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Wake of a Self-Propelled Body, Part 2:
Momentumless Wake with Swirl
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Experiments were performed in the near wake of an axisymmetricbody propelled by a swirling jet. Comparisons
with parallel experiments in the drag wake of the bare body without the jet and in the isolated swirling jet provide
insights on the mixing between the component � ows and their evolution into the momentumless wake with swirl.
Comparisonswith themomentumlesswake withoutswirl analyzetheeffect of swirl in this typeofwake.Comparison
with experimental data in the wake of the same body propelled by a marine propeller are also presented. Hot-wire
and pressure probes were used in a wind tunnel to measure the mean velocity, turbulence, and pressure � elds from
the jet exit to a distance of over 15 jet diameters. The wake evolves in at least three distinct stages: a zone close to
the jet exit where the jet periphery mixes with the wall region of the body boundary layer, an intermediate region
where the mixing between the boundary layer and the jet spreads up to the axis, and a region where the two � ows
lose their identities to become a single shear layer in which there is negligible turbulence production.

I. Introduction

T HE wake of an axisymmetric body � xed in a wind tunnel is
characterizedby a de� cit of axial momentum equal to the drag

on the body. On the other hand, there are three types of momentum-
less axisymmetric wakes, and all are relatively unknown members
of canonical turbulent shear � ows that admit similarity solutions
suf� ciently far from their origins. Momentumless wakes are gener-
ated by self-propelledbodies, the most common formsof propulsion
being a jet or a propeller. The three classes depend on whether the
� ow is without or with swirl. Only a simple jet can provide stream-
wise momentum without swirl; this constitutes the � rst class. The
other two classes depend on the amount of the axial � ux of tan-
gential momentum present. If swirl is provided by a propeller or a
swirling jet to a � xed body, as might be the case in a body � xed in
a wind tunnel, then the axial � ux of tangential momentum is equal
to the torque required to restrain the body. On the other hand, the
wake of an unrestrainedself-propelledbody, driven by two matched
counter-rotatingpropellers,has no net � ux of either axial or tangen-
tial momentum, although it has swirl. In two previous papers the
authors have described experiments on the drag wake1 and the mo-
mentumless wake without swirl.2 The present study is concerned
with a momentumless wake with a nonzero tangential momentum
� ux. For this case, the axisymmetric body of the previous experi-
ments was propelled by a swirling jet issuing from its base.

To the authors’ knowledge, only momentumless swirling wakes
generated by propeller-drivenbodies have been investigated in the
past. While adding momentum and swirl, a propelleradds unsteadi-
ness, three dimensionality and high levels of turbulence to the tur-
bulent shear � ow coming from the body boundary layer. Even in
the case of an axisymmetric body with a coaxial propeller, the � ow
behind the propeller is three dimensionaldue to the individualblade
wakes. The � ow is rotationally symmetric only in a circumferen-
tially averaged sense. For example, a quite detailed investigationof
the wake of a body driven by a three-bladepropellerwas conducted
by Hyun and Patel3 , 4 and more recently by Faure and Robert.5 The
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presentstudy is related to the former insofar as the same body shape
is employed and the main effects of the propeller, namely, the ad-
dition of axial and circumferential momenta, are reproduced here
by means of a swirling jet issuing from the tail of the body. This
paperpresentsand discussesthe experimentaldata correspondingto
the momentumless wake of a swirling, jet-propelled axisymmetric
body.The effectof swirl is discussed,andcomparisonsarepresented
between a momentumless wake with and without swirl.2 The (self-
propelled) data of Hyun and Patel3 , 4 are also compared with the
present data.

II. Design of Experiments
The axisymmetric body described by Sirviente and Patel1 , 2 was

also used for this study (Figs. 1a and 1b). The body has a length L
of 143.45cm, a maximum radius R of 6.95 cm and a base diame-
ter of 3.96 cm, allowing a coaxial jet of diameter D = 3.90 cm to
be introduced from the tail. The boundary layer on the body was
tripped by a 1.2-mm-diam wire located 9.5 cm from the nose. Air
was supplied through a 1.24-cm-diam pipe along the body axis en-
tering the body at the nose to provide axial momentum to the jet
exiting at the tail. To impart tangentialmomentum to the jet, air was
also introduced through a 3-cm-diam concentric pipe surrounding
the � rst pipe (Fig. 1b). The tangential � ow was injected 39 cm up-
stream from the jet exit through four 1.0 £ 0.5 cm tangential slots.
This method of swirl generation based on the combination of an
axial and a tangential � ow is simple, has no moving parts, and pro-
vides independent control of the axial and tangential momentum
introduced in the � ow.

