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An Analytical Investigation of Swirl
in Annular Propulsive Nozzles

Barbara T. Kornblum,* H. Doyle Thompson,t and Joe D. Hoffmani
Purdue University, West Lafayette, Indiana

An analytical performance prediction methodology for annular propulsive nozzles with swirl introduced in the
combustor upstream of the nozzle is presénted. The application of that methodology to a specific nozzle design
for a free vortex swirl distribution is discussed. Discharge coefficients, specific impulses, and wall pressure
distributions are presented. These numerical studies show that the discharge coefficient, thrust, and specific im-
pulse decrease as the amount of swirl increases. This methodology will enable nozzle designers to account for the

effects of swirl in nozzle design.

) ‘Nomenclature
a =gspeed of sound
C,-C, =constants specifying tangential velocity distributions
F = thrust

m =mass flow rate

M =Mach number

P,P, =static and stagnation pressure, respectively
R =gas constant

S = swirl number

t =time

T,T, =static and stagnation temperature, respectively
u,v,w =velocity components

x,y  =axial and radial coordinates, respectlvely
w = swirl
Y;,Y, =inner and outer radii of the nozzle
v = specific heat ratio
0 =tangential _coordinate
) = density
Subscripts
A...F =geometric stations
IVL  =initial-valve line

B,C,P =base, cowl, and plug, respectively
t,x,y =partial differentiation

Introduction

ECENT studies indicate that the introduction of swirl

ahead of the combustor in axisymmetric dump com-
bustors can have very beneficial effects on the combustion
process. Buckley et al.! found that swirl both reduced the
reattachiment length of the combustor flowfield (thereby
reducing the overall combustor length needed for good per-
formance), and helped eliminate destructive very-low-
frequency instabilities. They further concluded that (in the
range of swirl intensities of their study), ‘‘losses in thrust due
to residual swirl, at least to the sonic point of the nozzle, are
negligible.”
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Scharrer and Lilley? made five-hole pitot probe measure-
ments of the effects of swirl in simulated dump combustors
followed by a nozzle. They observed a significant interaction
between the swirling flowfield in the simulated combustor
and the nozzle flowfield. Their major objective, however,
was the measurement of the confined turbulent flow in the
simulated combustor, not the nozzle flowfield. Consequently,
their nozzles simply were used -as downstream blockage
components. Both nozzles used in their studies were conven-
tional converging nozzles without centerbodies.

Conley et al.? presented an analytical and experimental in-
vestigation of the performance of annular propulsive nozzles
without swirl. The present work is an extension of the per-
formance prediction methodology developed by Conley et al.
to include the effects of swirl introduced in the combustor
on the performance of annular propulsive nozzles.

A similar study, performed by Dutton,* shows trends
similar to the results obtained in the present investigation for
conventional convergent-divergent nozzles without center-
bodies. The present investigation is concerned with con-
vergent-divergent nozzles with centerbodies.

The objective of the present work is to analytically in-
vestigate the effect of swirl on the transonic and supersonic
flowfields in annular propulsive nozzles, and to determine
the effects of swirl on mass flow rate, thrust, and specific
impulse.

Performance Prediction Methodology
Geometric Model

The geometric model considered in this investigation is il-
lustrated in Fig. 1. Air enters at station A and flows through
a swirler where tangential momentum is transferred to the air
to give the desired tangential velocity distribution at station
B. Station B is followed by a sudden expansion dump into
the combustor inlet at station C. Combustion takes place
between stations C and D, where the stagnation temperature
T, rises corresponding to the amount of fuel added and the
stagnation pressure P, decreases slightly due to friction, mix-
ing, and heat addition. The combustion products accelerate
in the nozzle to the choked condition at the nozzle throat,
station E, after which the flow continues to accelerate super-
sonically from station E to F.

The concern in the present study was the effect of swirl in-
duced in the swirler on the performance of the nozzle (i.e.,
mass flow rate, thrust, and specific impulse). Consequently,

~ the swirler, sudden expansion dump, and combustor are not

modeled in detail in the present analysis. Emphasis is placed
on the nozzle flowfield. However, the swirler is the source of
the swirl in the flowfield. In the present analysis, the swirl
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introduced by the swirler is assumed to flow through the
combustor and nozzle unchanged in magnitude.

