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Use of Swirl for Flow Control in Propulsion Nozzles

K. Knowles*
Royal Military College of Science, Shrivenham, England, United Kingdom

P. W. Carpentert
University of Exeter, Exeter, England, United Kingdom

In certain off-design conditions it is desirable to vary the effective area of turbofan propulsion nozzles, e.g.,
to aid component matching or to reduce fan noise on approach. It has been suggested that the mass flux
reductions associated with swirl could be used to achieve such variations. This paper addresses the questions of
whether swirl can achieve the required mass flux reductions and whether this can be done with minimal thrust
losses. A quasicylindrical theory is used to analyze the swirling flow, and comparisons are made with variable-
area nozzles for specific case studies. For a low-specific thrust engine of high bypass ratio (BPR = 12) the required
fan nozzle mass flux reduction cannot be achieved using swirl, and in any case, swirl gives a far faster rate of
decay of thrust with fan nozzle mass flux than does a variable-area nozzle. For a ducted fan of BPR=4, 2 10%
reduction in core nozzle mass flux can be achieved with swirl for slightly less thrust loss than with a variable-area
nozzle. The swirl profile, however, needs to be carefully optimized.

Nomenclature

= nozzle area
coefficients used in thrust equation, Eq. (4)
effective nozzle area, Eq. (8)
geom geometrical nozzle area
speed of sound
discharge coefficient, Eq. (8)
mass flux coefficient, Eq. (2)
impulse function, Eq. (3)
Cy = coefficient of specific thrust
= Ct/(cmc +DCmf)
C; = coefficient of thrust, Eq. (1)
coefficients used in thrust equation, Eq. (4)
enthalpy
mass flow rate
actual mass flow rate
one-dimensional, isentropic mass flow rate
presure
total velocity, VvZ+ w?
q/a,
swirl velocity profile core radius, Fig. 2
outer radius of fan nozzle, Fig. 1
outer radius of core nozzle, Fig. 1
outer radius of fan stream at plane 2, Fig. 1
inner radius of fan nozzle, Fig. 1
radial coordinate
radial coordinate variable
»81,9,,83,8" = swirl parameters, Egs. (6) and (7)
entropy
thrust
v/a,
VE/a,.
swirl velocity
flight velocity
w/a,
= axial velocity
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x = fractional change in nozzle effective area
under cruise conditions

y = fractional change in nozzle effective area
between takeoff and cruise

Am = [(mcr)orig - (mcr)varied]/(mcr)orig =X

L% = ratio of specific heats

o = density

Subscripts

a = ambient conditions

c = conditions in core stream

cowl = conditions on afterbody cowl, Fig. 1

cr = cruise conditions

e = conditions at fan nozzle lip

e2 = conditions on outside of fan stream at
plane 2, Fig. 1

ex = conditions at core nozzle lip

f = conditions in fan stream

i = conditions on inside of fan nozzle

max = maximum value

orig = conditions before swirl is introduced
(or v-a nozzle is closed)

to = takeoff conditions

varied = conditions after swirl is introduced
(or v-a nozzle is closed)

0 = stagnation conditions

1 = fan nozzle exit plane, Fig. 1

2 = conditions in fan stream at core nozzle
exit plane, Fig. 1

* = critical conditions

Introduction

ITH certain designs of turbofan aeroengines significant
mass flux variations may occur between takeoff and
cruise. For example, with low-pressure-ratio fans large fan
mass flux changes occur between takeoff and cruise, leaving
the core compressor operating at low efficiency in cruise or too
close to surge during takeoff. In other designs, mass flux
changes between takeoff and cruise can lead to problems with
component matching and consequent thrust losses in cruise.
Such mass flux variations can be counteracted by adjusting
the appropriate propelling nozzle area. Variable-area nozzles,
however, are not readily accepted for civil engines because of
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their weight and complexity. An alternative means of adjust-
ing mass flux is the introduction of swirl into the propelling
nozzle stream, possibly via variable-pitch swirl vanes. Before
attempting to design such vanes, however, the viability of swirl
needs to be assessed. It is necessary to determine whether the
required mass flux variations can be achieved using swirl, how
the thrust of such an arrangement compares with that of an
equivalent variable-area nozzle, and which swirl profile gives
the best performance.

