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Stability of a Compressible Axisymmetric Swirling Jet

Mehdi R. Khorrami*
High Technology Corporation, Hampton, Virginia 23666

Temporal linear stability of a compressible swirling axisymmetric jet is considered. It is found that with the
addition of a modest amount of swirl, instability growth rates are substantially increased. Additionally, rotating
jets are found to be highly unstable for disturbances with high azimuthal wave numbers. Such disturbances are
absent for the case of nonswirling jets. Most importantly, it is found that the stabilizing influence of increasing
Mach number is diminished with the introduction of swirl to the jet flow.

Nomenclature
#0 = centerline speed of sound
C\ = constant
F = eigenfunction associated with disturbance radial

velocity
G = eigenfunction associated with disturbance azimuthal

velocity
H = eigenfunction associated with disturbance axial

velocity
K = constant, a measure of axial momentum flux
M = Mach number, WQ/OQ
N = number of Chebyshev polynomials
n = azimuthal wave number
P = pressure eigenfunction
Pr = Prandtl number
p = pressure
q = swirl ratio, ratio of maximum azimuthal velocity to

maximum axial velocity
Re = Reynolds number, po^o^o/M
r = radial coordinate
rc = critical layer position
TO = characteristic length scale
T = temperature eigenfunction
f = temperature
t = time
U = mean radial velocity
V = mean azimuthal velocity
vr,v0,vz = three components of velocity in cylindrical

coordinates
W = mean axial velocity
WQ = maximum mean axial velocity
y = eigenfunction vector
z = axial coordinate
ZQ = some reference axial location
a = axial wave number
ft = ratio of farfield temperature to centerline temperature
F = circulation
y = ratio of specific heats
8 = density eigenfunction
r) - mean temperature
rjQ = centerline temperature
7700 = farfield temperature
0 = azimuthal coordinate
K = thermal conductivity
A. = bulk coefficient of viscosity
fji = dynamic viscosity
v = kinematic viscosity
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n = mean pressure
p = mean density
p - density
Po = centerline density
a = constant related to the swirl ratio as defined in

Eq.(ll)
0o = jet-spreading angle
co = perturbation complex angular frequency
o)i = imaginary part of frequency or perturbation growth

rate
o)r = real part of frequency

I. Introduction

E FFICIENTmixing of air and fuel at high speeds is one of the
central issues in designing supersonic combustion chambers.

Inherent in these combustors are free shear layers which form as fuel
is injected into the freestream. However, mixing in these shear layers
is hampered because of the short residence time of flow molecules,
due to the finite length of the chamber and the high flow speeds
involved. Furthermore, it is well known that the growth rate of a shear
layer is reduced substantially as Mach number increases.1-2 Thus, the
goal of much current supersonic combustion research is to enhance
fuel/air mixing by altering shear-layer spreading rates in someway.
A common strategy is to employ streamwise vortices or swirl.

Recently, in a series of experiments conducted at NASA Langley
Research Center, Northam3 and co-workers found that the addi-
tion of modest amounts of swirl to a generic combustor flowfield
increased the entrainment rate of shear layers. Similarly, Taghavi
et al.4 found that both excited and unexcited swirling turbulent jets
(at low subsonic Mach numbers) have higher spreading rates than
a swirl-free jet. The few experiments available suggest that addi-
tion of swirl may significantly alter the underlying dynamics and
developments of free shear layers. However, stability analysis for
compressible swirling flows is lacking. Such analysis is needed to
confirm the trends observed by experimenters and to identify some
of the fundamental underlying physical mechanisms involved in
these flows. Better understanding of the stability characteristics of
compressible mixing layer is essential for optimizing control tech-
niques. Therefore, as a model flow, the stability of a compressible
swirling jet is considered.

