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Swirling Flows between Coaxial Cylinders
- with Injection by Radial Jets

J.D. McLean* and E.H. Dowellt
Princeton University, Princeton, N.J.

An experimental program has been carried out to investigate a class of flows which is of interest with regard to
the aeroelastic flutter of flexible cylinders. The flowfield of interest is the swirling flow between two concentric
cylinders, of which the inner one is stationary and the outer one rotates. Air is admitted into the annulus between
the cylinders through inlets in the wall of the rotating outer cylinder near one end of the apparatus and is
exhausted through an annular outlet surrounding the inner cylinder near the other end. Measurements of the
resulting flowfield have been made for a wide range of flow rates, outer cylinder rotational speeds, and inlet
geometries. Approximate scaling laws for the velocity field have been developed, ard dimensionless parameters
have been defined which correlate the effects of the various inlet conditions which were tested.

Nomenclature
=cross-sectional area of annulus
=total cross-sectional area of inlets
=internal diameter of inlet tubes
=inner cylinder structural frequency
=length of inlet tubes
=mass flow, lbm/sec
=dimensionless momentum flux quantity, Eq. (4)
=number of inlets
D, D, =static pressure, pitot pressure
=radius from cylinder axis
=radius of inner cylinder (outside)
=radius of outer cylinder (inside)
=dimensionless radius =(r-R;)/(R, —R;)
=dimensionless ‘‘residence time’* quantity, Eq. (5)
=average axial velocity in the annulus =#1/pA4 ,,
=magnitude of fluid velocity
=average radial velocity in inlets =#1/pA4 ,
=tangential component of fluid velocity
=axial component of fluid velocity
=axial coordinate
=yaw angle
=pitot pressure referenced to the static pressure at the
inner cylinder =p,-p(R;)
=V,r, circulation
=wR?, (ideal) circulation at outer cylinder
=angular velocity of outer cylinder
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1. Introduction

HE aeroelastic stability of cylindrical shells has been

the subject of numerous investigations. Most of this ef-
fort has been concentrated on the problem of a cylindrical
shell exposed to an external or internal fluid flow in the axial
direction. However, another type of flow, in which the
primary fluid motion is circumferential rather than axial, is
important in some applications. For example, jet engines of
dual-spool configuration produce swirling flows between
rotating parts. Reported here are the results of an ex-
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perimental investigation of a type of swirling flowfield which
is effective in inducing flutter of cylindrical shell structures. A
drawing of the experimental apparatus, which was designed to
model the essential flowfield features occurring in one prac-
tical application, is shown in Fig. 1. The basic configuration
consists of two coaxial cylindrical shells in which the inner
cylinder is fixed and the outer cylinder rotates at high speed.
Air is drawn in radially through several inlet holes or tubes
around the circumference near one end of the outer cylinder
and is exhausted at the other end through a central outlet
surrounding the inner cylinder. The flow which is responsible
for the flutter problem occurs in the annular region between
the cylinders. Some combinations of inlet geometry and inlet
flow rate can produce a vortex-like flowfield with large
tangential velocities, which can be quite effective in inducing
the flutter of a flexible inner cylinder.

This type of flutter belongs to a broad class of problems
usually grouped under the name “‘panel flutter,”” or more for-
mally, the ‘‘aeroelastic stability of plates and shells’’ (see Ref.
1 for a review of the literature). The basic physical
phenomenon is the dynamic aeroelastic instability of a thin
plate or shell structure due to the mutual interaction of the
structural motion and the surrounding fluid flow. Flutter oc-
curs when the mean flow velocity exceeds a critical value,
known as the flutter velocity. The unusual feature of the
present problem is the nature of the flowfield. The structure is
conventional, a cylindrical shell, and the flutter of such struc-
tures has already been studied when the basic flow fluid is one
of uniform velocity along the cylinder axis. However, in the
present problem the flow is of a swirling, circumferential
type, induced by the rotation of the outer cylinder.