To perform the assessment of swirl effects on nozzle perfor-
mance a quasicylindrical theory has been developed for sub-
critical flows in annular, convergent nozzles' and for supercrit-
ical flows in circular, convergent nozzles.? This theory allows
the calculation of radial pressure gradients due to swirl or
nonuniform stagnation conditions® but not those due to
streamline curvature. For the present comparative purposes,
however, this is acceptable. Details of the theory have been
given before, but a brief outline will be given for complete-
ness.!3

Following the theoretical development, two case studies that
address two off-design problems are presented here. Swirl
could be considered, though, to replace a variable-area nozzle
in a noise reduction scheme such as that suggested by Adam-
son,* and the application of the analysis would be pertinent to
a partial-swirl afterburner.>-¢

Theoretical Basis

It is required to calculate, primarily, the effect of swirl on jet
thrust. To this end an expression for thrust is derived for a
short-cowl turbofan (Fig. 1) by applying 2 momentum balance
to a control volume that extends from infinity upstream, later-
ally sufficiently far that ambient pressure can be considered to
act on the side and downstream to plane 1 (see Fig. 1), then
following the afterbody cowl and core nozzle exit. It is as-
sumed that ambient pressure acts everywhere over plane 1
beyond the fan nozzle lip. When this is not the case, a postexit
thrust component’ exists, as discussed in Ref. 1; this will not
be considered here. Similarly, effects of viscosity are not in-
cluded in this analysis.

Nondimensional coefficients are now defined for thrust,
mass flux, and impulse function:

C,=t/(pscaZ. TR2, n
Re
Cmf=2j pPrwsr dr/(p,,/a,,fRez) (2)
R;
Re
Co = ZS s +oyWHIr Ar/(pys +puya)RE 3
R;

(and similarly for C,,. and C,.). This leads to the equation for
nondimensional net standard thrust’:

C=AC, + Bcnf + CW/Po)eowt — VECine — VFDCmf —-E 4
where

A=+ D/, C =(R? —RL)F/(p,/po) E = F,R}

B :(’Yf+ 1)1;']’ D ='Yf(a*c/a*f)F1

i Yo

e TG @R
! Ye 'Yf+1 2 0/c \Pa/f R
¥e 5
e3P} (L
Fz_'Yc{ 2 } <P0>C<Rex>

A similar expression holds for coplanar core and fan nozzles
except that the term involving cowl pressure vanishes.
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Core nozzle
Afterbody cowl
Fan nozzle

Fig. 1 Short-cowl turbofan geometry.

To evaluate the thrust coefficient it is thus necessary to
know p/p,, p/p,, and w/a, profiles at core and fan nozzle
exit. These are all linked by the isentropic relations:

y—1

! vt —1
g () (e o
p* pop 0 0 v+1

where Q%= W2+ V2. Axial and swirl velocity profiles can be
linked using the Crocco vorticity theorem (g Xcurl ¢ = Vh,
— T vs). If a slender nozzle assumption is made and Crocco’s
expression is integrated across the nozzle exit plane then, for
axisymmetric flow, this gives the nondimensional axial veloc-
ity as

W=(W?+5)" ©)
where
S = S1 —Sz+ S3

and

Re
S =2§ (Vi/r)Id(V,yr{)/dr{} dr{

1

The S, involves the stagnation enthalpy profile and S; the
entropy gradient, both of which will be taken to be zero for the
present calculations (i.e.,.it is assumed that swirl will be intro-
duced by nonrotating vanes).!

By applying conservation of mass to a streamtube between
planes 1 and 2 (Fig. 1), conditions in the fan stream at plane
2 can be found from:

Re 1%
= {R}z—ZS (01W/p2W)r{ drll} )]
1

where

Vo= Vir/ry, W= (Wh+S8)"

Re
s’ = 2j (Vlr{/rzz)[d(V,r{)/dr{] dar{
y

(where A and s gradients are again ignored). With fan stream
flow calculated at plane 2, core nozzle conditions can then be
found.