Swirler )
The swirler is a set of axial-flow guide vanes that imparts
the desired tangential velocity distribution to the air as it
passes through the swirler. The design of the swirler and the
.interaction of the. swirl with the combustion process are of

paramount importance in an actual system design. In the

present study of the effects of swirl on nozzle performance,
a tangential velocity distribution representative of that pro-
duced by a swirler and combustor is simply assumed to exist
at the nozzle inlet, station D in Fig. 1.

Buckley et al.!, by means of experiments, mvestlgated"

four types of tangential veloc1ty dlstrlbutlons at the swirler
exit. They are:

Constant angle: w=C, u =utan « o )
_ Forced vortex: w= Cy . . Q)
. Freevortex: w=Cy/y | 03
Rankine vortex w= (C,/y)[1 —exp(—y*/Y3)] )

where the constants C; to C, are specified to achieve the

desired tangential velocity distribution. The only tangential *

velocity distribution ¢onsidered in the present study was the
free vortex distribution specified by Eq. (3). The free vortex
distribution was selected because it is the only distribution that
maintaing itself at all axial locations. For example, a constant-
angle swirl distribution at the swirler exit, station B, will pro-
duce an entirely different distribution at the nozzle entrance,
station D. A centerbody exists throughout the flowfield,
therefore, the singularity associated with the core of a free
vortex does not occur in this flowfield.

In order to provide a basis for comparison of different
swirlers, a swirl number S is: employed, which is defined as

Yy
S=S-Y uwytdy YZS wiydy : &)

For a free vortex, yw=Cj, so that at a umform flow section
where the radial velocity v=0 and the axial velocity u is
uniform, Eq. (5) simplifies to

S=C,/u¥, | (6)

Consequently, the swirl number S is a simple function of the
geometry (i.e., Y,) and the axial velocity u. For choked flow,

COMBUSTOR NOZZLE

SWIRLER
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'Fig. 2 Thrust-producing compohents of an annular nbzzle. ‘
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the average (one- d1mens1onal) axial velocity up at the nozzle
inlet can be estimated from the nozzle area ratio. Thus, for a
given value of C;, the swirl number Sy, can-be calculated. The
corresponding values of swirl number at the combustor inlet
Sc, swirler .exit Sy, and nozzle throat Sg, can be estimated
from the known value of Sy, for a specified flow geometry and
stagnation temperature rise in the combustor.

The major process occurring between stations C and D is
the increase in stagnation temperature 7, due to combustion. '
For a Rayleigh line flow (i.e., stagnation temperature change
at constant area) in the absence of swirl, u. can be calculated,
so that

Sp - Cy/upYop __Y¥c : o)
Sc Cy/ucYy,y up . .

At the sudden expansion dump location, Y, charges from
Y,5.t0 Y,c. For constant mass flow rate m, neglecting the -
centerbody area and compressibility effects which aré both
small, u is inversely proportional to-the flow area, which is
directly proportional to Y 3. Thus,

Sy C3/upYop Yo ‘

At the nozzle throat, station E, ug is 3-5 times as large as

. Up, and Y,z may be 50-90% of Y,,. When specific values are

known, Sg can be calculated from Sp.

Consequently, for a specified value of the swirl yw at the
nozzle inlet, the swirl number S, at the nozzle inlet can be
calculated. Knowing the other motor operating parameters,
the values of the swirl number S can be estimated at other
locations in the motor.

Performance Model

Figure 2 illustrates the thrust-producing components of a
generic annular nozzle. The nozzle thrust is composed of the
thrust developed 1) across the initial-value line Fyy; , 2) by the -
pressure acting on the cowl F, 3) by the pressure acting on the
plug Fp, and 4) by the pressure acting on the plug base Fj.
Thus the pressure distributions along the cowl and plug and
the base pressure must be calculated to enable the calculation
of the nozzle performance.

Flowfield Model

The accuracy and efficiency of nozzle performance predic-
tion techniques are highly dependent on the flowfield model
chosen to represent the actual flowfield. In the présent study,
the flowfield model is based on the following assumptions:
1) steady axisymmetric flow, 2) inviscid nonconducting fluid,
3) no body forces, 4) thermally and calorically perfect gas, and
5) empirical separation and base pressures.

The governing equations consist of the continuity equation,
the component momentum equations, the energy equation,
and the thermal and caloric equations of state. A detailed .
discussion of these equations.is presented in Ref. 5.

