AE 658
Aerodynamics of

Propelling Nozzles




Requirements made on the nozzles:

1.

Minimize installation drag on their own and adjace  nt
aircraft surfaces over wide range of aircraft angle of
attack and engine throttle settings

. Maximize internal total pressure recovery (  my, «, ) Of

nozzle under various operating conditions

. Provide controllable mass flow matching with other

engine components for all operating conditions

. Minimize weight and cost while meeting life and

reliability goals

. Suppress acoustic and radar signatures



Special requirements : Nozzles

« Maximize energy conversion

e Suppress infrared (IR) signatures (military aircraf  t)

* Provide thrust reversing and vectoring as may be
required (military and civil aircraft)

Many types of nozzles have been developed to meet
these requirements
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Gas coming out of turbines retains sufficiently hig h temperature and
pressure. Approximately 40% of the total energy inp  utin a gas turbine
based powerplant is available for conversion to use ful thrust/power for
propelling an aircraft. Rest of the energy is used by the compressor-
turbine loop. Out of the 40% available at the nozzle  only 50% of it is
useful for setting up a momentum change across the powerplant. The
rest is normally lost completely without any chance of recovery.
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PROPELLING NOZZLES
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In a turbojet engine, design of nozzle is important as that is the
sole means of development of maximum thrust.
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In turbo propeller engine or turbofan engine, the n ozzle design is
not as severe as the acting pressure ratio is much less than in the
turbojet engine.



. For a supersonic

100} Mach 2.5 operation,
the nozzle pressure
(expansion) ratio
would be around 20
where 1 - 1.5% gain in
gross thrust amounts
to 2.5to 4% gain in
net thrust and hence
C-D nozzle may result

o)
o
1

~
O
|

Propulsive efticiency, %
n
o
I

N
o
l

| o fo ' _ l

0 10 2:0 3-0 . .
. Ve In substantial
Velocity ratio, :
Veo performance gain.
Por
( ] 4 8 12 16 20
P,
F(C+ D)
F(C) 1.007 1062 109 112 1.13

Below a pressure ratio of 4.0 the gain in C-D nozzle  would be offset by
the extra length (and weight) of the powerplant. 9



Consider a turbojet
engine operating during
take-off at the design
point A . As the aircraft
climbs it is necessary to
continuously reduce the
thrust till at cruise it
reaches a point B and
then during landing down

my l:':,,Tj:',I to C.

Engine pressure ratio

Mass flow parameter M =

Al
The change fromAto B is e?ﬂected by steadily open  ing the jet nozzle
and reducing the TET (T 03), maintaining rotational speed (rpm)
constant. This process is continued till the jet no zzle is fully open. In
this way we maintain a high air flow while reducing the TET, fuel flow
and compression ratio. Point B is far removed from stall line in a
stable operating zone on the maximum speed line. Fu  rther reduction
In thrust can be effected only by reducing TET (i.e . fuel flow) and
rotational speed simultaneously along the line BC. This operation
avoids compressor stalling. 10



Variable Area Nozzle

During acceleration variable nozzle area is helpful for following

reasons during starting.

1. It permits large amounts of fuel to be added duri
along the line CB.

2. The thrust increase along the line BA can be acco
very short time due to constant speed process, thus
fast acceleration .

So the advantages of a variable geometry nozzle are

Avoids compressor stall during starting and acceler

. Reduces acceleration time.

. Improves low thrust sfc.

. Reduces loss on T.O. thrust in hot climates.

 Avoids excessive or too low TO3 under varying flyin
conditions.

Its disadvantages are:

« Adds another control variable.

Adds mechanical complexity.

« Adds weight.