To determine engine thrust coefficient, for the general case
of a short-cowl turbofan with swirl in both nozzles, the proce-
dure is outlined in the following steps.

1) Specify swirl velocity profiles ¥ = V(r) at the exit of each
nozzle.

2) From the specified fan nozzle back-pressure ratio p,/pos
calculate nozzle lip velocity Q, using Eq. (5).
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3) From steps 1 and 2 find W, using W2 =Q2 — V2.

4) Determine fan nozzle axial velocity profile using Eq. (6)
together with steps 1 and 3. (Some typical velocity profiles are
shown in Fig. 2.)

5) Calculate C,,rand C,rusing Egs. (2) and (3) together with
step 4 and Eq. (5).

6) Determine core nozzle lip conditions using Eqs. (7) and
(5) to give gradients across the fan stream. It is assumed here
that Q., = Q., but this is not a necessary condition.! [Note
that solution of Eq. (7) is an iterative process.]

7) The C,,and C,. can now be calculated from the specified
core nozzle swirl distribution, the lip back-pressure ratio
(found from the spécified p,/po. and step 6), Eq. (5), and the
core nozzle versions of Eqs. (6), (2), and (3).

8) The pressure acting on the afterbody cowl, which is re-
quired for Eq. (4), is taken as the average of those calculated
at the inner ends of planes 1 and 2. It should be emphasized
here that afterbody friction drag is not included in the present
analysis.

If the nozzle pressure ratio is supercritical, i.e., greater than
that which would produce a sonic axial velocity at the nozzle
lip, then the procedure is as given except that w,=a,, and
similarly for the core.? Note that with a swirling fan stream
and nonswirling, initially subcritical core flow the core nozzle
can become choked as fan stream swirl increases.

Nonuniform entropy and stagnation enthalpy can be han-
dled quite simply with this theory.! Equation (6) will have the
terms S, and S; included in it; the expression for W, in Eq. (7)
will be similarly modified, and the right-hand side of Eq. (5)
(involving Q) will be amended. Postexit thrust’ can also be
determined if values are given to the local freestream pressures
on the jet boundary at planes 1 and 2. Results are presented in
Ref. 1.

Case Studies

Two case studies have been addressed here: a low-specific-
thrust, fuel-efficient engine of bypass ratio (BPR) approx-
imately 12, and a second-generation ducted fan of BPR ap-
proximately 4. In each case the requirement was to reduce the
effective area of one of the nozzles in cruise. The approach,
therefore, was to take the nozzle as originally designed (i.e., to
leave unchanged the size and pressure ratio) and to apply swirl
to the flow through it, analyzing the thrust and mass flux
coefficients using the quasicylindrical theory. These results
were then compared with a variable-area nozzle. Engine data
are provided in Table 1. These case studies will now be dis-
cussed in more detail.

Low-Specific-Thrust Engine

This engine employs a low-pressure ratio fan that leads to a
large change in fan nozzle mass flux between takeoff and
cruise. This, in turn, means that the operating point moves as
shown on the compressor map of Fig. 3. Hence, there is a need
for a reduction in fan nozzle effective area between takeoff
and cruise to avoid operating too near surge at takeoff and at
too low a fan efficiency in cruise.

The effect of swirl on the fan nozzle mass flux coefficient is
shown in Fig. 4 for three different swirl velocity profiles. The
profiles used for this analysis are shown in Fig. 2a; for outer-
and inner-biased profiles the minimum swirl velocity was zero
for all calculations presented here. Both forced and free vor-
tices have, however, also been analyzed; both were found to
give results! that lie between those of the outer-biased and
uniform swirl profiles when plotted against maximum swirl
velocity as in Fig. 4. The use of maximum swirl velocity as a
““swirl parameter”” was discussed in Ref. 1: it is entirely an
arbitrary choice driven by convenience, there is no compact
““universal’’ swirl parameter for annular nozzle flows (a point
corroborated by Dutton,® who only succeeded in finding em-
pirically a nearly universal swirl parameter for mass flux coef-
ficient in a variety of nozzles).
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Fig.2 Swirl velocity profiles and resulting axial velocity profiles
(note that the scales are different for axial and swirl velocities).
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Table1 Engine data for case studies

Nozzle p.r. (po/pa)?