In the first theoretical analysis of this flutter problem by
Srinivasan,?® the simplifying assumption of a potential model
for the flowfield was made, which is conventional in
aeroelastic work. The results of subsequent experimental
work*6 showed that the quantitative accuracy of the potential
flow theory was only fair and that a more general theoretical
model, making use of a more detailed knowledge of the
flowfield, would be required for accurate predictions of flut-
ter behavior. The theoretical model was, therefore, extended
by David and Srinivasan’ to accept an arbitrary mean velocity
profile as an input, and the experimental program described
in the present paper was undertaken to provide the necessary
detailed knowledge of the flowfield over a wide range of
operating conditions.

The unique feature of the swirling flows investigated here is
the manner in which the fluid enters the annulus. The flow
through the inlets results in a mean radial flow in the region of
the annulus immediately under the inlets. The effects of mean
radial flow have been dealt with in the work of other in-
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Fig. 2 Sketch illustrating velocity profile types: a) observed by
Taylor (no radial flow); b) vortex-like flow produced by radial jets.

vestigators, but there are important distinctions to be made
between the various ways in which radial flow can be in-
troduced. Flows reported thus far in the literature represent
two basic types of injection: Injection through a rotating
porous outer cylinder, as in flows investigated by Pengelleys
and Farris et al.,® or injection through tangential blowing jets
in a stationary outer cylinder, as investigated by Donaldson
and Snedeker!® and Kendall.!'! In the present experimental
apparatus the flow is introduced radially through small,
discrete nozzles, forming radial jets of considerable intensity.
The flux of radial momentum that these jets represent and the
turbulence that they generate have important effects on the
momentum transfer and the velocity profiles in the entire an-
nulus. Such effects of inwardly directed radial jets in initiating
a swirling flow have not been investigated previously, to the
authors’ knowledge.

Physical Nature of the Flowfield

Referring again to Fig. 1, three factors are expected to
determine the flowfield in the annulus: the outer cylinder
angular velocity w, the detailed configuration of the inlets in
the outer cylinder, and the flow rate through the inlets.
Several inlet configurations were tested, varying both the
number of inlets and their detailed geometry. Flow rates
through the inlets were relatively small, so that the average
axial velocity in the annulus downstream was considerably
smaller than the tangential velocity of the outer cylinder, and
as a result, the tangential component of velocity was the
dominant one throughout most of the region of interest. The
peripheral speeds of the outer cylinder (<200 fps) insured
that the flow everywhere could be characterized as essentially
incompressible.

In the process of establishing the velocity field in the entire
annulus, interactions which occur in the region immediately
under the inlets exert a dominant influence. In this region the
mean radial velocity and the turbulence produced by the inlet
jets have important effects on the momentum transfer and the
resulting tangential velocity profiles and, as a result of these
effects, the flow in the entire inlet region is jet-like in many of
its features.

A pertinent property of turbulent jets is the dominance of
the momentum flux as the primary quantity characterizing the
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mean velocity field. As a consequence, the radial momentum
flux of the flow through the inlets is an important physical
quantity characterizing the flow in the inlet region. Because
the structure of turbulent freejets is relatively independent of
Reynolds number, the mean velocity profiles produced by the
jets in the inlet region do not vary strongly with Reynolds
number. It follows from this jet-like behavior that the most
useful dimensionless quantities for characterizing the flow are
geometric and kinematic in nature rather than dynamic, and
that the various Reynolds numbers which can be defined for
the flow are of secondary importance. Thus, in terms of non-
dimensionalized velocity profiles, an approximate geometric
similarity can exist between flows for which the inlet geometry
and the appropriately nondimensionalized volume flow rate
through the system are the same. For many of the com-
binations tested, for example, the profile of V,/wR, was
found to be nearly universal for a given inlet geometry and a
given valueof U,,/wR ,.

The region downstream of the inlets is quite different from
the region directly under the inlets. This annular region be-
tween the inlets and the downstream exhaust port is charac-
terized by a moderately high axial length-to-gap ratio,
resulting, in small radial velocities and forcing the flow to
become quasi-cylindrical in nature. The resulting flow tends
to be nearly uniform in the axial direction as a result of the
balance between radial pressure gradient and centrifugal force
which must exist in flows dominated by swirl (see Green-
span!?).