/
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Fig. 3 Typical SNAP grid.
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The choice of a numerical method, or methods, to solve
these governing equations is also crucial to the success of the
performance prediction procedure. A subsonic/transonic
solution is required to. define the mass flow rate and throat
thrust, while a supersonic solution is required to define the
nozzle, centerbody, and base thrusts. Experience? has shown
that subsonic/transonic flowfields can be adequately deter-
mined from the steady-state solution to time-marching finite
difference solutions, whereas the method of characteristics is
_the most accurate means for determining supersonic flowfields
in nozzles. That s the approach taken in the present
investigation. : ’

Subsonic/Transonic Flowfield .
The finite difference code developed to solve the sub-

sonic/transonic flowfield is a modification of the VNAP -

(Viscous Nozzle Analysis Program) code developed by Cline®
to include the effects of swirl. The resulting code is called
SNAP (Swirling Nozzle Analysis Program).

The VNAP code was used as the subsonic/transonic
flowfield prediction code for the annular nozzle performance
prediction methodology developed by Conley et al,> The
VNAP code solves the Navier-Stokes equations for two-
dimensional (planar or axisymmetric), time-dependent; com-
pressible flow using the second-order accurate, MacCormack
finite difference scheme.” Inviscid flowfields can be solved by
setting all of the viscous terms to zero, which yields the Euler
equations. In the present study, the VNAP code was used as
an inviscid flowfield solver. Explicit artificial diffusion is in-
cluded in the code for shockwave calculations. However, no
artificial diffusion was required in the present study, because

only the subsonic/transonic portion of the flowfield was .

analyzed with the VNAP code. The steady-state solution is ob-
tained as the asymptotic solution for large time.

The computational grid employed by the VNAP code is a
transformed equally spaced grid. Equally spaced lines of con-
stant { normal to the x axis comprise one of the transformed
coordinates. Each vertical line segment between the plug and
the cowl is divided into a number of equally spaced in-
crements. Lines of constant 5 join these points. The physical
grid is illustrated in Fig. 3. The transformation equations are

=Y (x)

¢=x and n=————Y2 O-Y.(

®

where Y, (x) is the plug contour and Y, (x) the cowl contour.

In the present investigation, the VNAP code was modified
to account for the presence of swirl in the flowfield by adding
the tangential momentum equation to thé set of governing
equations, and the term pw?/y to the radial momentum equa-

tion. Since the flowfield is axisymmetric, all derivatives with -

respect to the tangential direction 6 are zero, even though the
‘tangential velocity component w is nonzero. The governing
equations for this flowfield are :

Py + U+ Vp, + Uy + U, +pv/y=0 (10)
pu,+puu, +pvu, +P, =0 1
pv,+puvx+¢;uvy+Py—pw2/y=01 (1'2)
w,+uwx+va+vw)y=0 (13)
P;+qu+u;>y—a2(p,+upx+upy)=o 19

For a perfect gas,

"P=pRT and a*=+vP/p’ 15) .
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Equation (13) can be written as

D (yw) '
=0 16
Y (16)
which is in substantial derivative form. Equation (16) states
that the swirl yw remains constant on the pathlines (i.e., paths
traced by discrete fluid particles) of an unsteady flowfield and

- on the streamlines (i.e., lines everywhere tangent to the veloc-

ity vector) of a steady flowfield. Consequently, if the distribu-
tion of. the swirl yw is specified in the upstream flowfield
(specifically at the swirler exit, station B), that swirl distribu-
tion will be preserved throughout the nozzle flowfield.

The initial tangential velocity distribution w(y) is specified
at station B, an upstream station at the exit of the swirler. The
mass flow rate distribution m(y) is computed at station B, so
that the swirl yw is a known function of /. This function,
yw(m), is then used to compute the swirl yw at each point in
the nozzle in the following manner. After each time step, the
mass flow rate is integrated across the flowfield at each axial
location, from the centerbody (/n=0) to the nozzle wall
(m = ). The fractional mass flow rate at each radial posi-
tion is calculated by dividing the calculated mass flow rate at
that radial position by the total mass flow rate at that axial
location. The resulting fractional mass flow rate is then used
to interpolate for the swirl yw at the corresponding computa-
tional grid point by quadratic interpolation of the swirl func--
tion yw(m) computed at station B. The swirl velocity w is

‘then computed by dividing the interpolated value of the swirl

yw by the value of y at the computational grid point.
This procedure is consistent with the governing partial dif-
ferential equations only at the steady-flow limit, because ac-

“tual unsteady pathlines are not tracked. Essentially, this pro-

cedure matches a normalized steady mass flow rate at the
swirler exit to a normalized mass flow rate at each point in the
nozzle. In an unsteady flow, these two points would not
necessarily lie on the same pathline. However, at the steady-
flow limit, these two points do lie on the same streamline,
since pathlines and streamlines coincide in a steady flow. )

