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Objectives T

Develop the general relations for compressible flows encountered when
gases flow at high speeds.

Introduce the concepts of stagnation state, speed of sound, and Mach
number for a compressible fluid.

Develop the relationships between the static and stagnation fluid properties
for isentropic flows of ideal gases.

Derive the relationships between the static and stagnation fluid properties
as functions of specific-heat ratios and Mach number.

Derive the effects of area changes for one-dimensional isentropic subsonic
and supersonic flows.

Solve problems of isentropic flow through converging and converging—
diverging nozzles.

Discuss the shock wave and the variation of flow properties across the
shock wave.

Develop the concept of duct flow with heat transfer and negligible friction
known as Rayleigh flow.

Examine the operation of steam nozzles commonly used in steam turbines.
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Stagnation (or total) enthalpy
V2

hy = h + 7 (kJ/kg)

Static enthalpy: the ordinary enthalpy h

Energy balance (with no heat or work
interaction, no change in potential energy):

2 V2

[114——1:[124—72 — ho]:hoz

FIGURE 17-2
Steady flow of a fluid through an
adiabatic duct.

(a)

Compressors

¥~ Combustion Exhaust
chamber nozzle

FIGURE 17-1

Aircraft and jet engines involve high
speeds. and thus the Kinetic energy
term should always be considered
when analyzing them.
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17-1 STAGNATION PROPERTIES T

If the fluid were brought to a complete
stop, the energy balance becomes:

P V% = Stagnation enthalpy: The enthalpy of a
' > 27 M2 fluid when it is brought to rest adiabatically.

During a stagnation process, the kinetic energy of a
fluid is converted to enthalpy, which results in an
Increase in the fluid temperature and pressure.

The properties of a fluid at the stagnation state are
called stagnation properties (stagnation temperature,
stagnation pressure, stagnation density, etc.).

The stagnation state is indicated by the subscript O.

fm Seacaelocs Naxt. Ucoln
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17-1 STAGNATION PROPERTIES

Isentropic stagnation state: When the
stagnation process is reversible as well as
adiabatic (i.e., isentropic).

The stagnation processes are often
approximated to be isentropic, and the
isentropic stagnation properties are simply
referred to as stagnation properties.

When the fluid is approximated as an ideal
gas with constant specific heats

V2 V?
C!}TU = CpT-I_ 7 m— T[] =T+ —

T, is called the stagnation (or total)
temperature, and it represents the
temperature an ideal gas attains when it
IS brought to rest adiabatically.

The term V#/2c, corresponds to the
temperature rise during such a process
and is called the dynamic temperature.

ha

h

Isentropic
stagnation

; stagnation
I state

Actual state

§

FIGURE 17-3

The actual state, actual stagnation
state, and 1sentropic stagnation state
of a fluid on an h-s diagram.
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17-1 STAGNATION PROPERTIES

Temperature
rise during
stagnation
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305K

300 K

. . . 3}
flowing at a velocity V rises by V</2¢

FIGURE 174

The temperature of an ideal gas

P

when it 1s brought to a complete stop.
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17-1 STAGNATION PROPERTIES T

The pressure a fluid attains when brought to rest
Isentropically is called the stagnation pressure P,.

pﬂ ( T{})m k—1)
P \T

Stagnation density p,
p = 1V — P (ﬁ)lf{k—]h
PvE =Py P 4

When stagnation enthalpies are used, the energy
balance for a single-stream, steady-flow device

E. =L

m out

Gin T Win + (g + 821) = Qe + Wour T (1 + 825)

ot

When the fluid is approximated as an ideal gas with
constant specific heats

{.qin o lt(Jv-?!@ul} + {.H"in o H"{)ut} = C}:'(TUZ o T{jl} + Q(:: o 4-;1)
Z'%E SoacseBon Nab, Ueokv, 7
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17-2 SPEED OF SOUND AND MACH NUMBER [ 7%,

Speed of sound (or the sonic speed): Piston Vovieg
. . e - . av [
The speed at which an infinitesimally /
small pressure wave travels through a T 1
. +
dVv h ationary
medium. _’E a7 py gp Co p SHiE]ISiIu]jm
. . ==
To obtain a relation for the speed of ke

sound in a medium, the systems in the

figures are considered. V4
Control volume
traveling with T
the wave front

T \
h+ dh dv il ¢ h P
P+ dP - || «—p
+d I
o ] g P+ dP .
P
.
FIGURE 17-7
Control volume moving with the small FIGURE 17-6

