa

oooooooooooo -22 153 l50
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Examples: Problem 3

e Given: Two engineinlets, one a
straight tube, the other a converging- \ __’2 0 OO | @ @ M,
; . ; =2 T
diverging diffuser. 0.=0.50 atr S

— bothwith M=2.0 a their inlets, ~ T,=300 KGD\/ Poc/Po

T.=300.K, p=0.50 atm — /\@

— both slow flow down to same M
CD diffuser: isentropically
straight diffuser: with shock

» Compare performance of diffusers: M., T, Po, Pod/ Py

 Assumptions. air iscpg/tpg with y=1.4
adiabatic diffusers
Isentropic except at shock

oooooooooooo -23 153 150
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Solution: Problem 3

e Analyss: “ Shock Diffuser”
y —DOOD (@ @
— vy=14,VII|.8-11, 13, 17 or M,=2.0 T°
M, My | paofp1 TofT: pz/p1 Po2/Po1 A*Z/A*l p| 050 ati ps

2.00 0.5774 4.500 1.688/2.667 0.7209 1.387 T,=300 KMpoe/poi
— M=M,=0577 (spreadsheetlikeB.1) ~ —* _/\

— T~T,=(T,/T)T,=(1.688)300K= 506 K

— PP~ (P2/PY)P1=(4.50)0.5atm=2.25 atm; Poe/Po = Poo/Por= 0. 721

» “CD Diffuser” -isentropic (V1.6, 7, 17 or..) (spreadsheet like A.1)

— Me:O'577 same (I\/I T COI’lSt) M AIA* | TIT,  plp,

T T 0.577 1.217 0.9376 0.7980
T —( e/ O)‘0-577T - 9938, 300Kk= 506 K 2.000 1.688 0.5556 0.1278

e~ (T/T,),, ' 0.556
— p=(TJT;)Y¥1p=(506/300)3°0.5atm=3.12 atm «—higher p
— PodPoi =1 «— nop,loss= higher mass flowrate or smaller area
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