In a typical run, 800-1000 time steps are taken by the SNAP
code to relax the initially assumed one-dimensional flowfield
to a steady state. An initial-value line along which the projec-
tion of the Mach number in the xy plane is supersonic is then
specified across the throat region. This line was specified as a
circular arc passing through the minimum radius point on the
upper wall, the maximum radius point on the centerbody, and
a point located radially midway between the two wall points
and far enough downstream so that the projected Mach
number is greater than 1.0 at all points on the circular arc.
Values of the projected Mach number, flow angle, and
tangential velocity along that line are determined by interpola-
tion of the SNAP flowfield. Least squares quadratic bivariate
interpolating polynomials are fit to the nine closest SNAP grid
points to each initial-value line point. In this manner, a super-
sonic initial-value line is determined that can be used to initiate
the solution of the supersonic flowfield by the method of
.characteristics.

Supersonic Flowfield )

The supersonic flowfield is calculated by the method of
characteristics for steady two-dimensional flow. For steady
flow, Egs. (10-15) apply with the time derivatives set to zero.
The derivation of the corresponding characteristic and com-

_patibility equations is a straightforward, although somewhat

lengthy procedure. The derivation is presented by Kornblum
and Thompson.? The results are not presented here. In brief,
three characteristics are determined in the xy plane: the
streamline and the right- and left-running Mach lines. Three
compatibility equations are determined along the streamline
and one compatibility equation is determined along each
Mach line. These five compatibility equations are used to solve
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for u, v, w, P, and p. The method is general so that any consis-
tent initial swirl distribution can be treated.

A direct-marching method of characteristics procedure is
employed to solve the characteristic and compatibility equa-
tions. The solution procedure constructs the Mach line net-
work illustrated in Fig. 4. The characteristic and compatibility
equations are integrated numerically by the second-order ac-
curate modified-Euler predictor-corrector method. The solu-
tion is initiated from the supersonic initial-value line, line
TT’, determined from the SNAP analysis. The projected
Mach number (in the xy plane) along the space-like initial-
value line must be supersonic. Left-running Mach lines are

emanated from line TT’, starting at point T, and continued

across the flowfield until they intersect the cowl, contour TE.
The last such Mach line from point T’ intersects the cowl at
point T”. Left-running Mach lines are then originated from
points on the centerbody and continued across the flowfield to
intersect the nozzle wall. This procedure is continued until the
nozzle exit lip point E is determined. Left-running Mach lines
are then terminated at the last right-running Mach line
emanating from point E. This procedure is continued until
point F at the end of the plug is determined. When Mach lines
of the same family coalesce, embedded shock waves are
formed. In the computer program, when Mach lines coalesce
one of the Mach lines is discontinued. This procedure works
well for weak shock waves.

The base pressure on the face of the truncated plug is com-
puted from the empirical correlation proposed by Johnson®:

Py, =0.846 Pp/M}3 1))

It should be noted that Eq. (17) only fits measured data when
the base area is small. It gives unrealistically high values for
highly truncated plugs and expansion-deflection nozzles.

The preceding procedure determines all of the data required
to evaluate the thrust components illustrated in Fig. 2.

Results

Nozzle flowfields were computed for the 12 cases defined in
Table 1. Figure 5 defines the flowfield geometry for all 12
cases. Only free vortex swirlers were considered. For free
vortex swirlers, the swirl yw is constant everywhere in the
flowfield. Thus, the tangential velocity component w can be
computed at any location in the nozzle at any time step, in-
dependent of the streamline tracking procedure described
previously. However, the general procedure was employed in
the calculations presented in this section. The free vortex swirl
distribution was chosen in this study to test the concept, and
because free vortex swirlers are an important class of swirlers.

The swirl strength was characterized by the selected values
of the swirl yw. Values of the swirl yw of 0, 50, 100, 150, 200,
and 250 ft?/s were analyzed for stagnation temperatures of
2500 and 3500 °R at the nozzle inlet. The stagnation pressure
was 35 psia in every case. In all cases, the specific heat ratio
v=1.40 and the gas constant R =53.35 (ft-1bf)/(1bm-°R).

The swirl number S, defined by Eq. (5), varies with axial
location in the flowfield. Table 1 gives approximate values of
S at stations B, C, D, and E corresponding to the selected
values of swirl yw, for the specific geometry presented in Fig.
5. The stagnation temperature at stations B and C was
assumed to be 1000 °R.