Propagation of a small pressure wave

pressure wave along a duct.
' along a duct.
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17-2 SPEED OF SOUND AND MACH NUMBER [ &

2 JdP\  Speed of
)p ), sound

Air Helium
Foranidealgas P = pRT

284mls . 200K (aaosse
oP JpRT
2 = k(—) - k[ P )} = kRT -
T T

dp dap

J— 300 K
c = ’\I'IAFRT 347 III/S . 1019 m/S ‘
Ma = Y Mach 1000 K

¢ number v 1861 m/s
Ma=1 Sonic flow S
Ma <1 Subsonic flow FIGURE 17-9
Ma >1 SuDersonl_C flow The speed of sound changes with
Ma >> 1 Hypersonic flow temperature and varies with the fluid.
Ma=1 Transonic flow
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SPEED OF SOUND AND MACH NUMBER [ <'&&

V =320 m/s
—
Ma =1.08

220K

Air y V =320 m/s

~ -
JOO K Mﬂ = 092

FIGURE 17-10

The Mach number can be different
at different temperatures even if the
flight speed is the same.
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17-2 SPEED OF SOUND AND MACH NUMBER [ &

FIGURE 17-8

The speed of sound in air increases
with temperature. At typical outside
temperatures, ¢ 1s about 340 m/s. In
round numbers, therefore, the sound of
thunder from a lightning strike travels
about 1 km in 3 seconds. If you see
the lightning and then hear the thunder
less than 3 seconds later, you know
that the place where the lightning
occurred 1s less than 1 km away.
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17-3 ONE-DIMENSIONAL ISENTROPIC FLOW

During fluid flow through many devices such as nozzles, diffusers, and turbine
blade passages, flow quantities vary primarily in the flow direction only, and the
flow can be approximated as one-dimensional isentropic flow with good accuracy.

EXAMPLE
~
| | 3
| | =
Stagnati | | =
a?_na 10n | | —-“"1
region: = 3.00kg/s —_—
1400 kPa ; | | | | | | |
200°C i \: 1400 1200 1000 800 600 400 200
€O, | | P.kPa
| I
| | | FIGURE 17-13
1400 1000 ?é? Z{I}O Variation of normalized fluid
P kPa properties and cross-sectional area
_ _ _ along a duct as the pressure drops
A converging—diverging nozzle. from 1400 to 200 kPa.

ﬁ Soannelon Nak. Uy, 12
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17-3 ONE-DIMENSIONAL ISENTROPIC FLOW

TABLE 17-1

Variation of fluid properties in flow direction in the duct described in Example 17-3
for m = 3 kg/s = constant

P, kPa T K V. m/s p, kg/m?3 c, m/s A, cm? Ma
1400 473 0 15.7 339.4 o0 0
1200 457 164.5 13.9 333.6 13.1 0.493
1000 439 240.7 12.1 326.9 10.3 0.736
800 417 306.6 10.1 318.8 9.64 0.962
767" 413 317.2 9.82 317.2 9.63 1.000
600 391 371.4 8.12 308.7 10.0 1.203
400 357 441.9 5.93 295.0 11.5 1.498
200 306 530.9 3.46 272.9 16.3 1.946

" 767 kPa is the critical pressure where the local Mach number is unity.

Sessselbocs Nat. Uoaly. 13
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17-3 ONE-DIMENSIONAL ISENTROPIC FLOW

We note from Example that the flow area
decreases with decreasing pressure up to a
critical-pressure value (Ma = 1), and then it begins
to increase with further reductions in pressure.

The Mach number is unity at the location of
smallest flow area, called the throat.

The velocity of the fluid keeps increasing after
passing the throat although the flow area
increases rapidly in that region.

This increase in velocity past the throat is due to
the rapid decrease in the fluid density.

The flow area of the duct considered in this
example first decreases and then increases. Such
ducts are called converging—diverging nozzles.

These nozzles are used to accelerate gases to
supersonic speeds and should not be confused
with Venturi nozzles, which are used strictly for
iIncompressible flow.

| Vs Throat
r

Fluid |

- Converging nozzle

/ Ve Throat [
[ ¢ !