The experimentswere conductedin a 1.07-moctagonalopen test-
section, return-circuitwind tunnel. Figure 1a shows the tunnel and
model arrangementalong with the coordinate system used to report
the data. The freestream velocity Uo was set at 16.5 m/s, resulting
in a Reynolds number based on the body length of 1.58 £ 106 . The
jet was adjusted2 such that its axial momentum was just enough
to cancel the body drag. This condition resulted in a maximum
axial velocity of 2Uo ( =Us j ) at 3 mm from the exit, giving a jet
Reynolds number (Res j =Us j D / m ) of 8.6 £ 104 . The jet swirl was
adjusted to match the torqueof the propelleremployedby Hyun and
Patel.3, 4 This was achieved with a maximum swirl velocity at exit,
Ws j =0.95Uo .

Measurements in the axial direction extended to x / D =19.53,
where x is the distance from the body base, and in the radial direc-
tion to r / R =4.5 to ensure recovery of freestream conditions. The
measurements were made with a triple-sensorhot-wire probe along
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a) General arrangement

b) Modi� ed Iowa body

Fig. 1 Wind tunnel and model arrangement.

with a � ve-hole pitot probe. A detailed description of the experi-
mental equipment, instrumentation, and measurement procedures
can be found in Ref. 6 (see also Ref. 2), along with an analysis of
the uncertainty in the data [2% for (U, V , W ), 10% for uu and uv,
and 20% for the rest of the Reynolds stresses].

III. Measurements in Component Flows
Measurementsin the boundarylayer over the bodyand in the near

wake were previouslydescribedby Sirviente and Patel.1 Therefore,
in this section it will be suf� cient to indicate that at x / L = ¡ 0.180
the usual boundary-layer parameters were momentum-thickness
Reynolds number R h =Uo h / m =845, shape parameter H =1.29,
and friction coef� cient C f =0.0045. The region of reverse � ow
extended up to x / D =0.551.

Measurements were also made in the swirling jet issuing from
the tail of the body without any ambient � ow. The conditions of
the swirling jet were discussed in Sec. II. The swirl number was
S =0.34, where S represents the ratio of tangential to axial momen-
tum at exit:

S =
M h x

Mx (R j / D)
(1)

where R j is the nozzleor jet radius, M h x is the axial � uxof tangential
momentum, and Mx is the axial � ux of axial momentum.

Because of the centrifugal forces present, the jet axial velocity
maximum did not occur at the centerlineuntil about 3–4 jet diame-
ters. The distribution of the velocity scales showed no evidence of
a jet core because both maximum and centerlinevelocities decayed
continuously from the jet exit, whereas the half-radius, de� ned in
the conventionalway as the radius where the velocity is half of the
centerlinevelocity,increasedcontinuously.The presentdatashowed
an angle of spread of 11 deg and the virtual origin of the jet was
extrapolated to be at xo / D = ¡ 3.31. Further discussion related to
the isolated swirling jet can be found by Sirviente.6

IV. Momentumless Wake with Swirl
A. Mean Flow

Figure 2 shows typical pro� les of the axial U and tangential or
swirl W components of mean velocity. It is clear that the axial � ow
is characterized by three velocities, namely, centerline Uc , mini-
mum Umn , and edge Ue , and at least three radii, b1 , where the local
velocity is (Uc ¡ Umn) /2; bmn , where it is Umn ; and b2, where it
is (Ue ¡ Umn) / 2. In the near wake, yet another velocity scale, the
maximum velocity Um , different from Uc (not shown in Fig. 2) can
be distinguished. The maximum swirl velocity Wm and the radius
where it occurs bWm describe the tangential � ow.