Figure 6 presents constant Mach number lines in the tran-
sonic region for case 7 (T, = 3500 °R, yw=0) as computed by
the SNAP code. Comparisons with the constant Mach number
lines for the other 11 cases show differences in the third
significant figure for most quantities. Thus, Fig. 6 is represen-
tative of the plots for all 12 cases. There are some differences,
however, which are discernible in the intergrated mass flow
rate values tabulated in Table 2.

.Figures 7 and 8 present the left- -running Mach line pattern in
the xy plane for the supersonic flowfields for cases 1 (no swirl)
and 6 (yw=250 ft?/s). The left-running Mach lines
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emanating from the plug surface in these figures are ter-
minated at the right-running Mach line emanating from the
end of the cowl. Comparison of Figs. 7 and 8 shows that the
Mach lines are steeper for the flowfield with swirl. This is due
in part to the fact that the Mach lines are based on the pro-
jected Mach number for the swirling flow.

Fig. 4 Typical left-rumiing Mach lines for supersonic annular swirl-
ing flow.

COMBUSTOR

MACH .
NUMBER 05

FLOW

PLUG

v

Fig. 6 Transonic Mach number distribution for case 7.

Table 1 Scope of the parametric study

Case Swirtl yw, T, Approximate swirl numbers

No. ft2/s °R Sg Sc Sp Sg
1 0 2500 . 0.00 0.00 0.00 0.000
2 50 2500 0.24 0.36 0.14 0.047
3 100 2500 0.48 0.73 028 . 0.094
4 150 2500 0.72 1.09 0.42 7 0.141
5 200 2500 0.96 1.45 0.56 0.188
6 250 2500 1.20 1.82 0.71 0.235
7 0 3500 . 0.00 0.00 0.00 0.000
8 50 . 3500 0.29 . 0.43 0.12 0.039
9 100 3500 0.57 0.86 0.24 0.079
10 150 3500 0.86 1.30 - 0.36 0.118
11 200 3500 1.14 1.73 0.48 0.158
12 250 3500 1.43 2.16 0.60 0.197




MARCH-APRIL

1

Figure 9 is a comparison of the static pressure distributions

on-the plug for cases 1 and 6. There is a substantial pressure

decrease on the plug due to the effects of swirl. The pressure
distributions for the intermediate values of swirl lie between
the results of cases 1 and 6 in a very orderly fashion.

Figure 10 presents the pressure distributions on the cowl for
cases 1 and 6. The pressure distributions on the cowl surface
are almost indistinguishable for all swirl values. However,
there are some differences in the integrated thrust values
tabulated in Table 3. Because the projected cowl area is large,
a small pressure difference produces distinguishable -dif-
ferences in the integrated thrust values. ’

Table 2 summarizes the mass flow rates, discharge coeffi-
cients, and specific impulses for the 12 cases studied. The
reference (one-dimensional) mass flow rate is 21.984 Ibm/s for
cases 1 to 6, and 18.580 Ibm/s for cases 7 to 12. Mass flow
rates were determined by integrating across the initial-value
line obtained from the SNAP analysis. The zero swirl
discharge coefficient (0.9776) reflects the two-dimensional
nature of the flowfield and is a function of the transonic
geometry. The discharge coefficients are plotted in Fig. 11.
The values decrease with increasing swirl in a smooth, consis-
tent manner and indicate consistency in the initial-value data
obtained from the SNAP analysis. Figure 12 is a plot of the
‘vacuum specific impulses as a function of swirl. The figure il-
lustrates that there is a real loss of performance due to the ef-
fects of swirl, and that the loss is nonlinear, becoming much
more severe as the swirl increases.

The individual thrust contributions from the initial-value
line, cowl, plug, and base (illustrated in Fig. 2) are tabulated in
Table 3. The thrust values are computed from tlie method of
characteristics analysis and all values are referenced to zero
ambient pressure. . :

For case 3 yw= 100 ft2/s), the swirl number at station B is
0.48, which is representative of a typical situation. For that
value of swirl, the effect of swirl, as ascertained from Table 3,
is‘not very significant. The mass flow rate is reduced by about
0.66% (see Table 2), the thrust across the initial-value line is
decreased by 0.77%, and the overall thrust is reduced by about
0.82%. The thrust reduction dué to pressure forces on the
cowl is very small, but the reduction in thrust on the plug is
more significant. The effect of swirl is to produce a positive
radial pressure gradient so that the cowl pressures are ‘in-
creased and the plug pressures are decreased due to the swirl
alone.’ ' . o