I
Fluid { ===
|

AN 4 . . .
— Converging—diverging nozzle

FIGURE 17-14
The cross section of a nozzle at the
smallest flow area 1s called the throat.

-
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17-3 ONE-DIMENSIONAL ISENTROPIC FLOW

Variation of Fluid
Velocity with Flow Area -
In this section, the relations for the variation | COT‘IISERVATIO(;\' OF (ENERGT)
of static-to-stagnation property ratios with fi Ay O“'V‘:" - 'q‘v; e |
the Mach number for pressure, temperature, hyt —+=hy + = |
and density are provided. . i i
| vj_
dA dP " ' h + = constant ,'
— . l - I\";lllu I' 2
A p V2 { ) :' Differentiate, '
| dh +V dV =0
This relation describes the variation of pressure | Also, _ , |
ith flow area ,' ’0 (isentropic) |'
wi W : ,' Tds'=dh - v dP |
At subsonic velocities, the pressure | dh= vdP =3 dp
decreases in converging ducts (subsonic | Substitute, 0
nozzles) and increases in diverging ducts £ Y aY.=0 1
(subsonic diffusers). A - @
At supersonic velocities, the pressure
P P FIGURE 17-15
Derivation of the differential form

of the energy equation for steady
isentropic flow.

decreases in diverging ducts (supersonic
nozzles) and increases in converging ducts

(supersonic diffusers).
ﬁ SoacseBovs Nat, icoky. 15
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17-3 ONE-DIMENSIONAL ISENTROPIC FLOW

dA B _f{' V

14 lf
This equation governs the shape of a nozzle or a
diffuser in subsonic or supersonic isentropic flow.

dA

(1 — Ma?)

For subsonic flow (Ma < 1), — <0
dV
‘ dA
For supersonic flow (Ma > 1), W > ()
.
: dA
For sonic flow (Ma = 1), = ()

W_

The proper shape of a nozzle depends on the highest velocity
desired relative to the sonic velocity.

To accelerate a fluid, we must use a converging nozzle at
subsonic velocities and a diverging nozzle at supersonic velocities.

To accelerate a fluid to supersonic velocities, we must use a
converging—diverging nozzle.

ﬁ Seanelonn Nak. Uosly. 16
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17-3 ONE-DIMENSIONAL ISENTROPIC FLOW

\

! Ma, = 1
e 4

\

| : '
| Converging

,’ nozzle

o (sonic)
f

(sonic)

Attachment

FIGURE 17-16

We cannot attain supersonic velocities
by extending the converging section
of a converging nozzle. Doing so will
only move the sonic cross section
farther downstream and decrease the
mass flow rate.

' Seacselos Nat. Ueody, 17
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17-3 ONE-DIMENSIONAL ISENTROPIC FLOW

[ |
| | \

r' P decreases f/ P increases | |
- e | f 2 |
Ma < 1 ancredses [ Ma<1 | Vdeureasgs
—_— ‘Ma increases ( ’ —»‘ ‘Ma decreases
T decreases | | l, T increases

| p decreases N increases | |

\ 2 \ f

|\/ / N/]‘I
5

Subsonic nozzle Subsonic diffuser

(a) Subsonic flow

/7\\ //\\\\

/ '|'| | o
. [ .' :
P decreases | | ' P increases \
’ \

Ma>1 | V increases Ma > 1 V decreases | |
—_— ‘Ma increases —_— ‘Ma decreases { )
*,\ T decreases | T increases U
. decreases " | ". p increases _—
Supersonic nozzle Supersonic diffuser

(b) Supersonic flow

Variation of flow properties
in subsonic and supersonic nozzles
and diffusers.