Figures 3 and 4 show the mean axial U and swirl W velocity
pro� les, respectively, at the six streamwise stations named A–F. A
very rapidmixingbetween the boundarylayer and the jet in the axial
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Fig. 2 Typical axial U and tangential W velocity pro� les in a momen-
tumless swirling wake.

Fig. 3 Overview of � ow in the momentumless swirling wake.

Fig. 4 Tangential velocity.

velocity is seen from these pro� les, as well as a somewhat slower
decay of swirl. The axial velocity pro� le shows a peculiar hump in
the central part of the wake, with a maximum velocity larger than
the centerline velocity. This is characteristic of jets with moderate
to strong swirl. By x / D =4, and well before station C, the velocity
maximum occurs at the centerline and the pro� le is as shown in
Fig. 2.

Figure 5 presents the evolution of the momentumless swirling
wake velocity and length scales along with the predictionfrom sim-
ilarity analysis (explainedlater in this section). Figure 5a shows that
within a distanceof about x / D =4, the axial centerlinevelocityde-
creases from 2Uo at the jet exit to very close to 1.1Uo , where it
becomes coincident with the maximum velocity (not shown), and
the minimum velocity increases from zero at the jet exit to 0.9Uo .
Thus, the usual small-defect assumption made in classical similar-
ity theory of wakes is met quite early in this � ow. However, Fig. 5b
shows that it takes a distanceof almost 15D for the maximum swirl
velocity to decay from its value of 0.95Uo at the jet exit to 0.1Uo .

a) Axial velocity scales

b) Tangential velocity scales

c) Length scales

Fig. 5 Wake velocity and length scales: - - - -, Ferry and Piquet,7 and
——, Sirviente.6

Figure 5c shows that following an initial increase and a decrease,
the length scale b2, where the axial velocity is (Ue ¡ Umn) /2, slowly
increases after a streamwise distance of about x / D =10. The scale
b1 increasesfrom D /2 at the jet exit and followsa trend similar to b2.
The scale bWm , where the swirl velocity is maximum, increases
from about D /4 and follows a trend similar to b1 while remaining
smaller than b1. In other words, the location of maximum swirl
velocity is much closer to the centerline than the minimum axial
velocity, indicating a rather remarkable coherence of the swirl and
its slowdiffusionin the radial direction.All of these lengthscalesare
dif� cult to determine precisely from the data as the � ow progresses
downstreambecausethe velocityvariationsacross the wake become
quite small.

Comparisons were made6 between the measured mean veloc-
ity pro� les corresponding to the momentumless swirling wake and
those of the component � ows. These comparisons are not shown
here due to space restrictions, but the main conclusions are high-
lighted.At station A, the axial velocitypro� le of the momentumless
wake is similar to that of the jet in the inner region and so is the tan-
gential velocity component. By station B a considerablenarrowing
of the jetlike inner region of the momentumless wake takes place
comparedwith the isolated jet. Thus, the boundary layer outside the
jet exerts a large con� ning effect on the swirling jet. As a result of
this, there is an increase in the swirl velocity over that measured in
the isolatedswirling jet.By stationD the variationof the axial veloc-
ity across the momentumless swirling wake is far smaller than that
in the jet and the bare-body wake. The swirl velocity on the other
hand is still very signi� cant compared with that measured in the
isolated jet. Thus, it is concluded that in the swirling-jet propelled
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Table 1 Power laws for an axisymmetric momentumless wake with swirl

Reference l U W uvm uwm vw m km e m (ū2 ¡ v̄2)m (w̄ 2 ¡ v̄2)m

Ferry and Piquet7 (weak swirl) 0.20 ¡ 0.8 ¡ 0.60 ¡ 1.60 —— ¡ 1.4 ¡ 1.6 ¡ 2.6 —— ——
Ferry and Piquet7 (strong swirl) 0.25 ¡ 1.0 ¡ 0.75 ¡ 1.75a —— ¡ 1.5 ¡ 1.5 ¡ 2.5 —— ——
Sirviente6 0.25 ¡ 1.5 ¡ 1.00 ¡ 2.25 ¡ 2.25 ¡ 1.5 ¡ 1.5 ¡ 5.5 ¡ 1.5 ¡ 1.5

aCorrected.

wake, the swirl decays at a much slower rate than in the isolated
swirling jet. At the last station F, the swirling momentumless wake
is considerablynarrower than the isolatedswirling jet but larger than
the bare-body drag wake. Further details can be found in Ref. 6.