Although the stability of axisymmetric compressible jets has re-
ceived much attention in the past,5 analyses for the rotating jet are
almost nonexistent. To the author's knowledge, the recent paper of
Coleman6 is the only work on this subject. By superposing a Rankine
vortex on a top-hat jet velocity field, Coleman analyzed the stability
of the combined flow in the context of astrophysical phenomena. He
found, for a wide range of Mach numbers, that the addition of swirl
stabilizes the asymmetric instability modes with positive azimuthal
wave number n and greatly reduces the growth rate of both the ax-
isymmetric modes and the asymmetric modes with negative n. This
stabilizing influence of rotation predicted by his analysis contradicts
the experimentally observed trend. However, the mean flowfield em-
ployed by Coleman is neither a true vortex nor does it represent a
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swirling jet accurately. Therefore, it is very difficult to compare his
results with experiments or to draw any general conclusions. Con-
sequently, a more detailed study with a more realistic flowfield is
needed to understand the stability characteristics of compressible
swirling jets.

The objectives of the present study are to understand the effects
of rotation on the stability characteristics of a compressible jet and
to explore the influence of compressibility (due to Mach number)
on the stability of swirling flows. The analysis presented here is
restricted to small rates of swirl relative to the jet velocity, which
is appropriate for supersonic combustion chambers in which one
must obtain the maximum amount of thrust from the fuel injec-
tors. (High rotational speeds require energy expenditure without
contributing additional thrust, whereas modest rates of swirl can be
used to enhance mixing without significantly additional expenditure
of energy.)

II. Formulation of the Stability Problem
In this section the linearized governing equations for variable

property flows are derived. The equations are written for an arbitrary
parallel mean flow. The waveform of the superposed disturbances
as well as the numerical scheme employed to perform the tempo-
ral linear stability analysis are given. In the following section the
parallel mean flowfield for a compressible swirling jet is outlined.

Cylindrical polar coordinates (r, 9,1} are employed. In this co-
ordinate system, vr,v#,vz,p,f, and p represent the three compo-
nents of velocity, pressure, temperature, and density, respectively.
Each flow variable is assumed to consist of a mean part and in-
finitesimally small perturbations. Utilizing normal-mode analysis,
the perturbations are Fourier decomposed. The flow variables then
are written

If |n | > 1,

U(r)
V(r)
W(r)
U(r)
ij(r)
P(r)

F(r)
G(r)
H(r)

T(r)

i(az+nd—a)t) (1)

where a and n are the axial and azimuthal wave numbers, respec-
tively, and co the angular frequency. Substituting Eq. (1) into the
Navier-Stokes equations for variable properties flow and neglect-
ing second-order terms in the perturbations, the linearized governing
equations in terms of the perturbation eigenfunctions are obtained.
For a parallel flow, these equations are given in the Appendix. Note
that the equation of state for an ideal gas was used to eliminate den-
sity perturbations. Furthermore, perturbations in the flow properties
are related to temperature perturbations via the assumed functional
form of viscosity and thermal conductivity.

The governing equations, presented in a laboratory frame of ref-
erence, are normalized with respect to the jet centerline values and
a characteristic length scale TO to be defined later.

For a well-posed problem, the set of governing equations needs
eight boundary conditions. At the far-field boundary, the distur-
bances are forced to approach zero. That is,

F(oo) = G(oo) = # (oo) = 7(oo) = 0 (2)

as r —> oo. The conditions on the centerline are dependent on the
azimuthal wave number. For single valued and smooth solutions,
the following boundary conditions are required at r = 0:

If n = 0,
F(0) = G(0) = 0

(3a)
dr dr

F(0)±iG(0) =0

H(O) - 7(0) = 0

(3b)

F(0) = G(0) = 0

//(0) = 7(0) = 0
(3c)

The governing equations, given in the Appendix, along with re-
lations (2) and (3) constitute a generalized eigenvalue problem and
is solved numerically. For a temporal solution (which is intended
here), ot is real and co = cor + /&>/. Depending on the sign of o>/, the
perturbations are either growing or decaying in time.

The governing equations are discretized using a staggered
Chebyshev spectral collocation technique. The method has proven
to be robust and very efficient.7"9 The value of rmax, the nondimen-
sional radial position where outer boundary conditions are applied,
was varied between 50 and 200. Computations revealed that for rmax
greater than 80, the results are virtually independent of the truncated
domain. Therefore, the far-field boundary conditions are enforced
at rmax = 100.