ﬁ Seanelon Nak. Uosly. 18
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17-3 ONE-DIMENSIONAL ISENTROPIC FLOW

Property Relations for Isentropic Flow of Ideal Gases

The relations between the static properties

and stagnation properties of an ideal gas Throat

with constant specific heats Ty
Py Subsonic T,
— —-P
Po nozzle p*

—Tﬂ:1+(7k_l)l\/lu2
T )

i

, L K(k=1)
% = |1 + (R ; l) Ma?
e — 1 V=)
Po_ 11+ ( ) Ma-
P 2
T* 2
T, k+1
P 2 \NMK=D L FIGURE 17-18
P - (k + ] ) Crl_'[ICa| When Ma, = 1, the properties at the
! ratios nozzle throat are the critical
p* ( 2 \V&-D (Ma=1) properties.
o \k+ 1 )
oacaelony Nak. Weadw
m g@m&ﬁ% Poopedgion Lab, 19



17-3 ONE-DIMENSIONAL ISENTROPIC FLOW

The critical-pressure, critical-temperature, and critical-density ratios for
isentropic flow of some ideal gases

Superheated Hot products Monatomic
steam, of combustion, Air, gases,
k=1.3 k= 1.33 k=1.4 k= 1.667
b
I;T 0.5457 0.5404 0.5283 0.4871
0
T‘:K
— 0.8696 0.8584 0.8333 0.7499
0
®
i— 0.6276 0.6295 0.6340 0.6495
0

SoacseBons Nat, licoky. 20
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17-4. ISENTROPIC FLOW THROUGH NOZZLES [ +' &

Converging or converging—diverging nozzles
are found in steam and gas turbines and

E
. 8
Reservoir | &

aircraft and spacecraft propulsion systems. P=Py 1N F,
. . . T =T, | e P
In this section we consider the effects of back ﬁ ™ Bak
pressure (i.e., the pressure applied at the T - pressure)
nozzle discharge region) on the exit velocity,
the mass flow rate, and the pressure
distribution along the nozzle.
. P,I"FE] A
Converging Nozzles | L pop
Mass flow rate through a nozzle 2 p>pr
h 141 I\;I E.].Pﬂ "\/Jr ;\/(RT{}] % / 3 P{Jz P*
m = _ N _ L 17 0 Lowestexit ©~ |— p < p*
I | + {J{ — 1 }.\“')[E.l’/:“;‘ + /2= 1] pressure ’
0 A Pb:
Maximum mass flow rate X
|k - (k+ 1)/[2(k — 1)] FIGURE 17-20
1 — A*P. | - The effect of back pressure on the
fmax D\ RT[-] k+ 1 pressure distribution along a

converging nozzle.

ﬂ Sossselows Nab. Ussly. 21
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17-4. ISENTROPIC FLOW THROUGH NOZZLES [ +' &

m 4
2 - . " m__ - *
¢ 2 for Pb < P max
L)
P
PP} 0
10 ————m—
P* 4
PD
The effect of back pressure P, on the
mass flow rate m and the exit pressure 0 P,
b
PCI

P, of a converging nozzle.

Soaselbovs Nab, Usly. 22
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17-4. ISENTROPIC FLOW THROUGH NOZZLES [ +' &

—— Ma,= | ———Ma, < 1 —

mt

Increase 1n PO._

decrease in TD‘-
or both

Decrease in PO._

increase in T[}'

|

[

|

|

[

|

|

[

|

|

|

PO. TO :
[

|

:

or both |
|

[

|

|

0

P 0 P
- Jr
P P,

FIGURE 17-22

The variation of the mass flow rate
through a nozzle with inlet stagnation
properties.

ﬂ Sossselbovs Nak. Usaly. 23
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17-4. ISENTROPIC FLOW THROUGH NOZZLES [ +' &

I N o a4 (k4 1V[2(k=1)]
A _ | ( - )(1+um;ﬁ)]
A Mal\k+1 2

! 5 e

V Ve Mac  Ma'VkRT T
Ma* = — Ma¥=——=—"— = N
c* Cc c* c* \/ﬁ T*
k+ 1
Ma* = Ma _ - Ve Mo A P p T
2+ (k- 1)Ma- - o A* Py py T
Ma* is the local velocity 090 09146 1.0089 05913
nondimensionalized with o0 toow  1a0 052
respect to the sonic : : : 1

velocity at the throat.

Ma is the local velocity FIGURE 17-23

: : : : Various property ratios for isentropic
nondimensionalized with flow through nozzles and diffusers are

respect to the local sonic listed in Table A-32 for k = 1.4 (air)
velocity. for convenience.
' SoacoeBocy N e, Ucabv,
m Bocl, & Poopeabeion Lab, 24



Converging-Diverging Nozzles

The highest velocity in a converging nozzle is limited to the sonic velocity (Ma = 1),
which occurs at the exit plane (throat) of the nozzle.