The evolution of the mass � ux (not included) shows a rapid de-
crease in the near wake due to entrainmentof the inviscid� uidby the
boundary layer and vanishesbeyond x / D =7. The sum of the three
terms in the axial momentum equation (convection, turbulence and
pressure) is nowhere greater than 0.01 (1% of 0.5 q U 2

o R2 ). This is
also a measure of the accuracywith which the self-propelledcondi-
tion was realized in the experiments.The contributionof pressureto
the axial momentum is signi� cant until about x / D =13. The neg-
ative pressure contribution is associated with increasing pressure
in the axial direction and is compensated by decreasing convection
of momentum by the mean � ow. The contribution from the turbu-
lence term is also quite signi� cant in the near � eld, reaching a peak
around x / D =2.5. The � ux of tangential momentum remains con-
stant at 0.028 § 0.002 along the wake. This value corresponds to
that introduced by the propeller in the experiments of Hyun and
Patel.3, 4

On the basis of the mean-� ow results presented in Figs. 3–5,
the wake of the jet-propelled body may be subdivided into at least
three regions: 1) the near � eld, x / D < 3, in which there is a rapid
decrease in axial and swirl velocities due to the intense shear and
mixing between the � uid from the near-wall region of the body
boundary layer and the outer layers of the jet; 2) an intermediate
region, 3 < x / D < 13, where the pressure inducedby the swirl con-
tinues to affect the momentum balance and the mixing between the
boundary layer and the jet gradually encompasses the entire � ow;
and 3) the developed wake, x / D > 13, where the mixing is com-
plete, the pressurereturns to its ambient value, and the � ow acquires
some of the characteristics of a single shear � ow. Experience with
the momentumlesswake without swirl,2 however, suggests that this
is a simpli� ed picture.

It is of interest to inquire at what downstream distance a mo-
mentumless swirling wake achieves similarity conditions, if at all,
or, alternatively, whether the � ow in the developed-wake region
x / D > 13 satis� es the requirements of similarity theory. Ferry and
Piquet7 and Sirviente6 made the similarity analysisof axisymmetric
momentumless wakes with swirl. The predicted exponents in the
power laws of the various quantities are shown in Table 1, where l
and U are the length and velocity scales, respectively, and the sub-
script m denotes scales (maxima). The results of the two analyses
differ because of differences in the turbulence models and approx-
imations made therein.2 Ferry and Piquet7 employed a k– e turbu-
lence closure, whereas Sirviente6 used a Reynolds-stress transport
model along with the experimentalobservationof negligibleenergy
production in the transport equations.

Figure 5 also shows the comparison of the experimental data
with the similarity analysis results shown in Table 1. As in the non-
swirling case2 the individual axial velocity scales Uc and Umn do
not follow either the ¡ 1.5 (Ref. 6) or the ¡ 1 (Ref. 7) power law
and instead approach the freestreamvelocityUo early in the stream-
wise development. The corresponding length scales b1 and b2 also
do not grow with the expected 0.25 power. They appear to grow
at a much slower rate. The uncertainty in the determination of the
length scales, especially b1 , associated with the rapid decay of the
axial velocity, is evident from Fig. 5. In spite of this, the velocity and
length scales of the tangential velocity show behaviors consistent
with the trends derived from similarity analysis by approximately
10D. The different rates of growth and decay of the axial and tan-
gential � ows are quite surprising and would suggest that the mixing
between boundary layer and jet is incomplete.

Fig. 6 Turbulence kinetic energy.

Fig. 7 Shear stress vw.

B. Turbulence and Approach to Similarity
Although all six Reynolds stresses were measured, here consid-

eration is restricted to the turbulence kinetic energy [de� ned as
k = 1

2 (uu + vv + ww )] and two of the three shear stresses.The nor-
mal stresses at all stations are in the order: ww > vv > uu, with the
anisotropy persisting to the last station. Although none of the three
shear stresses is zero in this � ow, we shall consider only uv and
vw because they comprise important terms in the axial and tangen-
tial momentum equations, respectively. Figures 6 and 7 show the
evolution of the turbulence kinetic energy and vw . The changes in
scales in Figs. 6 and 7 were needed to accommodate the very large
changes in these quantities as the � ow evolves downstream.