The resulting discretized system is arranged in the form

Dy = coEy (4)

D and £, the coefficient matrices, are of the O(5N) where N is the
number of Chebyshev polynomials employed. The eigenvector .y is
represented as

y= « (5)

The eigenvalue co is then obtained using IMSL QZ routine. Through-
out this study, the number of polynomials was in the range 80 <
N < 100 to ensure five or six significant figure accuracy.

III. Mean Flowfield
The velocity profile employed in this study is the similarity

solution for an axisymmetric incompressible jet with weak swirl
obtained by Gortler10 and independently by Loitsyanskii.11 For ax-
isymmetric nonswirling compressible jets, Krzywoblocki12 found
the velocity profile does not deviate significantly from the incom-
pressible case up to low supersonic Mach numbers. Therefore, it
is assumed here that the addition of weak swirl does not alter the
conclusion of Krzywoblocki12 and the velocity profile obtained by
Gortler10 can be employed in a compressible regime.

Gortler's10 zeroth-order solution of a swirling jet is as follows:
Mean radial velocity

Mean azimuthal velocity

V =

Mean axial velocity

W* =

2r*/r0

(6a)

(6b)

(6c)

where the * denotes the dimensional quantity, K is proportional to
the streamwise momentum flux 2n fQ p*W*2r* dr*, and z0 is an
arbitrary location at which the initial swirl distribution is specified.
Ci is a constant which according to Gortler10 is obtained from the
specified swirl distribution at ZQ regardless of the strength or weak-
ness of the distribution. On the other hand, Loitsyanskii11 obtained
C\ from the principal moment of momentum with respect to the
jet axis. However, it can be shown that the two definitions are inter-
related. The length scale r0 = z tan 00 is a measure of jet spread, and
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0o ^ tan"1 2IK is the spreading angle for K large (00 small). Fol-
lowing Batchelor and Gill13 and Lessen and Singh,14 the velocities
are normalized with the maximum axial velocity, given by

WQ = 2K2V/Z

The swirling jet velocity profiles then become

(7)

V =

K (1+r2)2

iz r
K2vz(l+r2)2

W = !/(! + r2)2

(8)

The flow Reynolds number is then WQrQ/v = 4K for large K,
Flows of practical interest have very high Reynolds numbers,

for which it can be shown13'14 that U/W <$C 1. Furthermore, the
characteristic quantities r0 and WQ do not change significantly over
one wavelength of the disturbances. Therefore, the flow is assumed
to be locally parallel, which results in

Moreover, the azimuthal velocity is written as

V = ar/(l+r2)2

(9)

(10)

where a = C\z^/K2vz can be viewed as a measure of mean flow
angularity. However, for incompressible flows it is known15 that the
stability of swirling flows is dependent on the swirl ratio q. Since
maximum axial velocity is unity, the swirl ratio then is a measure of
the amount of rotation imparted to the jet as a percentage of axial
flow. For the profile given by Eq. (10), q is related to a via

q = 0.32475cr (11)

In regard to the similarity solution (6) or (8) and (10) several impor-
tant points need to be emphasized. First, owing to the three dimen-
sionality and curvature effects of the mean flow, no transformation
of the Dorodnitsyn-Howarth type16 can be devised to obtain the
compressible counterpart of Eq. (6). Second, although Mayer and
Powell17 have recently obtained a similarity solution for a certain
class of compressible leading-edge vortices, these solutions are quite
dissimilar to the swirling jet profile employed in this study. Most
notably, from Eq. (10) the circulation for the rotating jet (which is
a measure of the angular momentum present) is given by

Y = rV = ar2/(\+r2)2

At the far field, the circulation behaves like

T ~ 1/r2

which shows the angular momentum is finite and at the same time
F is not a monotonic function of the radial coordinate. In contrast,
a single isolated line vortex has an infinite angular momentum, and
F is a monotonic function of r. Thus, we suspect a free vortex and a
rotating jet have different stability characteristics. The predominant
reason for choosing profile (6) as opposed to a vortex was that profile
(6) was a better match to the experimentally measured profiles of
Taghavi et al.4 and Panda and McLaughlin.18 Although, as remarked
at the beginning of this section, for low to moderate Mach numbers,
the compressibility effect on the mean velocity profile is assumed
to be negligible. The previously presented assumption eventually
must be substantiated experimentally.