Accelerating a fluid to supersonic velocities (Ma > 1) can be accomplished only by
attaching a diverging flow section to the subsonic nozzle at the throat (a converging—
diverging nozzle), which is standard equipment in supersonic aircraft and rocket

propulsion.

o Combustion chamber
Oxidizer . Fuel

FIGURE 17-26

Converging—diverging nozzles are commonly used in rocket engines to provide high thrust.

Soaelovs Nak. Wby, 25
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17-4. ISENTROPIC FLOW THROUGH NOZZLES @B
When P, = P, (case A), there will be no ) \”A;/Ip

|
flow through the nozzle. o : —
| ' 17,
1. When P, > P, > P, the flow remains /ﬂ;\i
subsonic throughout the nozzle, and the e |
mass flow is less than that for choked | i
flow. The fluid velocity increases in the ’ | b
first (converging) section and reaches a r, | -;i P, \ Subsonic flow
maximum at the throat (but Ma < 1). ' 1 fina o™
However, most of the gain in velocity is P ' _ D, [Sth"ku"t"“
lost in the second (diverging) section of Sonic flow 4:p SM ﬂ'o'w
the nozzle, which acts as a diffuser. The ok g T [
pressure decreases in the converging P —— - .
section, reaches a minimum at the Ma | Shock y.ﬁi
throat, and increases at the expense of Socflow |\ 2 | | Supersonic flow
velocity in the diverging section. RN || [{ho shock innozdle)
IZ N | S e
FIGURE 17-27 | ¢! [ (shock in nozzle)
The effects of back pressure on the | Bi Subsonic flow
flow through a converging—diverging | a1 | (noshock)
nozzle. Inet Throat Exit x

ﬁ Sossselovs Nak. Usaly. 26
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17-4. ISENTROPIC FLOW THROUGH NOZZLES [ +' &

2. When P, = Pg, the throat pressure becomes
P* and the fluid achieves sonic velocity at the
throat. But the diverging section of the nozzle
still acts as a diffuser, slowing the fluid to
subsonic velocities. The mass flow rate that
was increasing with decreasing P, also
reaches its maximum value.

3. When P. > P, > P, the fluid that achieved a
sonic velocity at the throat continues
accelerating to supersonic velocities in the
diverging section as the pressure decreases.
This acceleration comes to a sudden stop,
however, as a normal shock develops at a
section between the throat and the exit plane,
which causes a sudden drop in velocity to
subsonic levels and a sudden increase in
pressure. The fluid then continues to
decelerate further in the remaining part of the
converging—diverging nozzle.

=

A ) Subsonic flow
P, \at nozzle exit
(no shock)

Subsonic flow

pelo— 2 r.—-——i Py, Vat nozzle exit
|

(shock in nozzle)

Sonic flow
at throat Supersonic flow

P }at nozzle exit

(no shock in nozzle)
D 1
Inlet Throat E

(it x

Ma & I' Shock L

| innozzle ¢ b
B .

Supersonic flow

at nozzle exit

(no shock in nozzle)

D1 | Subsonic flow
| | ubsonic flow
l—h__—‘ at nozzle exit

C! | (shock in nozzle)

Sonic flow |
at throat |

Subsonic flow
B, }atnozzle exit
0 | Al ) (o shock)

Inlet Throat Exit X

Soacselons Nat, Uosbw. 27
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17-4. ISENTROPIC FLOW THROUGH NOZZLES @k
4. When P > Pb > 0, the flow in the | .
diverging section is supersonic, and the P, :\4_/”