The pro� les in Figs. 6 and 7 show certain common features that
are discussed � rst. At the � rst two stations (A and B), which lie in
the previously de� ned near � eld, all turbulence pro� les show the
coexistenceof two shear layers, one associatedwith the gradient of
swirl velocity at the center and the other with the mixing zone be-
tween the jet and the boundary layer of the body (the boundary layer
itself is not regarded as a separate shear layer). The centerlinepeaks
in the turbulence quantities are associated with the swirl velocity,
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which is zero at the center and reaches a maximum before the inter-
face between the jet and the body boundary layer. In fact, this peak
is seen to persist at all downstream stations, another indication of
the slower decay of swirl noted earlier (Fig. 5).

The turbulence pro� les at the next two stations (C and D) indi-
cate that mixing between the boundary layer and the jet gradually
penetrates to the � ow centerline.Recall that this was judged to be a
feature of the intermediatewake. The magnitudes of the turbulence
quantities have decreased such that an enlarged scale is needed to
show the pro� le shape. It is signi� cant that the shear stresses have
practically vanished, being smaller than the estimated uncertainty
limits of the data, although there remains signi� cant levels of tur-
bulent kinetic energy.

At the last two stations (E and F), lying in what was termed the
developed-wakeregionon thebasisof themean � ow, themagnitudes
have further decreasedsuch that yet another scale change is needed.
Now the shapes of the shear-stress pro� les have changed, but the
data themselvesare no longer meaningful in the light of their uncer-
tainties. For all practical purposes, the shear stresses transporting
axial (not shown) and tangential momentum have now vanished,
and the turbulent kinetic energy slowly decays. It was found by
Ridjanovic8 and Wang9 that a momentumless wake becomes shear
free at a certain distance, where it could be considered as that pro-
duced by a point source of turbulence. The � ow at the last two
stations could be considered nearly homogeneous but anisotropic
with almost uniform mean velocity. The intensity and length scales
of k, uv and vw , are plotted in Fig. 8 (where the subscriptm denotes
maxima), along with the power laws derived from similarity theory
by Sirviente6 (Table 1). As the maximum values of k and vw occur
at the centerline, their length scales are taken as the radii, where
the value is one-half of the maximum. The rapid decay of the shear
stresses makes the determination of their length scales unreliable,
especially in the last region of the developmentof the wake (Fig. 8).
Figure 8a shows the three stages in the decay of k. The maximum
value of k occurs at the wake centerline after the initial region (see
Fig. 6). Similarly, Fig. 8b shows the vanishingof the uv shear stress
within the intermediate zone, whereas Fig. 8c shows a slower col-
lapse of the vw shear stress, as expected from the slower decay of
swirl. Figure 8d shows the evolutionof the turbulencelength scales.
They show a mixed behavior with only the length scale of the vw
shear stress indicating the 1

4
power growth predicted, whereas the

scale of k shows a behavior closer to that expected for weak swirl,
and that of uv shows a decay. The last feature is not entirely due to
the low levels of stress and deteriorationin the accuracyof the data,
however; it is an indication that this is not yet a single shear layer,
that is, the wake turbulence is not fully developed.

Comparisons of the turbulence pro� les measured at the same
locations in the bare-body wake, the isolated swirling jet and their
combination, that is, the momentumless swirling wake were made.6

In what follows the main conclusionsare outlined. By station A all
of the turbulence pro� les show features that indicate superposition
of the two component � ows. At station D, on the other hand, all of
the measurements indicate that the shear layers at the wake core
and at the interface of the jet and the boundary layer have mixed
across the � ow. The multiple peaks in the turbulence pro� les have
disappearedby then. By the last station, F, the shear stressesuv and
uw are of the order of 0.0004U 2

o , much lower than those in the drag
wake and the isolated jet and within the uncertainty limits of the
data.

