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General and conversions: 2

m9.807
s

g = , 0.3048 m
1 ft

, 1 mile
1609.3 m

, 
21 kPa m

1 kN
⋅

, 1 kN m
1 kJ

⋅ , 1 kW s
1 kJ

⋅ , 1 Btu
1.055056 kJ

, 

 1 kg
2.205 lbm

, 1 ton
2000 lbm

, 1 tonne (metric ton)
1000 kg

, 6

1 g
10  μg

, 6

1 m
10  μm

, 9

1 m
10  nm

, ( ) ( )3 3

sphere
4 1
3 6p pR Dπ π= =V .  

Molecular weights and mols: m nM= , air 28.97 g/molM = , water 18.02 g/molM = , Avagadro’s number: 236.02214 10× . 

Air at SATP (25oC): SATP
o

SATP

101.325 kPa 760 mm Hg

25 C 298.15 K

P

T

= =

= =
, 31.184 kg/mρ = , 0.06704 μmλ = , ( )51.849 10  kg/ m sµ −= × . 

Air at any T: airP R Tρ= , 
0.499 8 P
µ πλ

ρ
≈ , 

3/2

s,0 s
s

s,0 s

T TT
T T T

µ µ
  +

≈    + 
, Ts,0 = 298.15 K, Ts = 110.4 K, 5

s
kg1.849 10

m s
µ −= ×

⋅
. 

Ideal gas: uP nR T mRT= =V , uRR
M

= , P RTρ= , 
kJ8.314

kmol KuR =
⋅

, 
2

air 2

kJ J m0.2870 287.0 287.0
kg K kg K s K

R = = =
⋅ ⋅ ⋅

. 

Mass flow rate in a duct:  constantm VAρ= = , where V is the magnitude of velocity averaged over cross-sectional area A. 

Thermo review: 
2

2
Ve u gz= + + , 

1
ρ

=v , 
Ph u P u
ρ

= + = +v , 
uc
T
∂ =  ∂ 

v
v

, p
p

hc
T
∂ =  ∂ 

, 
Tds du Pd
Tds dh dP

= +
= −

v
v

. 

Ideal gas: u c T= v , ph c T= , pc c R− =v , pc
c

γ =
v

, 
1

Rc
γ

=
−v , 

1p
Rc γ
γ

=
−

, 2 2 2 2
2 1

1 1 1 1

ln ln ln lnp
T P Ts s c R c R
T P T

− = − = +v
v
v

. 

Air: 1.40γ = , 
2

2

J kJ m717.5 0.7175 717.5
kg K kg K s K

c = = =
⋅ ⋅ ⋅v , 

2

2

J kJ m1004.5 1.0045 1004.5
kg K kg K s Kpc = = =

⋅ ⋅ ⋅
. 

Isentropic flow of ideal gas: 
1

2 2

1 1

P T
P T

γ
γ − 

=  
 

, 

1
1

2 2

1 1

T
T

γρ
ρ

− 
=  
 

. For air (γ = 1.40), 
3.5

2 2

1 1

P T
P T

 
=  
 

, 
2.5

2 2

1 1

T
T

ρ
ρ

 
=  
 

. 

Mach number M, speed of sound a, Mach angle µ : 
VM
a

= , 
s

Pa
ρ

 ∂
=  ∂ 

 [ideal gas, a RTγ= ], 1 1sin
M

µ −= . 

Steady, adiabatic duct flow: 1 2m m=  , 
2

0 2
Vh h= + , 0,1 0,2h h= , 0dA dV d

A V
ρ
ρ

+ + = , 2

1
1

dV dA
V M A

=
−

. 

Critical or sonic values when M = 1 (at throat or at duct exit): * *a RTγ= , * *M V a=  = characteristic Mach number. 

Adiabatic, isentropic, 1-D duct flow: 20 11
2

T M
T

γ −
= + , 

1
120 11

2
M

γρ γ
ρ

−− = + 
 

, 
120 11

2
P M
P

γ
γγ −− = + 

 
, 

1/2
0 0a T

a T
 =  
 

, 

0
*

1
2

T
T

γ +
= , 

1
1

0 0
* *

T
T

γρ
ρ

− =  
 

, 
1

0 0
* *

P T
P T

γ
γ − =  

 
, 

1/2
0 0
* *

a T
a T

 =  
 

, 
( )

1
2 1

2
*

1 2 11
1 2

A M
A M

γ
γγ

γ

+
−   − = +   +    

, 
( )

2

*2

2
1 1

M

M
γ γ

=
+

− −
. 