|
fluid expands to P at the nozzle exit with =0 | p
. . . I b
no normal shock forming within the | i i
nozzle. Thus, the flow through the nozzle s |
can be approximated as isentropic. | i
_ P | !
When P, = P, no shocks occur within or | kil
. |
outside the nozzle. P, | 4 " | Subonc o
. . L. g pat nozzle exit
When P, < P, irreversible mixing and : | p,, | (o shock)
. | | Subsonic flow
expansion waves occur downstream of 2 B (Jﬂl Po fatnossle exit
. | | SNOCK 1N nOZZIS
the exit plane of the nozzle. Sonic flow | +p, |
at throat l Shock | Supeﬁ;t-l}mc flow
oc -~ | P }at nozzle exit
When Pb > PF’ however, the pressure Of o | innozzle 4 G p{'i (no shock in nozzle)
the fluid increases from P, to P, Inlet Throat Exit x
irreversibly in the wake of the nozzle exit, Ma i mosale k..”f.f’:
1 H i ! ' upersonic flow
creating what are called oblique shocks. et | S I i
| : I {no shock in nozzle)
= : ______ l':—_;_ij Submnlu; ﬂgw
i C! El: t:.‘ifjj: ?;;;.zle}
; : Subsonic flow
| B, }atnozzle exat
0 | il | (no shock)
Inlet Throat Exit X

ﬁ Sossselovs Nak. Usly. 28
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17-5. SHOCK WAVES AND EXPANSION WAVES [l '@

For some back pressure values, abrupt
changes in fluid properties occur in a
very thin section of a converging—
diverging nozzle under supersonic flow
conditions, creating a shock wave.

We study the conditions under which
shock waves develop and how they
affect the flow.

FIGURE 17-30

Normal Shocks

Schlieren image of a normal shock in
a Laval nozzle. The Mach number in

Normal shock waves: The shock : o
the nozzle just upstream (to the left) of

waves that occur in a plane normal o . 7
: . the shock wave is about 1.3. Boundary
to the direction of flow. The flow lavers distor e el
_ ayers distort the shape of the normal
process through the shock wave is shock near the walls and lead to flow

highly irreversible. separation beneath the shock.

Soaelocs Nak. Uy, 29
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17-5. SHOCK WAVES AND EXPANSION WAVES [l '@

Conservation of mass: p AV, = p,AV,

Vi =PV,

L, Vi V3
Conservation of energy: hy + —=h, + —
" P - P Control
volume
hy, = hy,
ME12< 1
—

Linear momentum equation:

Shock wave

FIGURE 17-29

Control volume for flow across a
normal shock wave.

g Y O SR ‘e . o T
Increase of entropy: s, — 5, =0

ﬁ Soanelon Nak.Usly. 30
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17-5. SHOCK WAVES AND EXPANSION WAVES [l '@

Fanno line: Combining the ht . EN

conservation of mass and energy , o8 | Subsonic flow

relations into a single equation and [ Ma<1)
hoy hg /)

curve. Itis the locus of states that
have the same value of stagnation
enthalpy and mass flux.

J'r.iz

plotting it on an h-s diagram yield a %1 = /e 4{

Rayleigh line: Combining the
conservation of mass and
momentum equations into a single [
equation and plotting it on the h-s 0
diagram yield a curve.

" Supersonic flow
(Ma > 1)

s

FIGURE 17-31
The h-s diagram for tlow across a
normal shock.

fm SeacseBoca Next, Ueabr, 31
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17-5. SHOCK WAVES AND EXPANSION WAVES [l '@

Normal
shock

P increases

P, decreases
0

V'  decreases

Ma decreases

T increases

Tn remains constant
0

p INCreases

§ 1ncreases

FIGURE 17-32
Variation of flow properties across a
normal shock in an ideal gas.

:EEEE Sosssehboon Nab, Usly. 32
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17-5. SHOCK WAVES AND EXPANSION WAVES [l '@

The relations between various properties before and after the
shock for an ideal gas with constant specific heats:

2 PV, P, Ma,c, B P,Ma, /T, (P})E (lelz)z

- P, Ma,

T, P,V, PMayc, P ,Ma, T,

Y F: | + Ma3(k — 1)/2
Fanno line: P, _ . \/ 1t )
P, Muz\/] + Majs(k — 1)/2
P, l+k Ma?

Rayleigh line: = -
P, 1+ kMa3

Ma? + 2/(k — 1)
DMa2k/(k — 1) — 1

Ma

[ b2

This represents the intersections of the Fanno and Rayleigh

lines and relates the Mach number upstream of the shock to that
downstream of the shock.

Various flow property ratios across the shock are listed in Table A—33.