For the higher values of swirl (case 6, yw=250 ft2/s), the
decreases in thrust are larger in all categories. The effects are
nonlinear, so that increasing the swirl from yw=200 to 250
ft2/s has a much greater effect than increasing from yw=0to
50 ft2/s. o

The following observations for free vortex swirlers in an-
nular nozzles can be made from the results obtained in this
study. C
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Fig. 7 Left-running Mach lines for case 1.
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1) The data are extremely consistent, giving a high degree of
confidence in the trends. The thrust values for cases 1 and 7
are essentially identical. This is, of course, what one would
hope, since changing the stagnation temperature-does not af-
fect the absolute thrust values. However, the initial-value line
calculated by the SNAP code might be expected to be
somewhat different, since the flow speeds and permissible
time steps for those calculations are different. This result gives
confidence in the consistency of the results.

2) For those applications for which yw< 100 ft2/s, the ef-
fect of swirl on the mass flow rate, thrust values, and specific
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Fig. 8 Left-running Mach lines for case 6.
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Fig. 9 Pressure distributions on the plug for cases 1 and 6.

Table 2 Comparison of mass flow rate and specific impulse

Case Swirl yw, To» Mass flow, Isp’
No. ft2/s °R Ibm/s Cp  Ibf-s/Ibm
1 0 2500 21.491 0.9776 141.614 °
2 50 2500 21.456 0.9760 141.555
3 100 2500 21.350 0.9712 141.385
4 150 2500 21.173 0.9631 141.115.
5 200 2500 20.929 0.9520 140.728
6 250 2500 20.611 0.9375 140.255
7 0 3500 18.163 0.9776 167.562
8 50 3500 18.142 0.9764 167.511
9 100 3500 18.078 0.9730 167.367
10 150 3500 17.971 0.9672 167.135
11 200 3500 17.823 0.9593 166.806
12 250 3500 - 17.633 0.9490 166.399
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Table 3 Comparison of thrust values
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167]
£
a
~ -
P 166
®
5 2
i
-

1 !
o] 50 100
yw,

1
150
ft2/sec

1
200 250

Thrust, 1bf
Case
No. Fryr Cowl Plug Base Total
1 2582.08 298.25 155.34 7.76 3043.43
2 2577.11 298.01 15444 - 7.64 3037.20
3 2562.23 297.30 151.75 ~7.30 3018.58
4 2537.58 296.10 147.38 6.76 2987.82
5 2503.38 294.40 141.47 6.04 2945.29
6 2459.43 291.70 134.49 5.18 2890.80
7 2582.08  298.25 155.34 7.76 3043.43
8 2578.53 298.08 154.70 7.68 3038.99
9 2567.89 297.57 152.77 7.43 3025.66
10 2550.23 296.71 149.61 7.04 3003.59
11 2525.67 295.51 145.30 6.51 2972.99
12 2494.37 293.94 139.94 5.86 2934.11
4
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Fig. 10 Pressure distributions on the cowl for cases 1 and 6.
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Fig. 11 Discharge coefficients.

impulse is small and probably can be ignored in prehmma,ry
design and overall performance considerations.

3) At higher values of swirl, the overall thrust is degraded
significantly by the effects of swirl. In some cases, a part of
the thrust degradation can be compensated for in the design by
increasing the throat aréa to compensate for the decreased
mass flow rate. When geometric constraints restrict the nozzle
exit area, such a design change may not produce the desired
overall result. In any case, there is a real loss in specific im-
pulse for high swirl flows that cannot be recovered.

Fig. 12 Vacuum specific impulses.

4) When the cowl and plug surfaces are contoured to op-
timize the nozzle performance as, for example, in Ref. 9, the
optimum contour will be affected by the presence of swirl in
the flowfield.

Conclusions

An  analytical performance predrctlon methodology for
analyzing the effects of swirl in annular propulswe nozzles has
been developed. Computed results for a series of swirl inten- -
sities for free vortex swirlers are extremely consistent and in-
dicate a high degree of reliability in the results. The presence
of swirl decreases the discharge coefficient, thrust, and
vacuum specific impulse of a nozzle. For values of swirl often
encountered in ramjet and turbojet applications, the effect of
swirl on the nozzle performance is stnall, and probably can be
neglected in preliminary design and performance calculations.
Experimental verification of the results is needed. Application
of the methodology to other than free vortex swirlers is
needed.
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