Because this downstream region contains no mechanism
adequate to maintain the turbulence introduced by the inlet
jets, it seems reasonable to expect that the flow in this region
will be the result of a compromise between the aforemen-
tioned tendency to remain uniform in the axial direction and a
counteracting tendency to relax to a less energetic form. If the
through-flow and the resulting jets were not present, the flow
would assume the form observed by Taylor!3 between a
rotating outer cylinder and a stationary inner cylinder. In this
case the radial velocity gradient has a stabilizing effect on the
turbulence, and the effective viscosity remains relatively low.
The resulting tangential velocity profile is not much different
from the corresponding profile in laminar flow (see Fig. 2). In
the region of the inlets with the jets present, however, the jets
tend to produce tangential velocity profiles which are nearly
irrotational (like a potential vortex) except in a boundary-
layer-like region near the inner cylinder (see Fig. 2). The
detailed form of these profiles depends on the radial momen-
tum flux and the inlet geometry, both of which affect the
degree of tangential spin-up} achieved by the flow passing
through the inlets. Since fluid with the velocity distribution
produced by the inlet flow is convected downstream by the
mean axial flow (and because of the quasi-cylindrical nature
of the flow) the profiles produced in the inlet region tend to
persist, changing only slowly, for the entire length of the
downstream region.

I1. Experimental Measurements

The general dimensions of the rotating cylinder apparatus
are shown in Fig. 1. The outer cylinder drive system allows
close control of the rpm. The airflow through the system is
driven by an Allison supercharger, which permits up to 1
Ibm/sec mass flow. The supercharger exhausts into a settling
chamber, which in turn exhausts to the atmosphere through a
converging nozzle, the minimum area of which was carefully
measured. The dynamic pressure at the nozzle exit is
monitored to obtain the volume flow rate through the system.
The 8-in. o.d. thick-walled (¥4 in) inner cylinder was equipped
with six probe access ports at the locations shown.

Exploratory measurements with a rake of pitot-static
tubes' indicated that flows which had produced flutter

tSpin-up is a qualitative term indicating the magnitude and relative
variation of the tangential circulation, I'-T'/T";—1 for all r would be
termeéd complete spin-up.
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during the flutter tests usually possessed peaks in tangential
velocity near the inner cylinder. Because of this, subsequent
detailed surveys of the flowfield concentrated only on the in-
ner 3 in. of the annulus. A small pitot tube, flanked by two
bevel-tipped yaw tubes (Fig. 3), was traversed 'radially
through this region, beginning with the probe tip in contact
with the inner cylinder wall. The pressure difference between
the yaw tubes was monitored, and the yaw angle of the probe
was continuously varied so as to keep the probe tip aimed into
. the local flow at every point in the traverse. The procedure is
described in detail in Ref. 14. The reference pressure was
provided by a nearby static pressure tap in the inner cylinder.

The method of obtaining velocity profiles from pitot-tube
measurements is analogous to that used by Taylor!® and is
based on the approximate form of the radial momentum
equation which results from the quasi-cylindrical ap-
proximation.’® Near the inner cylinder of the present ap-
paratus the conditions of the approximation are satisfied,
with the exception of the region directly under the inlets. The
approximate momentum equation is

oV,2/r=0ap/or ¢))

The local velocity, pitot pressure, and static pressure are
assumed to be related by Bernoulli’s equation

pi—p="spV*=Yap(V, 2+ V.?) )
where ¥V, =V cos 8, and g is the local yaw angle. Combining
Eqgs. (1) and (2) and solving the resulting differential equation
yields the square of the velocity as a function of radius. If the

difference between the local pitot pressure and the static
pressure at the inner cylinder is 4, then

A=p,(r)-p(R;)

* and

V2(r)= 2 \:A(r) —ealy
) o

r 2 2 ’ i
S AG) cos é(r ) cotr )dr’] 3)
R; : r
where
r 2 ’
a(r)zg __~2cos é(r ) dr’
R; r
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Fig.3 Combination pitot-yaw probe used for detailed surveys.
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Table 1 Inlet geometry combinations

Type of port Number  Diameter  Length  Probe RPM
of ports station
Plain port 8 2 5/16” 2 900
3 900
4 900
External tube 4 1” 5/8” 3 900
External tube 8 1 5/8” 3 450
3 900
External tube 8 1” 2" 3 450
External tube 4 1” 47 3 450
External tube 8 1” 4" 2 450
2 900
3 450
3 900
4 450
4 900
External tube 2 2" 1va” 3 900
External tube 4 27 1" 3 900
External tube 8 27 1" 3 900
Internal tube 8 1” 2” 3 450
Internal tube 8 1” 4” 3 450

Thus, to obtain a velocity profile, the required data are the ex-
perimentally measured distributions 8fr) and Afr), where Afr)
must be measured with the probe aligned with the local flow.
A digital computer program was used to perform the in-
tegrations of Eq. (3) and to calculate profiles of tangential
and axial velocity.