Takeoff

—A c
< cr to> , %
Acr

Case R, R; Rex Core Fan

Cruise (a* c>
Core Fan asf/a M, },3 Core Fan

Low-specific-

thrust engine 1 0.6 0.35 1.2 1.2

Second-generation

ducted fan 1 0.6 0.6 1.5 1.75

1.89 1.89 1.5491 0.72  Small -30

20 26 16469 0.7  —10  Small

*y,=1.4, v,=1.3 in each case. *Approximate cruise Mach number. ‘Required change in nozzle effective areas.

per

- Decreasing

Surge line _
_- \ hozZle area

Compressor efficiency contours
(max. in center)

m/To "
P

Fig.3 Effect of change in fan nozzle effective area on compressor
operating point.
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Fig. 4 Variation of fan stream mass flux coefficient with swirl (low-
specific-thrust engine, po/p; =1.89). Key as Fig. 2a.

The effect of swirl on fan nozzle impulse function is similar
to its effect on mass flux, and the net result is a decrease in
thrust coefficient and specifi¢ thrust coefficient with increas-
ing swirl level (Fig. 5). In this example, however, the core
nozzle is choked under normal cruise conditions. Conse-
quently, as swirl is introduced in the fan stream, the core noz-
zle becomes more underexpanded, but there is no effect on
mass flux or exit impulse function. Further calculations were,

022 )

0201

0-181
Cst

016

014

012

\
\ \
\
G4 06 08 10
max

0 02

Fig. 5 Variation of specific thrust coefficient with swirl for two noz-
zle pressure ratios (the same pressure ratio is applied to both core and
fan nozzle in each case). Key as Fig. 2a.

1000 ye/ 718 B
Cnc

0-990+

0-980
0 02 04 06 08 10

Vmax.

Fig. 6 Variation of core nozzle impulse function with fan nozzle
swirl (po/pa =1.5 for both nozzles). Key as Fig. 2a.

therefore, performed with a subcritical pressure ratio (1.5)
applied to both nozzles. The effect of fan stream swirl on core
nozzle impulse function is shown in Fig. 6; C,,. follows similar
curves and overall the specific thrust of the engine varies with
swirl, as shown in Fig. 5. The curves are of a very similar shape
to those obtained at the higher pressure ratio, although at a
lower level of specific thrust and, hence, involving larger per-
centage changes for a given swirl increment. This may be be-
cause of the swirl parameter chosen (which does not scale with
thrust level).

The very high bypass ratio used in these cases results in the
core nozzle making a relatively small contribution to overall
engine thrust. Consequently, the fan flow dominates and so
further calculations were performed for lower bypass ratios at
both of the stated nozzle pressure ratios to see whether swirling
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the fan stream might offer benefits for such engines. In both
cases, the same trend of specific thrust with swirl was found
(Fig. 7).

The original subject of this case study, the engine described
in Table 1, has been used for the comparison of swirl with a
variable-area nozzle. Results are presented in Fig. 8 and sug-
gest that swirl is not a viable alternative to a variable nozzle in
this case, even if only small fan nozzle mass flux reductions are
required. It should be noted, however, that the relative weights
of the variable-area nozzle and swirl vanes are not included in
this analysis.

Second-Generation Ducted Fan

The requirement here for a reduction in core nozzle effective
area of 10% between takeoff and cruise (see Table 1) was to
counteract the change in effective area that would otherwise
occur and cause problems with the matching of internal com-
ponents. This matching problem was found by the designers to
lead to large thrust losses.