ﬁ Soanelon Nak. Usly. 33
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17-5. SHOCK WAVES AND EXPANSION WAVES [l ‘<'f

FIGURE 17-33

The air inlet of a supersonic fighter jet
1s designed such that a shock wave at
the inlet decelerates the air to subsonic
velocities, increasing the pressure and
temperature of the air before it enters
the engine.

Seaselon Nab. Uslyv. 34
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17-5. SHOCK WAVES AND EXPANSION WAVES [l ‘<'f

FIGURE 17-34

Schlieren image of the blast wave
(expanding spherical normal shock)
produced by the explosion of a
firecracker. The shock expanded
radially outward in all directions at a
supersonic speed that decreased with
radius from the center of the explosion.
A microphone sensed the sudden
change in pressure of the passing shock
wave and triggered the microsecond
flashlamp that exposed the photograph.

G.S. Settles, Gas Dynamics Lab, Penn State
University. Used with permission
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(5 — 51)/R T P,

! $, — 8 = ¢, In ?“—Rln?
1 |

Since the flow across the shock
IS adiabatic and irreversible, the
second law requires that the
entropy increase across the
shock wave.

Op————————=

Thus, a shock wave cannot exist

|
|
i
| for values of Ma, less than unity
|
|

Impossible where the entropy change would
Subsonic flow Ma; =1 Supersonic flow I\-’[:.I] be negative.
before shock before shock

For adiabatic flows, shock waves
FIGURE 17-35 can exist only for supersonic

| R flows, Ma, > 1.
Entropy change across a

normal shock.
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FIGURE 17-37

When a lion tamer cracks his whip,

a weak spherical shock wave forms
near the tip and spreads out radially:
the pressure inside the expanding
shock wave is higher than ambient air
pressure, and this is what causes the
crack when the shock wave reaches
the lion’s ear.
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Obligue Shocks

When the space shuttle travels at supersonic speeds through the
atmosphere, it produces a complicated shock pattern consisting
of inclined shock waves called obligue shocks.

Some portions of an obligue shock are curved, while other
portions are straight.

FIGURE 17-38

Schlieren image of a small model of
the space shuttle orbiter being tested at
Mach 3 in the supersonic wind tunnel
of the Penn State Gas Dynamics Lab.
Several oblique shocks are seen in the
air surrounding the spacecraft.

G.S. Settles, Gas Dynamics Lab, Penn State
University. Used with permission
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> Oblique
shock
—_—
— M A =TT i i
—_—
NIE]
—_—
ﬂ- —_—— ' i
—_—
—_—
—-

FIGURE 17-39

An oblique shock of shock angle [3
formed by a slender, two-dimensional
wedge of half-angle 6. The flow is
turned by deflection angle 6
downstream of the shock, and the
Mach number decreases.

Oblique
shock ~

Control / )

volume

FIGURE 1740

Velocity vectors through an oblique
shock of shock angle 8 and deflection
angle 6.

Unlike normal shocks, in which the
downstream Mach number is always
subsonic, Ma, downstream of an oblique
shock can be subsonic, sonic, or
supersonic, depending on the upstream
Mach number Ma; and the turning angle.
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hoy=hyy — Ty=Tp

h > »Ma, , < |
Ma, , =1 B-0 . . (k—1)Maj ,+ 2
F P hﬂ[a - — -’—.n
‘\; \;’ > 2kMa} , — k+ 1
Oblique S . N _
shock —_ / Py 2Mal,—k+1

P, k+1
(k + 1)Ma?,
Von 2+ (k— 1)Ma},

T, 2kMaji —k+1
— =[R2+ &-1DMaj ,]—— 5, —5—
T, ' (k+1)Mai ,

P [T+ DVAL
Py L2+(k—1)Maj,

(k + )Ma} , ]uu—u ey ]m_u
2% Ma? ,— k+1

FIGURE 1742
FIGURE 1741 At ching acracd ' el
: . Relationships across an oblique shock
The same velocity vectors of Fie. 17-40, . : .
- - for an ideal gas in terms of the normal

but rotated by angle 7/2 — 3, so that .
the oblique shock is vertical. Normal component of upstream Mach number

Mach numbers Ma, , and Ma, , are Ma, .