Returning to Eq. (10), for sufficiently weak swirl (q < 0.1 or
when Vmax is an order of magnitude less than Wmax), the mean flow
has a negligible radial pressure gradient. That is,

dU
_
3r (12)

This condition is an essential requirement both to justify utilizing the
mean flow given by Eqs. (8) and to determine the radial temperature
distribution (shown subsequently).

For such weak swirl, temperature is assumed to be function of
axial velocity only. Taking Pr = 1, the radial profile of temperature
is obtained via Crocco's relation. It should be emphasized here that
the case of Pr = 1 is a special one, and in reality the thermodynamic
variables could be strongly dependent on the Prandtl number19

which in turn may alter the disturbance's growth rate. Unfortu-
nately, our understanding of this dependency for three-dimensional
swirling flows is totally lacking and, therefore, we restrict ourselves
to this special case in the present study. The temperature profile is
given by

rj(r) = - l)M2[W(l - W)/2] (13)

with

where rjQ is the centerline temperature. Throughout this study, ft is
taken to be one since computations showed the results to be almost
independent of this parameter for 0.7 < ft < 1.3. Utilizing Eq. (13)
the mean density is then obtained via

p ( r ) = l/rt(r) (14)

From Eq. (13) and for ft « 1 some bound on the variation of mean
temperature and density across the jet can be given. The temperature
scales with M2 and may be represented as

ri(r)

where the function

g(W) = W-W2

This function has a maximum at W — 0.5 with

Thus,

g(0.5) - 0.25

1 + 0.05 M2

which indicates for M < 1.4 the temperature and, hence, density
variations are less than 10%.

IV. Results and Discussions
Although the code is written for a flow with variable prop-

erties, for the range of Mach number considered in this study
(M - 0-1.4) constant properties and A. = — 2/3 jj, are assumed.
Even though supersonic combustors operate at much higher M,
the present study made a conscious choice to isolate the effects of
compressibility on rotation and to not be concerned about the addi-
tional variables (K, /z, etc.). The case of higher Mach numbers (and
variable properties) is left for a follow-on study. As a test case (to
validate the code), in the limit of M & 0 and q = 0, the stability
of an incompressible nonswirling axisymmetric jet was considered.
These computations produced identical results to those presented
by Lessen and Singh.14

Owing to the multidimensional parameter space involved
(Re, M,q,a, etc.), for the problem to be tractable, some restriction
on the values of these parameters is warranted. As explained earlier,
q is confined to <0.1 and 0 < M < 1.4. The swirl ratios in this study
are selected to be close to the experimental value extracted from the
fully developed profile of Taghavi et al.4 Furthermore, since jet in-
stabilities are inviscid in nature and preliminary results indicated
that for Re > 900 the growth rate of disturbances approach their
inviscid values very rapidly, most of the computations presented in
this work are for Re = 103.

The mean velocity profile employed in the present study is shown
in Fig. 1 for a swirl ratio q = 0.04. It is well known13'14 that a fully
developed axisymmetric nonrotating jet is only unstable to three-
dimensional disturbances having azimuthal wave numbers n = ± 1.
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Fig. 1 Mean velocity profile for an axisymmetric rotating jet; —, W
and - - - -, V.
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Fig. 2 Effect of adding swirl on the n = I instability with M = 0 and
Re = 103;—, u>r and - - - -, u;,-.

Figure 2 shows the effect of introducing swirl on the n = I modes
for M % 0 and Re = 103. With the addition of only 2% swirl
(q = 0.02), the growth rate of disturbance a>/ is greatly diminished.
Increasing the swirl further stabilized the flow and resulted in a fully
damped mode. Thus, the addition of swirl stabilizes the disturbances
with positive azimuthal wave number, in agreement with Coleman.6
However, the situation for n < 0 modes proved to be quite different.
The variation of the growth rate of the n = — 1 mode with axial wave
number for q = 0, Re — 103, and three different Mach numbers
is shown in Fig. 3. The significant damping effect of higher Mach
numbers (as reported by many previous investigators) is clearly
demonstrated in this figure. Note the maximum a)/ for the M % 0
curve since it will be the reference value for comparing the growth
rates associated with the rotating jets.