The cowling geometry assumed for this study was one with
coplanar core and fan nozzles (see Fig. 9). This leads to a
modification of the expression for thrust given in Eq. (4): the

—(R} L
BPR = 1.7 Py f,c_1'39
03
Pa) .1
Cst Po/tc 15
021
BPF=z 7.4
01 \\\/
N\
\
~NJB
0 v —

0 02 04 06 08 10
Vmax.
Fig. 7 Variation of specific thrust coefficient with swirl for two by-
pass ratios (BPR defined in cruise) and two nozzlé pressure ratios (the
same pressure ratio is applied to both core and fan nozzle in each case).
Key as Fig. 2a.

0-2
Cst

0-16J V-a nozzle
0-124
0-08]
004
% 5 10 15 20 25 30

Am¢ %

Fig. 8 Variation of specific thrust coefficient with fan nozzle mass
flux change—comparison of swirl with variable-area nozzle for low-
specific-thrust engine. Key as Fig. 2a.
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term involving cowl pressure vanishes. The analysis used in
this case is as described previously except that, because the
core nozzle pressure ratio is supercritical, nozzle lip conditions
are set to critical (i.e., W, =1). A further difference arises
because of swirl being introduced into the core nozzle flow
rather than the fan flow: there is no pressure gradient across
the fan stream (in these calculations) affecting the core nozzle
exit pressure.

Two families of swirl profile were assessed for this case
study, the inner- and outer-biased profiles shown in Fig. 2b. In
each case the maximum swirl velocity and the point at which
the profile changes (R.) could be varied. The effect of differ-
ent swirl profiles, within these two families, on the core nozzle
performance is shown in Fig. 10. Here, specific impulse func-
tion is plotted against mass flux coefficient for different values
of R, within each swirl family, the C,, variation being achieved
by varying the maximum swirl velocity. Curves are plotted up
to the onset of axial flow reversal (except the inner-biased
profiles with R.=0.4-0.8, for which flow reversal occurs at
values of C,, betwen 0.45 and 0.1). From this it can be seen that
specific impulse functions in excess of unity are being pre-
dicted and that the more outer-biased the swirl profile, the
higher the specific impulse for a given mass flux. The more
highly outer-biased the swirl, however, the higher the maxi-
mum swirl velocity needed to obtain a given mass flux and,
hence, the higher the mass flux coefficient at which flow rever-
sal occurs. Thus, at low values of C,, inner-biased swirl offers
the best performance; indeed, it is the only swirl option at such
mass flux levels.

For the present case study the required core nozzle mass flux
reduction equates to C,,. =0.91 in cruise. It can be seen from
Fig. 10 that this mass flux reduction can be achieved with any
of the swirl profiles for which data are plotted. An outer-
biased profile with R.=0.8, however, produces the highest
specific impulse at this mass flux. More highly outer-biased
swirl profiles will not attain this mass flux due to the prior
onset of flow reversal. The optimum swirl profile for moderate
mass flux reductions ¢an be determined from Fig. 11, which
plots the minimum value of C,, achieved for each outer-biased
profile.

Having found C,,. and C,,, engine thrust can be calculated
using Eq. (4) (modified for coplanar nozzles) and the results
compared with a variable-area nozzle. It should be recognized,

Open position

Closed

Fig. 9 Coplanar nozzles with ‘‘split-flap”’ variable-area core nozzle.

—— 0B swirl
105 Rc=0'8 —-— IB swirl
Cn \

Cm
AN Re=0\_02~_ 0+ 06

"~ 08
10 T —— -
T ———
/-/ Re=0-2
_/-
095 R0 i ,
05 06 07 0’8 0’9 10

Cm
Fig. 10 Variation of specific impulse function with mass flux coeffi-

cient for the core nozzle of the second-generation ducted fan—effect
of swirl profile. Key as Fig. 2b.
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Fig. 11 Minimum mass flux coefficient achieved before axial flow

reversal as a function of swirl profile core radius for OB swirl (see Fig.
2b); circular nozzle, po/p, =2.

however, that reducing the core nozzle area will reduce the LP
turbine pressure ratio and work output.® This in turn will
decrease fan work and hence fan nozzle pressure ratio. Calcu-
lations of this process require knowledge of engine perfor-
mance maps. In the absence of these, approximations have
been made as follows. For a 10% decrease in core nozzle effec-
tive area it was assumed that the core nozzle stagnation pres-
sure and temperature increased by 10%, while those in the fan
nozzle decreased by the same amount. These changes in turn

affect the ratio of critical sound speeds (a../d.s) and the

nondimensional forward velocity (Vz).