The velocity and tangential normal-stress pro� les are plotted in
Fig. 9 in the usual similarity format. For the axial velocity, two plots
are made, normalizing(U ¡ Umn) and (U ¡ Uo) by (Uc ¡ Umn) and
(Umn ¡ Uo), to study the pro� les in the inner and outer regions.
The tangential velocity is normalized by its maximum value Wm ,
whereas uum is used for the turbulence quantities. The radial coor-
dinate is normalized by the single length scale buum / 2, throughout.

The axial velocity pro� les show that the inner and outer re-
gions of the wake are governed by different scales, (Uc ¡ Umn) and
(Umn ¡ Uo), respectively.The data indicate that the inner and outer
regions are matched at r =buum / 2. These results are similar to those
of the non-swirling case,2 and suggest an incomplete mixing of the
inner and outer � ows. The tangential velocity, on the other hand,
seems to show similarity, con� rming the results shown in Fig. 5b.

a) Intensity scale of k

b) Intensity scale of uv

c) Intensity scale of vw

d) Turbulence length scales

Fig. 8 Momentumless wake turbulence characteristics: - - - -, Ferry
and Piquet,7 and ——, Sirviente.6

The pro� lesof axial (not shown)and tangentialnormalstressesshow
similarity of shape, particularly in the inner region. This could be
attributed to a length scale representative of the inner region being
used.

V. Effect of Swirl
To further understand the effect of swirl on the streamwise devel-

opment of momentumless wakes, Fig. 10 compares measurements
in the two momentumless wakes without2 and with swirl, with re-
spect to a few key parameters. From the centerline and minimum
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Fig. 9 Similarity of velocity and turbulence pro� les.

axial velocities shown in Fig. 10a, it is clear that swirl induces a
rapid decrease of mean shear. The two velocity scales approach
the freestream velocity within a streamwise distance of x / D =6
in the presence of swirl, whereas a comparable condition is barely
achieved by the last measurement station in the absence of swirl
(x / D » 20). The diminution of mean shear is, of course, associated
with decreasing turbulence production. The three length scales of
the axial velocity pro� le, namely, b1, bmn , and b2 (see Fig. 2) are
compared in Fig. 10b. It is clear that all are larger in the presence
of swirl, as already noted from the pro� les in the precedingsection.
However, the present comparison shows that b1 , which is a measure
of the inner region, and bmn , which may be regardedas the boundary
between the inner and outer regions, both indicate signi� cant in� u-
ence of swirl, particularly in the intermediate region. On the other
hand, the length b2 , characterizing the outer layer, originating from
the body boundary layer, develops without much evidence of swirl
effects.

The decrease in turbulence production is apparent from the de-
velopment of the maximum values of the turbulencekinetic energy
(Fig. 10c) and shear stresses (Fig. 10d). Although the swirling wake

a) Axial velocity scales

b) Length scales

c) Maximum k

d) Maximum uv

Fig. 10 Momentumless wakes with and without swirl characteristic
scales: momentumlessswirlingwake (open symbols)andmomentumless
wake (� lled symbols).

initially contains much larger turbulence energy, the levels in the
two cases are almost identical beyond x / D =12 » 13, the end of
the intermediate region. Even more signi� cantly, the shear stress in
the swirling wake practically vanishes by the same distance. This
supports the suggestion made in prior studies8, 9 that the � ow re-
sembles decaying homogeneous turbulence. Clearly, this situation
is reached much earlier in the presence of swirl.

VI. Propeller-Driven Flow vs Swirling Jet-Driven Flow
The most obvious difference between these two � ows is the ab-

sence, in the case of the wake of the swirling jet-driven body, of
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a) Comparisons of Uc

b) Comparisons of Wm

Fig. 11 Comparisons of axial and tangential velocity scales: swirling
jet-driven � ow (open symbols) and propeller-driven � ow (� lled sym-
bols).