Most of the measurements were made at station 3, some
measurements were made for two representative inlet
geometries at station 4, and a few measurements were made at
station 2. For each of the combinations of inlet geometry,
probe location, and rpm, measurements were usually made at
four different mass-flow rates. The combinations for which
detailed profiles were measured are listed in Table 1, and the
inlet nozzle geometries used are shown in Fig. 4.

HI. Discussion of Results

Measured velocity profiles for all of the previous com-
binations of conditions are presented in Ref. 14. In the flows
which produced flutter® the tangential velocity component
was by far the dominant one. Thus, only the tangential
velocity profiles will be discussed in detail here. Some notable
features of these profiles are:

1) For many combinations the velocity profiles display an
approximate similarity. Profiles measured at different
rotational speeds with the same inlet geometry and at the same
value of U,,/wR, generally fall close to a single curve (in-
dependent of w). The profiles for U,,/wR, =0.04 in Fig. 5 are
typical of the flows exhibiting this approximate similarity.
Deviations from similarity are greatest at low relative flow
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Fig. 4 Inlet configurations.
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Fig. 7 Profiles of I'/T, at station 3; 900 rpm for different iniet con-
figurations with Um/wR , = 0.04.

rates, where the jets have less influence in establishing the
profile and where Reynolds number is therefore more im-
portant (e.g., for U,,/wR, =0.01 in Fig. 5).

2) The changes in the profiles between the different axial
stations are small, especially between stations 3 and 4 (see Fig.
6).

3) With all inlet geometries other than the 2-in. diameter
ports, high relative flow rates produce vortex-like flows in
which the velocity increases toward the center, except in a
boundary-layer-like region surrounding the inner cylinder.

The degree to which the different flows are vortex-like can
be illustrated by plotting the dimensionless circulation I'/T',
=V,r/wRZ=Vr/wRZ. The profile of I'/T, in a potential vor-
tex would be constant with radius. Plots of T'/T', for typical
cases at a high relative flow rate are shown in Fig. 7. The
profile for the 8-2x5/16-in.% inlet configuration is not vor-
tex-like at all. In this case, the inlets are so short in the radial
direction that a high degree of spin-up is not achieved by the
air passing through the ports. The large inlet area results in a
relatively low radial momentum flux for a given mass-flow
rate, and the resulting turbulent mixing is not as strong as it
would be with smaller diameter ports. By way of contrast, the

§Hereafter, a shorthand notation is adopted for describing inlet
geometries. For example, the description ‘8 —1 x 4-in. inlets’’ refers
to the inlet configuration consisting of 8 tubes of 1-in. diameter and 4
in. length. Tubes are assumed to be external (Fig. 4a) unless described
otherwise.
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outer portion of the profile produced by the 8-1 X 4-in. inlet
configuration is quite vortex-like, I'/T', being nearly constant
at a value of 1.0. In this case, the long tubes result in almost
perfect spin-up, and the momentum flux is sufficient to
produce a nearly irrotational profile. The profile produced by
the 8-1x 5/8-in. configuration is also vortex-like, with I'/T",
nearly constant at around 0.7 in the outer portion. Here, the
shorter tubes result in less than perfect spin-up, but a vortex-
like profile is still produced.

These profiles illustrate the importance of two factors in
determining the form of the tangential velocity profile: 1) The
radial momentum flux at the inlets is important in deter-
mining the degree to which the profile is vortex-like
(irrotational) in its outer portion; 2) The length of the inlet
tubes is important in determining the degree of spin-up
achieved by the inlet flow. Dimensionless variables expressing
a quantitative measure of each of these factors can be defined,
and it has been found that an appropriate choice of such
variables can provide a useful approximate correlation of
some important features of the velocity profiles.