At this point care should be taken over the interpretation of
percentage changes. Those quoted in Table 1 are between take-
off and cruise, relative to the desired cruise condition (let us
call this fraction y). Those referred to in the preceding para-
graphs are between original and modified cruise conditions,
relative to the original cruise value (let this fraction be x). To
relate x and y to each other and to C,,, consider the definition
of nozzle effective area:

Aeff maclual
Sy ®
geom M| Disen

If we drop the subscript ‘‘eff”’ for clarity in what follows we
have

Acr 1 .. _ Acr _Ato

Ato—l_y ik Acr

which can be combined with Eq. (8) to give

1 — (Cmcr)varied (Ageom)cr
1 -y (Cmcr)orig (Ageom)to

[where (Cp),, is unity due to the one-dimensional nature of the
present calculation]. We have defined x, however, to be

_ (Cmcr)varied (Ageom)cr
(Cmcr)orig (A geom)to

x=1- (mcr)varied/(mcr)orig Sox=1
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+ Re=0 }

0B swirl
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Amc %

Fig. 12 Variation of normalized thrust coefficient with core nozzle
mass flux reduction—comparison of OB swirl with variable-area noz-
zle for second-generation ducted fan. Key as Fig. 2b.

Thus, x=1—-(1—y)™!, i.e., a value of y of —10% equates to
a cruise mass flux reduction (x) of 9.09% and y = —30% gives
x =23.08%. Note that for swirling flow (C,, )., varies and Ageom
is fixed, whereas a variable-area nozzle maintains the same
value of (C,,). In both cases the product is the same and so
the described changes in nozzle stagnation conditions apply
equally to a variable-area nozzle or to the swirling case.

The variation of thrust with core nozzle mass flux can now
be investigated for both swirl and the variable-area nozzle.
Since core nozzle radius (R,,) is a nondimensionalizing factor
in C,, this comparison must be made on the basis shown in Fig.
12, where the original core nozzle had a radius of 0.6 (in
arbitrary units). From this it can be seen that swirl is a viable
alternative to a variable nozzle in this case. Careful optimiza-
tion of the swirl profile can even give slight thrust increases
over the variable-area nozzle at particular mass flux levels.

Discussion

Using a quasicylindrical theory for inviscid nozzle flows it
has been shown that mass flux reductions can be achieved
using swirl with no loss of thrust (in certain cases) when com-
pared with a variable-area nozzle giving the same mass flux
reduction. Clearly, the absence of a variable-area nozzle mech-
anism is a benefit, but it must be realized that to achieve the
desired mass flux variation (between takeoff and cruise) swirl
needs to be ‘‘switched’’ on and off. This could be achieved by
using variable-pitch turbine-exit guide vanes (since only core
nozzle flows seem here to benefit from swirl) designed to act as
deswirlers in their takeoff setting and as swirl vanes, producing
the required swirl velocity profile, in cruise. This might entail
a difficult compromise in the design of the swirl blades. How-
ever, for moderate core nozzle mass flux reductions highly
outer-biased swirl profiles are the most promising; conse-
quently, only an outer annulus of swirl vanes would be needed.
It is also conceivable that some form of circulation control
might be applicable to the swirl vanes. It should be noted that
the swirl profiles specified here are at nozzle exit, at a lower
radius than the swirl vanes that would, therefore, need to be
designed for lower swirl velocities.

