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GOMPRESSIBLE FLUID FLOW

REVIEW OF THERMODYNAMICS

1st Law:
6q + 6w = de

q — Heat transfer, w - Work transfer

e — internal energy of the system per unit mass.

Adiabatic Process:
One in which no heat is added to or taken

away from the system.

Reversible Process:

One in which no dissipative phenomenon
occurs, that is, where the effect of viscosity
thermal conductivity, and mass diffusion are

absent.

Isentropic Process:
One that is both adiabatic and reversible.
6q — pdv = de — For reversible process.

Where p — pressure,
o 1
v— Specific volume, v= >

p — density

Entropy and 2nd Law:

_ 8Qrev
T

where, s = Entropy per unit mass of the

ds

system.

T — Temperature of the system.

5
ds = ?q + dS(irrev) = more general form
d-Sirrev 20

20d Law:ds = 0

Tds Relations:

Tds — pdv = de
Tds = de + pdv
|Tds = dh - Vdp|

h — specific enthalpy

h =cpdT| [e =c,dT

here, ¢, — Specific heat at constant pressure

&)
Cp ===
3 oT p=constant

¢, — specific heat at constant volume

)
ey = (==
B aT v=constant

Relationship Between cp, cy and R

cp —Cy =R

R — Gas constant
Ry

- MW

R, — Universal gas constant

R

MW — Molecular weight

T.

S —S1 =Cpln (T—Z) —RlIn (ﬁ) Valid for
Tl 51 (Calorically)

2 2
S; —S; =Cyln (T_1) + Rln (I)) perfect gas
Cp . .
y=-"- Ratio of specific heats
v

Isentropic Relations:

51_51:()
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Compressibility:
[sothermal compressibility:
_ (6v>
e 0P/ 7—constant
Isentropic Compressibility:
_ (6\))
7T\ s congtant
1dp
S pd
dp = ptdp
Mach Number:
M = Y
a

V = Local speed (Velocity) of the fluid
Particle.
a — Local speed of sound.

Equation of State: p = pRT

Speed of Sounds:

)
a= |(+
ap s=constant

a=,/yRT=\/Y7Fp

— valid for calorically perfect gas

Forms of energy equation for Steady

Adiabatic Flows:

2

h; + - =h, + 72 Constant

For 1-D Adiabatic steady flows

2 2
ujy u;

h +—=h, +—=

1"‘2 2‘|'2
u?

h+7:ho

T, -

— = 1+—M2)

7=

Note: This is valid for steady adiabatic flow

of a calorically perfect gas.

Isentropic Flow Relations for Steady

Flow:

Y
e ]
p T

1
o (7 14 e
p T

Characteristic Mach Number:

M* = —*
a
u — Local speed of the fluid (1- D)

a* — Characteristic speed of sound.

. G+1M?
T2+ (y—-1)M2’

M — Local Mach number
M*"<1 ifM<1
M*=1ifM=1
M*>1 ifM>1

y+1,
if M > oo
y—1

M* —»
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Governing Equation for Standing Normal P2 R y+1
Shockwave: Ppoy-1
Continuity : p;u; = pyu, % — 00
1
Momentum: p; + p;u? = p, + p,u’ T
u2 u2 T—2 — 0
Energy:h; + L= h, + 2 !
2 2
y—1
h=c¢,T M S
P 2 7 2y
P = pRT
To1 = To2
, Po2 _ o—(s2-sn)/R
Property Change across the Standing E =e
Normal Shock Wave:
Uy uz Measurement of Velocity in Compressible
p1 D2 flow Using Pitot-Static Tube:
M, - - M, " .
) p, Subsonic Compressive Flow:
1
Ty T, 2 y-1
h1 hz Mfz—(m)y -1
Po1 Poz y—1(\ps
Po1 — Total pressure; p; — Static pressure
Shock Wave

[Free stream conditions]
-1
— (R) ¥ -
y-1f\p

Quasi-One-Dimensional Flow:

v
Thickness of shockwave ~£

v = Kinematic viscosity of the gas

a — Speed of sound

p Uy (y+DMF Continuity:
pr Uz 2+ (- DM? P1U1A1 = paUzA;
2 .
P2 _ . _:/1 M2 — 1) A — Area at any section.
P1 Y Momentum:
=00 5
Ti AP/ \p; p1A; +piufA; + pdA = p,A; + paujA,
A
— 1 1
2T iy =1y
yMZ — (YT) Energy:
2 2
uf u}
hy + 2t =hy + =