To characterize the radial momentum flux at the inlets, a
dimensionless momentum flux quantity M is defined

M=V32A,/0?RZA . =(U,/wR,)?A, /A, @
where V, is the radial velocity averaged over the cross-

sectional area of the inlets. To characterize the effect of the
inlet tube length in determining the degree of spin-up, the

velocity ¥V, and the length of the inlet tubes can be used to

define an average residence time of an air particle in the inlet
tube. The ratio of the average residence time to the time
required for the inlet tube to move one diameter tangentially
provides the definition of a dimensionless residence time

1= (UV,)/(d/oR,) =[(Ud)/ (Up,/0R,)(A,/Am) (5)

Certain important features of the tangential velocity profiles
have been found to correlate reasonably well with the quan-
tities M and #; and thus these two quantities may be used in
combination to provide an approximate prediction of the type
of flow which will result from a given inlet geometry and mass
flux. In flows possessing a peak in the velocity profile, the
maximum tangential velocity was also found to correlate well
with M and 7. This correlation of (V,max)/wR, with M and
is shown in Fig. 8, where values of (V,max)/ wR are given in
a log-log plot of ¢ vs M.{ Here particular inlet geometries
represent straight lines, since

t=td(A,/Au,) "M (6)

Equation (6) expresses the fact that  decreases as M increases
for a fixed inlet geometry. This decrease in the residence time
as M is increased provides a plausible explanation of why for
some inlet geometrles (those toward the bottom of F1g 8)
(V,max)wR, first increase and then decrease as M is in-
creased. .

The correlation of Fig. 8 is reasonably close. In places
where values for more than one case occupy the same (M, )
point on the plot, the scatter is generally considerably smaller
than the variation of (¥,max)/wR, over the whole plot. By
cross-plotting values from:Fig. 8, it was possible to construct
contours of approximately constant (V,max)/wR,, as shown
in Fig. 9.

The contours of Fig. 9 illustrate the unexpected result that
increasing the length of the inlet tubes (increasing 7) at a con-

{This correlation is intended to apply only to external tube con-
figurations, for which the bulk of the measurements were made. In-
ternal tube configurations were included in the plot by redefining R,
as the radial location of the inner ends of the inlet tubes, in effect
treating them as external tubes mounted in a smaller outer cylinder.
Even with this adjustment, it is not expected that the correlation will
work as well for internal tubes as it does for external tubes.
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Fig. 10 Tangential velocity profiles at station 3; 900 rpm for two
inlet configurations with the same 4,, and ¢/d.

stant value of M does not always produce a monotonic in-
crease in_(V,max)/wR,. At values of M below 0.013, in-
creasing ¢ first produces an increase in (V,max) and then a
decrease. The initial increase is due to the increased spin-up
achieved as the inlets are lengthened. But after the spin-up is
increased beyond a certain point, the momentum flux ap-
parently becomes increasingly inadequate to produce a vor-
tex-like profile at the higher velocity associated with the high
spin-up, and (¥, max) then decreases.

The correlation of Fig. 9 implies a rather simplified
physical picture in which the total cross-sectional area of the
inlets and their length to diameter ratio ¢/d determine the
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form of the velocity profile for a given U, /wR, regardless of
the number of inlets. In Fig. 10 profiles are compared for the
2-2 X 1V4-in. inlet configuration and the 8-1Xx5/8-in. con-
figuration, where both configurations have the same A4, and
¢/d. At given values of U, /wR,, the maximum velocities
produced by the two configurations are similar, but the
profiles are not identical. At U,,/wR,=0.01 the eight-inlet
configuration appears to produce more vigorous mixing, as
indicated by the higher peak velocity occurring closer to the
wall, but at U,,/wR,=0.02 and 0.04 the two inlet con-
figuration produces greater spin-up. )