Air (γ =1.4): 20 1 0.2T M
T
= + , ( )

2.5
2.520 01 0.2 TM

T
ρ
ρ

 = + =  
 

, ( )
3.5

3.520 01 0.2P TM
P T

 = + =  
 

, 
1/2

0 0a T
a T

 =  
 

, 

0
*

1 1.2
2

T
T

γ +
= =  0

* 1.577ρ
ρ

= , 0
* 1.893P

P
= , 0

* 1.095a
a

= , 
( )32

*

1 0.21
1.728

MA
A M

+
= , ( )

2
*2

2
2.4 0.4

M
M

=
−

. 

Mass flow rate: General case: 
( )
( )

1
2 12

0
0

11
2

m P AM M
RT

γ
γγ γ

− +
−− = + 

 
 , Choked case: 

( )
( )

1
2 1*

max 0
0

1
2

m m P A
RT

γ
γγ γ

− +
−+ = =  

 
  . 

Exam 1 material ends here. 

c sometimes instead of a 

k sometimes instead of γ 

Ma sometimes instead of M 
 



Normal shock equations (stationary, ideal gas):  0,1 0,2h h= , 0,1 0,2T T= , 
2

1
2

21
2

11
2

11
2

MT
T M

γ

γ

−
+

=
−

+
, *

2 *
1

1M
M

= . The pressure ratio 

must satisfy both the Fanno curve 
2

1
2 1

21 2
2

11
2

11
2

MP M
P M M

γ

γ

−
+

=
−

+
 and the Rayleigh curve 

2
2 1

2
1 2

1
1

P M
P M

γ
γ

+
=

+
. Equating these, solve 

for M2
2: Method 1: 

( )2
2

2
1

B B A
M

Bγ
− − − +

=
+

 where 
( )

2
1

2
1 22

1

11
2

1

M
A M

M

γ

γ

−
+

=
+

, 2 1B Aγ= − . Method 2: 
2

1
2

2
2

1

11
2

1
2

M
M

M

γ

γγ

−
+

=
−

−
.  

Either method yields M2 after the shock in terms of γ and M1 before the shock. Other useful normal shock relations: 

2
2 1

1

2 1
1

P M
P

γ γ
γ
− +

=
+

, 
( )
( )

2
12 1

2
1 2 1

1
2 1

MV
V M

γρ
ρ γ

+
= =

+ −
, 

( )
1

2 1 1 12 2
2 12 1

02 1 1

2 201 2
1 1

1 11 1 22 2
1 1 11 1

2 2

M MP M M
P M M M

γ γ
γ γ

γ
γ γ

γ γ
γ γ γ

+
− − −

−
− +   +     − +

= =     − − +    + +
   

, 

1
2 1 121 1

1
0,2

1 2 1
1 2

P M M
P

γ
γ γγ γ γ

γ

−
− − − + + =    +   

. Hugoniot: ( )1 2
2 1 1 22

P Pu u +
− = −v v ; Ideal gas Hugoniot: 

2

2 1

21

1

1 1
1
1
1

P
P

ργ
γ ρ

ργ
γ ρ

+
−

−
=

+
−

−

. 

Normal shock in one-D duct: 

( )
1

2 1 1 12 2
* 2 11 1

2 2 1
*

2 21 1
2 1

1 11 1 1 22 2
1 1 11

2 2

M MA M M
A M M M

γ γ
γ γ

γ
γ γ

γ γ
γ γ γ

+
− −

−
− −   + +     − +

= =     − + +    +
   

. 

Air (γ =1.4): 0,1 0,2h h= , 0,1 0,2T T= , 
2

2 1
2

1 2

1 0.2
1 0.2

T M
T M

+
=

+
, Fanno: 

2
2 1 1

2
1 2 2

1 0.2
1 0.2

P M M
P M M

+
=

+
, Rayleigh: 

2
2 1

2
1 2

1 1.4
1 1.4

P M
P M

+
=

+
. 