At cruise the air flow is high and hence duct losse
generally high.
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(a) Effect of Nozzle area variation on SFC

The variable area exhaust nozzle reduces the specif ic fuel
consumption (s.f.c) at part thrust by enabling an o ptimum matching
of the effectiveness of the compressor and turbine. The overall
relative performance curves Fig.(a) show this quit e clearly. For
optimized operation nozzle area variation is a usef  ul method. Such
performance or control schedules are prepared for v arious flight
operations.
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(b) Nozzle area matching with rom and TET

Another important use of variable area nozzleis op  eration on a
warm day. The rise in TO1 shifts the operating poin  tfrom Ato B on
a constant nozzle area. Now, if it possible to vary the nozzle area it
would be possible to retrieve some amount of thrust by finding
the correct value of TO3/T01 to coincide with A1. F  ig. (b)
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(c) Nozzle area matching with turbine and compressor operation

The last curve (Fig. ¢) suggests that on an excessi
(To1) climate, nozzle can be fixed at higher values to

exceeding the turbine entry temperature (TET), T
the turbine material.
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Variable area C- D nozzle

» Consider briefly the implications of variable area C-D nozzle.
Because of the necessity of maintaining the shock a  t the throat
during all the operational regimes, it is necessary to design a variable
area throat as well. With reheat the problem become s more acute.

* As a rule the C-D nozzle is more sensitive to varia  tions in flow
conditions than a convergent nozzle. Hence the mech  anical design
problem is quite formidable. To date except for hig h performance
aircraft with reheat engines, the use of variable a  rea C-D nozzle is
rare.

* It must be remembered that extra length of power pl  ant means more
weight to be carried. Unless it is justified with r espect to particular
aircraft under consideration it has no useful purpo se.
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SHORT CONVERGENT IRIS

‘CON-DI IRIS

SIMPLE EJECTOR FULLY VARIABLE EJECTOR BLOW-IN-DOOR EJECTOR
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(Shortarrows indicate the presence and flow direction of nozzle cooling air
which is usually inlet bieed air, compressor bleed air, or fan discharge air)

Typical Nozzle Concepts for Afterburning Engines
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Veaxial = Ve cos aq;

S — e s - s . e . = ¢ .t —- . — -—
Station:” " g ¢ e Local Angularity Coefficient
A - Prima(riy nozzle throat area
Ag - Secondary nozzle exit area
a - Secondarynozzle half angle
6 - Primarynozzle half angle
Lo = Secongary nozzle length

Nozzle Geometric Parameters
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Subsonic Speeds (take off/subsonic cruise)
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At take off the engines need maximum airflow, there  fore the ramps are
fully retracted and the auxiliary inlet vane is wid e open. This vane is
held open aerodynamically. The auxiliary inlet begi ns to close as the
Mach number builds and it completely closed by the time the aircraft
reaches Mach 0.93.

At take off and during subsonic flight, 82% of the thrust is developed

by the engine alone with 6% from the nozzles and 21 % from the
iIntakes
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MNozzels open further

Shortly after take off the aircraft enters the nois e abatement
procedure where the re -heats are turned off and the power is

reduced. The secondary nozzles are opened furthert o allow more air
to enter, therefore quietening down the exhaust. Th e Secondary air
doors also open at this stage to allow air to by pa  ss the engine.

At slow speeds all the air into the engine is prima  ry airflow and the
secondary air doors are kept closed. Keepingthem ¢  losed also
prevents the engine ingesting any of its own exhaus t gas. At around
Mach 0.55 the Secondary exhaust buckets begintoop enasa
function of Mach number to be fully open whenthea /cisatM=1.1
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Supersonic Speeds (Supersonic cruise)
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At the supersonic cruse speed of mach 2.0 the ramps have moved over
half their amount of available travel, slowing down the air by producing
a supersonic shockwave (yellow lines) at the engine intake lip.

During the Supersonic cruse only 8% of the power is derived by the

engine with the other 29% being from Nozzles and an impressive 63%
from the intakes.
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Engine Failure Spill Door Open

When the throttles are brought back to start the de  cent the spill door
IS opened to dump out excess air that is no longer needed by the
engine, this allows the ramp to go down to theirma  ximum level of
travel. As the speed is lowered the spill doors are closed and the
ramps begin to move back so by M~1.3 are again full vy retracted.

Should an engine fail and need to be shut down duri ng supersonic
cruise, the ramps move fully down and the spill doo r opens to dump
out excess air that is no longer required by the fa  iled engine. The
procedure lessens the chances of surges on the engi ne.



e
/El Buckets

to' reverse position

Reverse Thrust Inlet Open

After touch down the engines move to reverse power mode. The
main effect of this is that the secondary nozzle bu  ckets move to the
closed position directing airflow forwards to slow the aircraft down.
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Problem-1

1. A fixed geometry internal compression intake has a inlet to throat
area ratio of 1.2 and a possible entry Mach number  of 1.9. Using the
isentropic flow tables, and shock tables find out :

Mach number at which the inlet will “start”

Mach number at throat at “starting”.

