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Flow in Variable Area Ducts

Introduction:

Steady one-dimensional compressible flow in varying area ducts or
stream tubes are considered in this chapter. Such type of flow is found in
many engineering devices such as nozzles, diffusers, flow passages of rocket

and airplane engines, and turbo machines. The flow is considered reversible

adiabatic (isentropic) except through any shock wave in the passage due to

neglecting friction and heat transfer effects.

3,1 Govqrn:iugRslqlians for the Flow in a Variable Area Ducts

Consider steady one-dimensional compressible flow in a duct of
variable area and of infinitesimal length "dx", as shown in figure $.1).
Infinitesimal variations in flow prop€rties are caused by such area change.

Applying the governing equations to the flow through this element, one get;

Figure (t.l)
Flow in a variable area duct of infinitesimal length "dx"

p+dp
+dr{

p
A
T
U
P
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32
Consider the convergent-divergent nozzle shown in figure @Ze-) whi6fi

is fed from a large reservoir whgre the stagnation conditions are assumed rj
Po , To, and po for pressure, temperature and density respectively. The nozzle
Cischarges into another reseruoir where the back pressure is ps The baJ<
pressure is controlled by means of a control vatve. At the exir cross sect:cn.
flow conditions are <ienoted by the subscript',E',. The flow though the nozze
is assumed to be isentropic. The effect of varying the back pressure or
pressure distribution along nozzle axis and flow conditions wi!! be discussd
as follows:

&gieion r:

It includes flow patrerns A, B, and C of figure Sflb), and may be
subdivided into two cases (i) and (ii) as follows

i- flo_flputsondiqpt tlPB-.Pql:

When the back pressure is equal to the upstream (stagnation,
pressure Ps=Po, there will be no flow through the nozzle, and rhe
pressure dishibution is uniform, as shown in pattenr ',A" of figure
(?'€b), Pe = Ps = Po

ll- Subsgtrlc FloWtesime IPB > Pll:.

When the back pressure ps is slightly reduced, then the flo*
throughout the convergent divergent nozzle is subsonic, as shown in
pattern "B'offigure $,2b). The convergent part ofthe passage acrs as
a noz;zle where, the pressure decreases and the velocity increases down
to the throat section. While the divergent part acts as a diffuser. where.

the pressure increases and verocity decreases down to the exit section ofrne nozzle.

As the back pressure ps decreases, the mass flow rate and flowvelocity throughout the nozzle increase, while the pressure distribution
becomes lower, Further reduction in pack pressure will increase theflcw verocity and mass flow rate, and lowersihe pressure distribution.

At the limit, when pe=pr, the flow at the throat becomes sonic,where Mach number is one M=!.0,flow velocity ir roni" U=C, *O tt"pressure reaches the critical valuep+. At this condition the flow rate ismaximum, the flow throughout the nozzle is subsonic except at th€throag it is scnic, and the convergent part acts as subsonic nozzle, whire
the divergent one acts as subsonic diffuser. This ir.l"urly o".onrt ut"dby pattern "C" in figure fg$).

Gasdynamics dJtitt ;r.:t- -tt
Dr Mohammed Ghane[t r



Stagnation
conditions
Po, To, po

Back pressure

, Exit conditions

r *l-:::":1"*-
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Po

D

tt
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II
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'l P*

IvPa

t,ol Pp

I

J
Desigtt conditions

,!!!de:VH!:!on.
(b)

Figure($E) 3'z)b
Convergent-divergent nozzle performance

Under varying pressure ratio
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Reeion II:
It includes flow pattems D, E and F of figure @ab). The flow in this

region is supersonic with a shock wave in the divergent part of the nozzle, and

it will be discussed in details in the following.

ii- Suoersonic shoclred FIow regime (Pr > Pa > Prr):

As the back pressure is reduced below the limiting pressur€ P6

the flow pattern in the convergent part of the nozzle is identical to
choked flow pattern given by case "C" of figure (3.2b). The flow is

accelerating along the convergent part of the nozzle until it reaches

sonic conditions at the throat (M=1.0, U=C, P=P*, T=T* and p:pr).
The flow continues to accelerate developing a supersonic flow (M>1.0)

downstream the throat in the divergent part of the nozzle. At some

section (,f) downstream in the divergent part, the supersonic flow

conditions are terminated by a discontinuity known as shock wave,
which changes the flow from supersonic to subsonicl Downstream of
the discontinuity, the di,.,ergent pat acts as a subsonic diffuser, where
the flow velocity decreases and the pressure increases until it ends with
a value identical to back pressure at exit cross section. This clearly
demonstrated in pattem "D', of figure $2b).

Further reduction in back pressure will give the same flow
pattern as discussed in the previous paragraph except that the shock
wave occurs at cross section (y) more downstream in the divergent part
of the nozzle. This pattern is represented in line "E,, of ngure 6eU).
For this flow pattem, the flow velocity at exit cross section is subsonic
(M<1.0), and flow pressure at exit is identical to back Dressure.

More reduction in back pressure until we reach the second
Iimitins pressure "PtJ" results the same florv pattern as discussed in the_-_-€---==j_{1_ Jalrv rrvvy pd.rs t as ulscusseo ln lhe
prevrous para$aph except that the shock wave occurs at exlt cross
section (Z), and the divergent part ofthe nozzle is a shock free passage.
The flow in the divergent part of the nozzle is totally supersonic,
however, flow velocity at exit is subsonic due to the shock wave that
stands at exit section. Exit pressure is the same as the back pressure.
This flow pattem is shorvn in figure gZb) as pattem "F".

Gasdynamics iiJtllt ;;r- -tt
Dr Mohammed Ghaneu,r



3.3 Subsonic and Supersonic Isentropic Flow Through a Varying Area Channel

Subsonic Flow

Velocity increases

Pressure decreases

Supersonic Flow
''t{P-

,r/ > i ---.>?
"4*

.\l> |

Diffuser

**"*
(l 

--___+

Nozzle

%=
.1/( I _-.->

**'*

Nozzle

Velocity decresses

Pressure increases

VelocitJr incieases
Pressure decreases

V€locity decreases
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