also defined.
All the equations, shock tables, etc., for normal shocks apply to oblique shocks as
well, provided that we use only the normal components of the Mach number.
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50
Ma, = 1 /3\
40
/]
)
. [
g 0 ' 1 e, <
B qy = a, > 111 ay <
%h MQ % g Ma, > 11 2 o
= 20 |
—
Weak ||\ Strong
10 \
10 /5 3 > 1.5 AN
] 2 _— ';
0 [ | [ [ I I I L1 1 [ [ I |.‘|-‘T_f==-‘=F* =
0 10 20 30 40 50 60 70 80 90

B, degrees

The dependence of straight oblique shock deflection angle 8 on shock angle g for
several values of upstream Mach number Ma,. Calculations are for an ideal gas with k
= 1.4. The dashed black line connects points of maximum deflection angle (@ = 8 ,,.,)-
Weak oblique shocks are to the left of this line, while strong oblique shocks are to the
right of this line. The dashed gray line connects points where the downstream Mach
number is sonic (Ma, = 1). Supersonic downstream flow (Ma, > 1) is to the left of this
line, while subsonic downstream flow (Ma, < 1) is to the right of this line.
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Detached

—— oblique
shock

FIGURE 1744

A detached oblique shock occurs
upstream of a two-dimensional wedge =
of half-angle & when & is greater than —————p
the maximum possible deflection
angle 6. A shock of this kind is called
a bow wave because of its resemblance =%
to the water wave that forms at the g

bow of a ship.
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Mach angle
p = sin~!(1/Ma,)

FIGURE 17-45

Still frames from schlieren video-
graphy illustrating the detachment
of an oblique shock from a cone
with increasing cone half-angle &

in air at Mach 3. At (a) 6 = 20°

and (b) 6 = 40°, the oblique shock
remains attached, but by (¢) 6 = 60°,
the oblique shock has detached,
forming a bow wave.
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FIGURE 17-46

Color schlieren image of Mach 3.0
flow from left to right over a sphere.
A curved shock wave called a bow
shock forms in front of the sphere and
curves downstream.
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Prandtl-Meyer Expansion Waves —_— / Expansion
We now address situations where supersonic --M-.._,_

flow is turned in the opposite direction, suchasin ——
the upper portion of a two-dimensional wedge at —

an angle of attack greater than its half-angle 6. | —_
. . — shock
We refer to this type of flow as an expanding

flow, whereas a flow that produces an oblique FIGURE 17-47
; An expansion fan in the upper
ShOCk may be Ca”ed a CompreSSI ng flow. portion of the flow formed by a
. . . two-dimensional wedge at an angle
As pFeVIOUS|y, the flow ChangeS direction to of attack in a supersonic flow. The
conserve mass. However, unlike a compressing ] N‘;O“( 1S “"'l"ﬂ‘fd,b}’ angle 6, and
: : 1e Mach number increases across
flow, an expandlng flow does not result in a the expansion fan. Mach angles
shock wave. upstream and downstream of the

expansion fan are indicated. Only
three expansion waves are shown for

Rather, a continuous expanding region called an simplicity, but in fact, there are an
expansion fan appears, Composed of an infinite  infinite number of them. (An oblique

shock is also present in the bottom

number of Mach waves called Prandtl-Meyer portion of this flow. )
expansion waves.
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Turning angle across an expansion fan: 0 =v(Ma,) — v(Ma,)

Prandtl-Meyer function

ﬂtun" k_—l(Maz— 1) —tan“( vV Ma? — l)
k—1 k+ 1 |

v(Ma) =

FIGURE 17-48

(a) Mach 3 flow over an axisymmetric
cone of 10° half-angle. The boundary
layer becomes turbulent shortly
downstream of the nose, generating
Mach waves that are visible in the
color schlieren image. (b) A similar
pattern is seen in this color schlieren
image for Mach 3 flow over an 11°
2-D wedge. Expansion waves are
seen at the corners where the wedge
flattens out.

(a) and (b): ©OG. S. Sentles, Gas Dynamics Lab,
Penn State University. Used with permission

(a) (b)
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FIGURE 1749

The complex interactions between
shock waves and expansion waves in
an “overexpanded” supersonic jet.
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Summary

Stagnation properties

Speed of sound and Mach number
One-dimensional isentropic flow
Isentropic flow through nozzles
Shock waves and expansion waves

Duct flow with heat transfer and negligible
friction (Rayleigh flow)

Steam nozzles
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