2
2 1

2 2
1

1 0.2
1.4 0.2

MM
M
+

=
−

, 

2
2 1

1

2.8 0.4
2.4

P M
P

−
= , 

2
2 1

2
1 1

2.4
2 0.4

M
M

ρ
ρ

=
+

, 

3 3.5 2.52 2 2
02 1 2 1 1

2 2
01 2 1 1

1 0.2 1.2 0.4 2.8
1 0.2 1 0.2 2.4

P M M M M
P M M M

−
     + − +

= =     + +     
, 

2.52 3.521 1
1

02

0.4 2.8 1.2
2.4

P M M
P

− − +  =    
 

. Hugoniot: 

2

2 1

21

1

6 1

6

P
P

ρ
ρ
ρ
ρ

−
=

−
. One-D duct: 

3.5 2.5* 2 2
2 1 1

* 2
1 1

1 0.2 0.4 2.8
1.2 2.4

A M M
A M

   + − +
=    

  
. 

Blast waves: 1/5 1/5 2/5
atm 1constantR E tρ − − = , 3/5

2constants
dRV t
dt

−= = ⋅ .  

Pitot probes: Incompressible: 
( )02
P P

V
ρ
−

= , Subsonic compressible: 

1

011

1

2 1
1

PRTV
P

γ
γγ

γ

− 
  = −  −    

, Supersonic (the 

Rayliegh-Pitot formula): 

1
2 1 121 1

1
02

1 2 1
1 2

P M M
P

γ
γ γγ γ γ

γ

−
− − − + + =    +   

. For air, ( )
2.52 3.521 1

1
02

0.4 2.8 1.2
2.4

P M M
P

− − +
=  
 

. 

Moving normal shocks:  Static property ratios 2 2 2

1 1 1

,  ,  ,  etc.T P
T P

ρ
ρ

 
 
 

 are same as stationary shock, but stagnation property 

ratios 02 02 02

01 01 01

,  ,  ,  etc.T P
T P

ρ
ρ

 
 
 

 are not. 1
1

1 1

s
s

VVM M
a a

= = = , 0, 2 2
as

as
Vh h= + , 1 2

2 1

s

s as

VV
V V V

ρ
ρ

= =
−

, 2

1

1as s
VV V
V

 
= − 
 

.  



Shock tubes:  Here, 4 is the initially high-pressure region and 1 is the initially low-pressure region (ideal gas only).  

Expansion fan: 3 34

4 4

11
2

a V
a a

γ −
= − , 

2 2

3 3 34

4 4 4

11
2

T a V
T a a

γ   −
= = −   
   

, similarly, 

4

4 4

2 2
1 1

3 3 3 3

4 4 4 4

 and  P a a
P a a

γ
γ γρ

ρ

− −   
= =   
   

. 

Shock tube: 1
2 3

1

2 1
1CS as s

s

aV V V V M
Mγ

 
= = = = − +  

, 2 3P P= , 
( )

4

4

2
2 1

1 14 4 1

1 1 1 4

2 1 1 11
1 1

s
s

s

MP a M
P a M

γ
γγ γ γ

γ γ

−
− − −  −

= − −  + +   
. 

Reflecting shock (2=before, 5=after): 
( )
( )

2
1before

2
after 1

1
2 1

SRsR CS

sR SR

MV V V
V V M

γ
γ
++

= =
+ −

, before

before before 1 1 before

sR CS sR CS
sR

V V V V VM
a a R Tγ

+ +
= = = . 

Rayleigh flow (Ideal gas): Cons. laws: 1 1 2 2V Vρ ρ= , 2 2
1 1 1 2 2 2P V P Vρ ρ+ = + , ( ) ( )

2 2
2 1

02 01 2 1 2p p
V VQq c T T c T T

m
−

= = − = − +




. 