The static to total pressure ratio at the throat af  ter starting

The Mach number at which the inlet will “unstart”

Solution : i) Using the shock tables we can compile the vari  ation of area
ratios with critical area ratios and critical press ure ratios:

M, AIA* PIP,. | AJA,
1.9 1555 |0.767  |1.193
1.91 1567 |0762  |1.195
1.92 1580 |0.758  |1.198
1.93 1593 |0.753 | 1.20045

using linear interpolation it can be said that the inlet will startatM ,=1.923



i) The “starting” critical area ratio A/A* is 1.590 from the above analysis.

Since the fixed geometry intake area ratio is fixed at 1.2 the effective
operational area ratio is 1.590/1.2 = 1.325

Taking this as A/A* and using the isentropic supers onic flow tables, M | =1.697

i) At M, =1.697 the static to total pressure ratio at throat  is P,/P,, = 0.754

IV) The intake will unstart when M, = 1. For AJA* = 1.2 unstart entry Mach
number M , = 1.534

Problem -2

An axisymmetric jet engine exhaust nozzle operates wi th a mass flow of 75
kg/s with following parameters : Entry conditions, P01 =350 kPa, Ty, = 1600
K, and exit to throat area ratio 1.8, exit to throa  t pressure ratio, P 59/Ppg =
0.98, discharge coefficient, C 4 = 0.98 and ambient pressure of 40 kPa.
Compute the various nozzle flow parameters and finall y the thrust created

by this nozzle. [Use Y=1.33, R=287J]
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Solution:

At throat M = 1, by applying criticality conditions T  , = 1064 K. Hence, V, = at
=677 m/s.
Therefore, ideal area of the throat, A /= m ,o.R.T,/(P,. V;) =0.215 m2

With discharge coefficient 0.98, A ;= 0.2194 m?, Radius of the throat, r ,=
0.264 m.

Therefore, the exit area , A _is 1.8.A, = 0.395 m?, radius at exit plane, r =
0.354 m

At the exit station, ideal flow area ratiois (A /A, = (AJ/A)/C4 = 1.8367, So

that Ae ' = 0.403 =
A 1 2 -1 2(y-1)
For an isentropic flow, - = 1+=M ezj
A, M | v+1
, whence, M = 2.056,

e-ideal
and from isentropic relations, P /P, = 0.1186, assuming P ,, = P, = 350 kPa,

P/=415kPa, and T, /Ty, = (P/Py )0.2481 = 0.589, which yields, T .=942.5 K,

Therefore the speed of sound ,a .= V(1.33 x 287 x 942.5) = 599 m/s

Whereby, ideal exit velocity V. /=a,x M/= 1233 m/s
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Now if we go back to the real values prescribed, (A A =1.8;A,=0.395 m?
and from isentropic relations, mach number atthe e xit plane, M _, = 2.0386
and real flow pressure ratio, P /Py, = 0.1228,
so that P o = (Po/Pge).Cy-Poe = 42.13 kPa
To/ Toe = (Po/Pge ) 0.2481 = 0.594 = 951 K,

Therefore the speed of sound ,a , = V(1.33 x 287 x 951) = 602.5 m/s,

whence, V , = 1228 m/s.
So, isentropic velocity coefficient of the nozzle is Sy = Vel Ve' = 0.9959
Isentropic thrust coefficient  may be written down for a flow which undergoes
under-expansion,

v-1
Y

1-(P./P,)) v-1 1-P, /P,
= |1+ 2.7, [“1}
\1-(pe/ PY" | {Po ! P}

such thatif, P = Pe/, and P, = P, then In the present case, P , = 40 kPa,
hence, from the above relation, C £ =0.9766

Actual thrust produced, F = M Ve + (P . —P,) A, =92.5 kN

The ideal thrust produced would have been, F / = F/C=94.7 kN

C.=C,.E,.
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