The two case studies presented here suggest that the use of
swirl as a mass flow control mechanism has more potential in
core nozzles than in fan nozzles. This raises the question of
why this should be. The swirl profiles chosen for study in the
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fan nozzle case are more ‘‘severe’’ than those applied to the
core nozzle in the other case study. (The reason for this was the
large fan nozzle mass flux reduction that was the original aim.)
It might be felt that more highly outer-biased profiles should
have been applied to the annular nozzle. The outer-biased
profile already applied here, however, does not produce spe-
cific impulse functions in excess of 1 (by contrast with those
applied to the core nozzle in the other case study), and more
highly outer-biased profiles would be limited by flow reversal
to even lower maximum values of C,/C,,.

Another difference between the two case studies lies in the
pressure ratio applied to the swirling nozzle flow. In the case
of the fan nozzle this is just subcritical, whereas the core nozzle
(in the other study), because of the lower ratio of specific heats
there, is initially choked. As swirl level increases, the nozzle
eventually unchokes. This accounts for some cusplike features
in Fig. 10, but it is not felt that it provides an explanation of
the better core nozzle performance. The difference is felt to be
due primarily to the annular nature of the fan nozzle, since
Ref. 1 showed such nozzles to be more dependent on swirl level
than circular nozzles. To a certain extent this is supported by
Dutton’s results,? since he found a lower vacuum-stream effi-
ciency for a plug nozzle than for a circular, convergent-diver-
gent nozzle at the same swirl parameter and with the same
(constant-angle) swirl profile. This alone does not account for
the poor performance of swirl seen in Fig. 8: much of this is
due to cow! pressure, which is reduced by swirl but unaffected
by the variable-area nozzle.

The off-design performance problems addressed here are
not the only potential applications for swirl as a mass flux
controller in propulsion nozzles. In general, anywhere a vari-
able-area nozzle is needed swirl could be considered. The ap-
proach would be to size the nozzle for the maximum effective
area required and then introduce swirl whenever a reduction is
needed.

In the case of an engine with afterburning, other factors
than those considered here may well determine the viability of
swirl. Opening up the nozzle will remove the afterbody boat-
tail; whether this increases aircraft drag depends on the effect
of the swirling jet on the afterbody flow. Thrust augmentation
levels of 10% imply nozzle effective area changes of 40%,
which in turn would require strong swirl with large jet spread-
ing rates, which may not be acceptable (because of interaction
with aircraft surfaces). If a partial-swirl afterburner is to be
employed,>® then it may be of interest to use variable-pitch
swirl vanes to achieve some measure of nozzle effective area
reduction, possibly together with a simple, limited mechanical
area variation.

If the core nozzle area is reduced on a three-spool turbofan,
then the increased LP turbine back pressure leads to a reduc-
tion in fan speed.? This will reduce fan noise levels, which is of
particular interest, since in modern high-bypass-ratio engines
fan noise can be dominant, especially during approach. This
may prove to be a useful application for swirl, since it only
need be applied during landing. The noise reduction schemes
proposed by Adamson,* however, involve maintaining high
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inlet Mach numbers through the fan during approach to re-
duce the forward propagation of fan noise. To achieve this
involves increasing fan nozzle area which, if swirl were to be
considered, would entail the use of swirl in the fan nozzle
throughout the rest of the flight envelope. Also regarding en-
gine noise reduction, it should be remembered that swirl can
reduce shock-associated noise,'© which may be of benefit in
certain applications.

Conclusions

Swirling flow in propulsion nozzles has been studied as a
possible mass flow control technique. Such mass flow control
is needed in certain off-design conditions where variable-area
nozzles would otherwise have to be employed.

In the case of a low-specific-thrust engine of BPR =12, swirl
in the fan stream gives a far faster rate of decay of thrust with
fan nozzle mass flux than does a variable-area nozzle. Variants
of this case study with lower bypass ratios and lower core
nozzle pressure ratios showed no benefit for swirl. It is tenta-
tively concluded that mass flow control with swirl in annular
nozzles is unlikely to be feasible, particularly for short-cowl
turbofans, although the relative weight penalty of a variable-
area nozzle might change this in some circumstances.

For a ducted fan engine of BPR =4, swirl can be used to
control core nozzle mass flux with little or no loss of thrust
over a variable-area nozzle. There are even slight thrust gains
available if the swirl profile is optimized for the required mass
flux reduction.
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