Figure 4 displays the effect of adding 4% swirl (q = 0.04) on
the n = —1 disturbances for identical conditions to the previous
figure. The growth rate curves show a three- to six-fold increase
over the no-swirl results shown in Fig. 3. At the same time, there is
a broadening of the region of instability in the axial wave number
space (a). The general damping trend of higher M is also present
for a swirling jet, whereas the effect on the axial phase speed of
disturbances cor/a is negligible. However, it is clear that rotation
tends to decrease the percentage of drop in the maximum value of
o)i due to the increase in Mach number. Figure 5 displays the effect
of increasing swirl on the n = —1 mode for a = 0.8, M = 0.8, and
Re — 103. From this figure, as an example, it was determined that
with the addition of only 4% swirl, the growth rate of the n = — 1
disturbances is increased by more than 300%. Also note the presence
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Fig. 3 Effect of Mach number on the growth rate of n = —1 distur-
bances for a nonrotating jet (q = 0) with Re = 103.
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Fig. 4 Effect of Mach number on the n = — I disturbances for a swirling
jet (q = 0.04) with Re = 103; —, u;r and - - - -, u>,.
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Fig. 5 Effect of increasing swirl ratio on the n = —\ perturbations with
a = 0.8, M = 0.8, and Re = 103; —, ur and - - - -, u;,-.

of a second mode of instability as q is increased beyond 0.07. This is
an expected behavior for swirling flows.15 The computations were
stopped at q = 0.09 since, for larger swirl, the validity of the mean
flowfield employed becomes increasingly questionable. The influ-
ence of Reynolds number on the asymmetric n = — 1 mode is
shown in Fig. 6 for a = 0.7, q = 0.04, and M = 0.8. As the
Reynolds number is increased, cot increases and rapidly asymptotes
to its inviscid value. The effect of Mach number on this mode for
a = 0.8, q — 0.04, and Re = 103 is presented in Fig. 7. As men-
tioned earlier, for moderate values of M, the reduction in the growth
rate is slight.
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Fig. 7 Variation of the frequency vs Mach number for w = — 1 distur-
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Fig. 8 Radial distribution of different eigenfunction components asso-
ciated with n = — 1 mode for a rotating jet with a = 0.8, q = 0.04, M =

A better understanding of the structure of n = — 1 mode is gained
by examining the eigenfunctions. Remember that F, G, and H are
the radial, azimuthal, and axial component of velocity perturba-
tion whereas T and P represent temperature and pressure. The ra-
dial distribution of amplitude of different components of n = — 1
eigenfunction (for identical conditions as in previous figure) is pre-
sented in Fig. 8. The amplitudes are normalized by Hmax. The curves
indicate that most of the energy associated with the n = — 1 mode is
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Fig. 9 Variation of the frequency vs axial wave number for n = — 2
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Fig. 10 Effect of increasing swirl ratio on the n = — 2 perturbations
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Fig. 11 Influence of Reynolds number on n = — 2 perturbations with
a = 0.6, q = 0.06, and M = 0.8.

concentrated off the centerline at nondimensional radius r & 0.35.
The shape of the eigenfunctions did not change significantly with
Mach number except for magnitude of rmax which became larger as
M was increased.

The variation of complex frequency co with a for n — —2
modes is presented in Fig. 9. The computations were performed
for q = 0.06, M = 0.8, and Re = 103. Recall that a fully devel-
oped nonswirling axisymmetric jet is stable to such disturbances or
any other modes with higher azimuthal wave numbers. Figure 9
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Fig. 12 Variation of the frequency vs Mach number for n = — 2 distur-
bances with a = 0.5, q = 0.04, and Re = 103.
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Fig. 13 Variation of the frequency vs axial wave number for n = —3
disturbances with q = 0.06, M = 0.8, and Re = 103; —, uv and - - - -, a?,-.

depicts an instability with comparable growth rate to the n = — 1
modes (Fig. 4). Similarly, there are higher modes present. The effect
of higher swirl on this mode fora = 0.5, M = 0.8, and Re = 103 is
displayed in Fig. 10. The destabilizing influence of swirl is clearly
seen in the increasing growth rates of the perturbations. The influ-
ence of Reynolds number on n = —2 perturbations is shown in
Fig. 11. Unlike the asymmetric mode, the growth rate requires con-
siderably larger Re to acquire its inviscid value. The effect of Mach
number on n = —2 modes is shown in Fig. 12 for or = 0.5, q = 0.04,
and Re = 103. For the range of M considered, the stabilizing effect
due to compressibility is almost nonexistent for this disturbance.