� ow periodicity resulting from a � nite number of propeller blades.
In a reference frame � xed to the body, the � ow in the wake of
the propeller is periodic in time and requires phase-averagingtech-
niques to distinguish the blade wakes from the wake of the body.
However, measurementsbehind propellers3– 5, 10 show that the peri-
odicity is practicallynonexistent(i.e., the bladewake is smearedinto
the background� ow)within approximatelytwo propellerdiameters.
Therefore, it is meaningful to make at least qualitativecomparisons
with previous data from wakes of propeller-drivenbodies. In fact,
quantitative comparisons with the data of Hyun and Patel,3 , 4 who
employed a three-blade propeller of diameter Dp =10.13 cm, are
also possible because the present study employed essentially the
same body and experimental conditions.

The streamwise variation of the centerline axial velocity, using
the jet, D, and propeller, Dp , diameters, as appropriate, to nondi-
mensionalizethe streamwisedistance,is presentedin Fig. 11a,along
with the data of Hyun and Patel.3 , 4 The results should be interpreted
taking into account that immediately downstream of a propeller
the maximum axial velocity occurs some distance away from the
centerline (around r / Rp =0.7 in Refs. 3 and 4), depending on the
propeller characteristics. It is signi� cant that the freestream veloc-
ity is approached in the three data sets within about seven diame-
ters in spite of the grossly different initial conditions. Figure 11b
presents the evolution of the maximum swirl velocity. It is found
that the propeller-inducedswirl is considerably smaller than in the
jet, in spite of the matched tangentialmomentum and that it decays
faster.

The similaritiesand differencesin the turbulencein the two cases
are shown by the streamwise development of the maximum values
of the turbulence kinetic energy and two of the shear stresses in
Figs. 12a and 12b. The turbulence in the near � eld is much larger
for the swirling jet-drivenbody.However, the shear stressesbecome
negligible in all cases by about 10 diameters, although differences
persist in the turbulence kinetic energy. The two � ows, therefore,
approach the condition of vanishing mean shear and negligible tur-
bulence production within 10 jet/propeller diameters.

a)

b)

Fig. 12 Comparisons of turbulence kinetic energy and shear stresses:
swirling jet-driven � ow (open symbols) and propeller-driven � ow (� lled
symbols).

VII. Conclusions
Detailed mean-� ow and turbulencemeasurements in the momen-

tumless wake of the axisymmetric body propelled by a swirling jet
are reported. The data elucidate the process of mixing between the
boundary layer of the body and the jet, and the evolution of the
momentumless wake. The main � ndings can be summarized as fol-
lows:

1) The wake evolves in at least three stages. The � rst of these is
the near wake, extending to about 3 jet diameters, where the � ow
from the near-wall region of the boundary layer mixes with the jet
periphery to produce an intense shear layer, distinct from the swirl-
induced shear layer that is present at the jet center. There is rapid
decayof the mean shear and turbulencein this region. In the second,
intermediateregion, extendingto about13 jet diameters, the mixing
penetrates to the wake centerline, the individual shear layers are
assimilated, the pressure � eld induced by the body geometry and
the swirling jet decays, and the mean shear and the Reynolds shear
stresses become negligible by the end of this region. In the third
region, called the developed wake, the � ow acquires some of the
characteristicsof a single shear layer, with very low levels of mean
shear and shear stresses, implying negligible production of new
turbulenceand decay of the normal stresses produced upstream.

2) Analysis of the data in the format of classical similarity theory
reveals that the axial and swirling � ows develop at quite different
rates, as do the corresponding turbulence characteristics.The swirl
decays at a slower rate than the axial velocity excess, maintains a
remarkable coherence along the � ow, and shows agreement with
predictions of similarity theory. Properties of the axial � ow do not
show agreement with similarity analysis. The axial velocity and
turbulence pro� les indicate that two different scales are needed to
represent the inner and outer regions, as in the case of the momen-
tumless wake without swirl.6

3) Swirl is associatedwith a rapid decreaseof mean shear and tur-
bulent shear stress, which means lower production of turbulence in
comparisonto themomentumlesswakewithoutswirl.6 Almost iden-
tical levels of turbulence are found for both momentumless wakes
after approximately 12 jet diameters.

4) The momentumless wake generated by the swirling jet was
compared to that generated by a propeller.3 , 4 The near � elds of the
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two � ows are grossly different, but strong similarity of both mean
� ows is found after 7 diameters and at around 10 diameters the
production of turbulence is negligible.
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