Limit Cases:

AsM; » @
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Differential Form:
puA = Constant
d(puA) =0
Continuity:
dp du dA_
p u A
Momentum:

dp =—pudu
Energy:
dh+udu=0

Area Mach Number Relation:

dA

Ry (Y P

Nozzle Flows: (C-D Nozzle)

1 y+1

A, M, ||1+ y___2 MZ
- T
Az My 14X

A*

Ay Throat Az
Section-1 Section-2
2 y+1

(&) =seler (e )]
A*) T M2ly+1 2

Choked Mass Flow Rate at the Throat:

(u* = a*,M* = 1) At throat

Y+1

_ Po ( 2 )2(y—1)A
JRT, vy y+1

Flow with Friction:

® Tw @

3 <

Flow

> X

T, 2+ (y—DM{
T, 2+ (y—1)M3

p2 _ My 2+(y—1)M§]
pr Mz|2+ (y— 1M

=)
P1 p1/ \T,
P2 M2+ (- 1)M§]‘”2

p1 M, 24+ (y— M7

y+1
Poz M, [2 + (v — 1)M2]2(Y D
Por M, |2+ (y — DM?

Choking in Frictional Flow:
Tr__ v+l
Tr 124 (v=1)M2
p 1 [ y+1 ]1/ .
p* M2+ (y—1M?

_ [2 +(y - 1)M2]1/2

y+1

*— Denotes properties at choking, i.e., where
M=1
T — Temperature upstream of the choking.
M — Mach number upstream of the choking

p — Pressure upstream of choking.

p — Density upstream of choking.

Po 1 [2+4(y—1M?
ps M y+1

po — Total pressure upstream of chocking.
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Average Friction Co-efficient: Fano Curve:
_o1 (v h
f=— f fdx
L= Jo
L* = Location from the origin where M = 1.
f— Local friction co-efficient f— f(x)
depends on flow type.
Effect of Friction:
Variable Subsonic region Supersonic Region
Mach Number Increases (M, > M;) Decreases (M, < M;)
Pressure decreases (p; > p;) Increase (p, > p;)
Temperature decreases (T, < T;) Increases (T, > T;)
Total Pressure decreases (p; < p1) decreases (pg2 < Po1)
Velocity Increases (u, > u,) decreases (u, < u;)
Flow With Heat Addition: y—1 v/y-1
. ) Pz 1+yMj|l+—— M3
Modified Energy Equation: — = > —
, g Por 1+yMylq Y _ o 2
u u
h1 + 71 + q= h2 + 72 ) Y- 1
. : . Top _ <1_ﬂ> L 1ty M
q — Heat transfer per unit mass. Tys 1+yM2 M, LLr-1 1 M2
@ \ @ 2
M, M,
P1 P2
p1 q P, Choking Relations (atM = 1)
T T2 1+
Po1 Po2 B — —Y
Tos Toz p* 1+yM?
! g T 1+y \?
< L > = MZ ( y )
T* 1+yM?2
Py _ 1+yM; LL(M)
p;  1+yM32 pr M2\ 14y
T, 1+yM%2<M2>2 Po  1+y [2+(G-1DM? viv1
T, |1+yMZ| \M,; p* 1+yM?2 y+1
1+y M3\ Mp)? (y+1DM?
P (o) () = 24 (y— D) M2
P1 1+YM1 MZ TlO (1+YM)
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Rayleigh Curve:
Enthal
" MHAPY M <1
l:)01

—
Cooling

Cooling

M>1

Heatmg for M, >

Hgl'ting

Temp increases
1
forM; < —=
1 \/?

Temp decreased

L
5

Entropy (s)

Effect of Flow with Heat Addition:

Variable

Subsonic Region

Supersonic Region

Mach Number

Increases (M, > M;)

Decreases (M, < M;)

Pressure

Decreases (p, < p;)

Increases (p, > py)

Temperature

Increases for M; < y~1/2

And decrease for M; > y~1/2

Increases (T, > T;)

Total Temperature

Increases (Ty, > Tp1)

Increases (Ty, > Tpq)

Total Pressure

Decreases (pg2 > Po1)

Decreases (pg2 < Po1)

Velocity

Increases (u, > u,)

Decreases(u, < u,)

ko kkk
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