The results for n = —3 perturbations are displayed in Figs. 13-
15 which show a nearly identical behavior to the n = —2 modes.
The variation of the first five azimuthal wave numbers with a at
Re = 103, M = 0.8, and q = 0.06 is shown in Fig. 16. No-
tice the severe damping effect of viscosity on the large \n\ modes.
Obviously, at low Reynolds numbers, the jet downstream devel-
opment is very much dominated by the n — — 1 disturbances. At a
Re = 104 (Fig. 17), although then = — 1 mode remains unchanged,
there is a significant increase in the growth rate of higher modes.
Thus at moderate and large Reynolds numbers, the jet development
is very much affected by the higher n modes. Furthermore, from
Figs. 16 and 17 as Re is increased the range of a where the n = —2
mode is unstable shrinks. This means that viscosity has both a sta-
bilizing and destabilizing influence on these inviscid disturbances.
Computations revealed that further increasing Re does not result
in a significantly higher peak growth rate for the modes shown
in Fig. 17. Finally, the n = — 5 eigenfunctions corresponding to
a = 1.0, Re = 104, M = 0.8, and q = 0.06 are displayed in Fig. 18.
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Fig. 14 Effect of increasing swirl ratio on the n - — 3 perturbations
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2.0

1.5

1.0

0.5

0.0

-0.5

0.20

0.16

0.12

co:

0.08

0.04

0.00
0.0 0.5 1.0 1.5 2.0 2.5 3.0

a
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The eigenfunctions are concentrated off the jet centerline at r ^ 0.5.
Based on the eigenfunction distribution, the question arises as to
whether these unstable disturbances are ring modes. To answer the
question, let

(15)

then according to the inviscid, incompressible analysis of Leibovich
and Stewartson20 and Duck,21 for large \n\, the criterion for the
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Fig. 18 Radial distribution of different eigenfunction component as-
sociated with n = —5 mode for a rotating jet with a - 1.0, q = 0.06, M =

existence of ring modes is given by

dA _ _ dW
"dr" ~ "^"dr""

d (V
—{ -
dr \r (16)

which presumably must be satisfied at some radial position rc. At a
first glance, the Eq. (16) condition cannot be satisfied by the mean
velocity profile employed in this study except at r = 0 and r = oo
which are irrelevant. However, notice that from Eqs. (8) and (10)

V/r = crW

and, therefore, Eq. (16) can be rewritten as
dW

(a + an)—- = 0 (17)
dr

Interestingly, this condition is met for all values of r if

a +an = Q or ot/n = —a (18)

and n < 0, even though there is no critical layer in the flowfield.
Relation (18) also represents the principal zero strain rate direction.
For large azimuthal wave numbers, this is the direction which rotat-
ing flows could accommodate unstable waves.20 Alternatively, one
may try to determine rc from the critical layer condition

Ar = aW + n(V/r) - cor = 0 (19)

where subscript r denotes the real part. For the present case, rear-
ranging Eq. (19) in the form

a)r = 0 (20)

Table 1 Variation of scaled wave number | a/n \ with azimuthal wave
number, flow parameters are identical to those specified in Fig. 17

\a/n\ \a/n\c

_1
-2
-3
-4
-5
-10d

0.1848
0.3695
0.5543
0.7390
0.9238
1.848

0.1848
0.1848
0.1848
0.1848
0.1848
0.1848

0.05
0.32
0.51
0.70
0.89
1.835

0.05
0.16
0.17
0.175
0.178
0.1835

0.8
0.6
0.71
0.85
1.01
1.885

0.8
0.3
0.2367
0.2125
0.202
0.1885

aCorresponds to the inviscid criterion (18) with a - 0.1848.
Corresponds to the location of a)r - 0 in Fig. 17.