2
2 1

2
1 2

1
1

P M
P M

γ
γ

+
=

+
, * 2

1
1

P
P M

γ
γ
+

=
+

, 
22

2 2 1
2

1 1 2

1
1

T M M
T M M

γ
γ

 +
=  + 

, 
( ) 2

* 2

1
1

MT
T M

γ
γ

 + 
=  + 

, 
( ) 2*

* 2

1
1

MV
V M

γρ
ρ γ

+
= =

+
, 

( ) ( )2 2
0

2* 2
0

2 1 1

1

M MT
T M

γ γ

γ

 + − + =
 + 

, 
( ) ( )2 1

0
* 2

0

2 1 1
1 1

MP
P M

γ
γγ γ

γ γ

− + − +
=  + + 

, ( )*max
max 0 01p

Qq c T T
m

= = −




. 

Air (γ =1.4): 
2

2 1
2

1 2

1 1.4
1 1.4

P M
P M

+
=

+
, * 2

2.4
1 1.4

P
P M

=
+

, 
22

2 2 1
2

1 1 2

1 1.4
1 1.4

T M M
T M M

 +
=  + 

, 
2

* 2

2.4
1 1.4

T M
T M

 =  + 
, 

( ) 2*

* 2

1 1.4
1 1.4

MV
V M

ρ
ρ

+
= =

+
, 

( )2 2
0

2* 2
0

2 0.4 2.4

1 1.4

M MT
T M

 + =
 + 

, 
3.52

0
* 2

0

2 0.4 2.4
2.4 1 1.4

P M
P M

 +
=   + 

. 

Fanno flow (Ideal gas): Cons. laws: 1 1 2 2V Vρ ρ= , 2 2 friction
1 1 1 2 2 2

FP V P V
A

ρ ρ+ = + + , 
2 2

1 2
01 02 1 2    or    

2 2p p
V VT T c T c T= + = + . 

2

8 wf
V
τ
ρ

=  = Darcy friction factor from the Moody chart or the Churchill equation, ( )
 1/1212

1 588
Re

.f A B −  = + +  
   

, where 

Re h hVD VDρ
µ ν

= = , 
160 972 457 ln 0 27

Re

.

h

A . .
D
ε    = − ⋅ +   

     
, 

1637530
Re

B  =  
 

, 
4 c

h
AD
p

=  = hydraulic diameter, Ac is duct 

cross-sectional area, p is the perimeter. For solutions it is typical to use ratios at the critical reference state: 
( )
( )

22

2 2

11 1ln
2 2 1

*

h

MfL M
D M M

γγ
γ γ γ

 +− +
= +   + − 

, 
1 2

* *

h h h

fL fL fL
D D D

   
= −   
   

, ( )* 2

1
2 1

T
T M

γ
γ
+

=
+ −

, ( )
*

* 2

1
2 1

V M
V M

ρ γ
ρ γ

+
= =

+ −
, 

( )* 2

1 1
2 1

P
P M M

γ
γ
+

=
+ −

, 
( ) ( )

1
2 2 1

0 0
* *

0 0

2 11
1

MP
P M

γ
γγρ

ρ γ

+
− + −

= =  + 
. For air (γ =1.4): 

2 2

2 2

1 2 4 2 4ln
1 4 2 8 2 0 4

*

h

fL M . . M
D . M . . M

 −
= +  + 

, 

* 2

2.4
2 0.4

T
T M

=
+

, 
*

* 2

2.4
2 0.4

V M
V M

ρ
ρ

= =
+

, * 2

1 2.4
2 0.4

P
P M M

=
+

, 
32

0 0
* *

0 0

1 2 0.4
2.4

P M
P M

ρ
ρ

 +
= =  

 
. 

Oblique shocks (Ideal gas): θ–β–M equation: 
( )

( )

2 2
1

2
1

2cot sin 1
tan

cos 2 2

M

M

β β
θ

γ β

−
=

 +  + 
, 1, 1 sinnM M β= , ( )2, 2 sinnM M β θ= − . 

All else identical to normal shocks except replace M1 with M1,n and replace M2 with M2,n. Repeat for reflected shocks. 

Prandtl-Meyer expansion waves (Ideal gas): P–M function: ( ) ( ) ( )1 2 1 21 1tan 1 tan 1
1 1

M M Mγ γν
γ γ

− − + −  = − − −    − + 
, 

( ) ( )2 2 1M Mθ ν ν= − , then use isentropic relations. Air (γ =1.4): ( ) ( ) ( )1 2 1 216 tan 1 tan 1
6

M M Mν − −   = − − −     
. 

Exam 2 material ends here. 
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