In spite of the simplification it represents, the correlation of
Fig. 9 is close enough to provide approximate predictions of
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peak tangential velocities. The peak velocity by itself,
however, did not prove to be an accurate indicator of the
miminum outer cylinder speed required to produce flutter. As
the result of a search for a single feature of the velocity profile
which would correlate reasonably well with the flutter data of
Ref. 6, a consistently definable feature of the I'/T',, profile has
been found which also correlates reasonably well with M
and f. As shown in Fig. 11, the outer portion of the profile
measured in the detailed survey is extrapolated to the inner
cylinder wall, defining a quantity I';/T',. In Fig. 11 this is
shown for both a vortex-like profile and a nonvortex-like
profile. The correlation of I';/T', corresponding to Figs. 8 and
9 was found to be reasonably good, and the resulting contours
are shown in Fig. 12. This correlation, like the one for (V,
max)/wR,, can serve as a useful guide as to the type of
velocity profile that will be produced by .a given inlet
geometry. Moreover, under the assumption that a given inner
cylinder will flutter at a fixed value of T, it can be used to
predict the effect of changes in inlet geometry on the
minimum flutter speed. To use Fig. 12 in this way, the
minimum flutter speed and mass flow must be known for one
inlet geometry. From this known flutter condition the
corresponding values of M and ¢ are calculated, and the
corresponding value of I';/T, is read from Fig. 12 and
denoted by T'ymuuen. The procedure for predicting the
mifimum flutter speed for other inlet geometries consists of
using Fig. 12 to find the minimum speed which will give this
value of T'; for each new geometry. This is done by finding on
Fig. 12 the maximum value of T';/T", which is consistent with
each new inlet geometry and taking the minimum outer cylin-
der speed required for flutter to be given by

FO = I1i(ﬂuner)/ (FI/PO ) max

This prediction procedure has been tested against the flutter
data of Ref. 6 for an 8-in. diameter, 0.020-in. wall, aluminum
outer cylinder. The 8-1 X 5/8-in. inlet configuration was used
as the reference, and Fig. 13 shows the resulting predictions
for l-in. diameter inlets of other lengths. The procedure
works fairly well except for the 4-in. internal tubes, where the
velocity correlation of Fig. 12 did not work too well. Un-
fortunately, this prediction doesn’t work for the 2-in.
diameter port data (flutter rpm predicted is too high by a fac-
tor of four or so), indicating the I'; is only a reasonable in-
dicator of flutter in cases where the velocity profile is
reasonably vortex-like. For the nonvortex-like profiles
produced by 2-in. diameter ports, the situation is evidently
more complicated, and a more complete theory, one respon-
sive to the complete mean velocity field, will be required.

The theory described recently by David and Srinivasan’
represents a step in this direction, and the data presented here
can provide a basis for evaluating its predictions. Because the
results of the present measurements were not yet available to
them, David and Srinivasan used the results of preliminary
measurements reported in Ref. 14 as the input to their theory.
Because these preliminary measurements did not provide
details of the profile near the inner cylinder, David and
“Srinivasan carried out calculations for several plausible ex-
tensions of the measured profile, which they showed in Fig. 4
of Ref. 7. Of these postulated inner region velocity profiles,
the one most nearly resembling the results of the present
measurements ( V;°/bQ, =0.6 in the notation of Ref. 7) leads
to a predicted flutter speed of about 2300 rpm (see Fig. S of
Ref. 7). The measured velocity profile used for this prediction
corresponds to the 8-1 x 5/8-in. inlet configuration, for which
the measured flutter speed was aobut 1400** rpm. The earlier

**Apparently due to a misunderstanding, David and Srinivasan in-
correctly attributed the measured velocity profile shown in their Fig. 4
to the 8-1 X 5/16-in. inlet configuration, for which the measured flut-
ter speed was 1800 rpm.
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version of the theory,>® in which a potential flow velocity
profile was assumed, predicted a flutter speed of 780 rpm for
this case. Thus, where the simple theory predicted too low a
flutter speed, the more complete theory predicts too high a
speed. It appears that, if accurate flutter speed predictions are
to be made, further refinement of the theoretical model will
be required.

IV. Conclusions

The experimental program described here and in more
detail in Ref. 14 has provided a general physical un-
derstanding of the flowfield in the annulus. The radial
momentum flux through the inlets and the inlet length to
diameter ratio were found to be important factors deter-
mining the nature of the velocity field. Dimensionless
parameters have been postulated which provide a reasonably
good quantitative correlation of these effects, and ap-
proximate scaling laws for the velocity field have been
established. The latter have been used successfully to predict
the variation of flutter velocity with inlet geometry for vortex-
like flows. For flows which are not vortex-like, the theoretical
approach used by David and Srinivasan shows promise, but
further refinement will be required.
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