cCorresponds to the location of <w/max in Fig. 17.
These computations were not presented in Fig. 17.

it becomes clear that depending on the values of a, n, and a)r there
may exist an rc where relation (20) is satisfied. For the specific case
of Eq. (18) one must then concurrently have

=0 (21)

which once again does not reveal any information regarding rc.
Based on the computed results (Fig. 17), it was determined that for
the unstable modes, both conditions (18) and (21) were satisfied. The
results are tabulated in Table 1 which shows a comparison between
different values of axial wave number corresponding to the theoreti-
cal criterion (18), cor = 0, and &>/max. Note that as \n \ is increased the
scaled wave numbers \a/n\ corresponding to o)r = 0 and &>,max ap-
proach the theoretical value a from below and above, respectively,
even though the compressibility effects were completely ignored.
Although Table 1 proves the usefulness of condition (18), it nev-
ertheless remains unclear at this time as to whether these unstable
modes can be termed ring modes.

The disappearance of Mach number effect for n < — 1 modes
is a puzzling behavior which is contrary to the trends obtained for
disturbances of two-dimensional as well as axisymmetric free shear
layers. Although addition of swirl does show promise for mixing
enhancement, more extensive studies are needed to fully understand
the effect of rotation on the stability characteristics of a compressible
shear layer.

The present study is incomplete in two respects. First, the fully
developed mean flow employed precludes analysis of axisymmetric
disturbances in a rotating jet. Such disturbances are an integral part
of jet development in its initial stages. Therefore, the stability of
near-field profiles needs to be considered. Second, the neglected
nonparallel effect may play an important role in jet instability. Both
of these areas are currently under investigation and will be reported
in the future.

V. Conclusions
Temporal linear stability of a compressible swirling axisymmetric

jet was considered. The analysis is valid for weak swirl and parallel
mean flow. For the range of Mach number (0 < M < 1.4) consid-
ered, the flow is assumed to have constant properties. Based on the
numerical computations, the following conclusions can be drawn.

1) In the linear regime, the growth rate of n = —1 disturbances
is substantially increased with the addition of swirl.

2) Disturbances with higher negative azimuthal wave numbers
than n = — 1 become highly unstable. Such perturbations are stable
for a fully developed nonswirling jet.

3) The stabilizing influence of higher Mach numbers is greatly
diminished with the introduction of swirl to the jet flow.

Appendix
Continuity:

dF f 1 dO I d ] ll f i / i l
— + — -5----T + - K + —dr n dr ri dr r r

L. ' _J l_ _J

"^1^ r i^n_i^ — \G
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in V 1 /dt/ f/— --(_ + -
rry r)\dr r

icol_ r = or) J

r momentum:
f | A"|d2F
\_ M j dr2

[ RepU [ 1 |

dr

dr,)

.
dr L

iaRepW j2_cUdry _ J_ / A,\ _ n2 _ 21
Mr dry dr r2\ p.) r2 J

r^
\_r M / dr dr

J d r

[_2d//,d£7 J_d^/d£/ ^\]dT
/x d?7 dr /^ d/7 y dr r y J dr

2_dVdb7df/ 2_dMd^/ l^Ad^/dt/ C/\
/i d/72 dr dr /x d^ dr2 />6 dr;2 dr y dr r J

J _ d A . / d 2 f / _ C 7 l^df/ \ ^^ /^I^_Z
/x dry y dr2 r r dr J jj, drj \^r dr r

_

Rep ( dU V2 \ iot dfji dW
jjirj \ dr r J M dry dr

M dry yr dr r2

0 momentum:

dr

^l^ZCrzi /7 d2^ [" 1 dM dry
r M dry dr J dr2 I M dry dr

ficoRep inRepV iaRepW RepU+ [~ir ~ ~^~ ~ ~^~ ~ ~i^~

r /x dry dr

l]dG
+ r jd7

dr r

dry y dr r / dr
^^ + vv_\
V dr r /
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Energy equation:
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