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I. Introduction

T HE axisymmetric wake is an important member of canonical
turbulentshear� ows onwhich much of ourcurrentunderstand-

ing of more general turbulent � ows is based. Yet there are few reli-
able data, particularly in the near � eld, that can be used to elucidate
how such a � ow originates.Although many early measurements on
axisymmetricwakes employedbluff bodies, data were obtainedand
analyzed only in the far � eld. The � rst experiment to report near-
wake data, still excludingthe separationregion,was the well-known
hot-wire measurementsbehinda prolate spheroidof axis ratio six of
Chevray.1 Calculationsof Chen and Patel,2 using Chevray’s data as
a test case, strongly suggested, though, that blockageeffects may be
signi� cant in Chevray’s data. Several other experiments on bound-
ary layers on axisymmetric bodies have been reported since then,
but only those of Patel and Lee3 and Hyun4 contain measurements
in the wake. Hyun4 and Hyun and Patel5;6 performed experiments
to study the near wake of an axisymmetric body with and without a
propeller.Those without the propeller,made with a streamlinedtail,
are of interest here because the present measurements were made
with the same body.

The experimentsdescribedhere are part of a series7¡9 designedto
study the evolution of axisymmetric wakes. Here we are concerned
with the so-called drag wake of the body, in which the wake pos-
sessesa momentum de� cit. Other experimentsin this series are con-
cerned with momentumless wakes, in which the body is propelled
by a jet, without and with swirl. The propeller-�ow experiments4¡6

conducted earlier also may be regarded as members of this series.

II. Experimental Arrangement
A new model of the axisymmetric body used by Hyun4 (referred

to in some earlier studies as the “Iowa Body”) was constructedwith
the tail truncated at a diameter D of 3.96 cm to accommodate a jet
of 3.90-cm diameter. For the present experiments the jet opening
was closed. The modi� ed body has a length L of 143.45 cm and
a maximum radius R of 6.95 cm. The boundary layer on the body
was tripped by a 1.2-mm-diam wire, located 9.5 cm from the nose.
The experimentswere conductedin the1.07-moctagonal,open-test-
section, return-circuitwind tunnel of the Iowa Instituteof Hydraulic
Research (Fig. 1). A cylindrical (x , r , µ ) coordinate system, where
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x is measured from the base of the body, is used to report the data.
In the steady axisymmetric � ow considered here, the mean and
� uctuating velocity components are denoted by (U , V , W ) and (u,
v, w), respectively.

The freestream velocity U0 was set at 16.5 m/s, resulting in a
Reynolds number based on body length Re D U0L=º of 1.58 £ 106,
where º is the kinematic viscosity of air. The model was mounted
with a part of it extendinginto the tunnel contractionto enable mea-
surements in the axial direction up to x=L D 0:531. (Although it
may be preferable, for some purposes, to use the body base diam-
eter D as a reference length, the body length L and radius R are
chosen as reference lengths in the axial and radial direction, respec-
tively, to facilitatecomparisonwith the data of Hyun4 and Hyun and
Patel5 and other experiments in this series.) In the radial direction,
measurements were made up to r=R D 4:5 to recover the freestream
conditions. Most of the measurements were made with a triple-
sensor hot-wire probe and a � ve-hole pitot probe. The latter was
used to determine the mean � ow direction so that proper yaw and
pitch angles for thehot-wireprobecouldbe selected.It alsoprovided
redundantdata for the mean-velocitycomponents.The probes were
traversed in the vertical direction by a simple computer-controlled
mechanism. Measurements in the separated � ow close to the base
were made with a three-component � ber-optics laser Doppler ve-
locimetry (LDV) system.7 A manual traverse was used to move the
LDV probe.Because this traversewas mounted1.34 m from the tun-
nel centerline to meet the focal-length requirements of the probe,
it did not interfere with the � ow. A detailed description of the ex-
perimental equipment, instrumentation, tunnel characteristics, and
measurement procedures can be found in Refs. 7 and 8, along with
an analysis of the data uncertainty [2% for (U , V , W ) and 10% for
and uu and uv].

III. Results
It is well known that the distance required for a free shear layer

to attain self-similaritydependson the initial conditions.In the case
of the wake of both a streamlined body4 and a bluff body (present
data), the initial conditions are set by the shape of the stern and the
state of the boundary layer at the tail.

Measurements of the axial component of the mean velocity U
and normal stress uu were made with radial traversesof a single hot
wire at eight stations over the bluff body stern, three in the region
¡0:180 < x=L < ¡0:115, where the body is cylindrical,and the re-
mainderwhere its surface has convexcurvature.The boundary layer
thickness ± increased rapidly from 0:12R at the � rst measurement
station to about 0:63R at the tail. The present data are suf� cient to
de� ne the boundary layer characteristicsover the stern. At the � rst
measurement station, x=L D ¡0:180, the boundary-layer integral
parameters are
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[The wall shear stress ¿w and the friction velocity u¿ D
p

.¿w=½/
were determined by use of a Clauser plot.] This station is located
in the main test section of the wind tunnel, but the boundary layer
is still recoveringfrom the favorable pressure gradient of the tunnel
contraction. This is evident from the low H and high C f . These
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Fig. 1 Wind tunnel and model arrangement.

features should be noted when the data are used to test numerical
methods and turbulence models. A very good agreement of friction
velocityof the presentdata was foundwith the data of Hyun,4 which
suggests that truncation of the tail has a relatively minor effect on
the stern boundary layer.

Extensive measurements were made, with different instruments,
at 18 locations in the bluff body wake. The wake of the present body
differs from that of the streamlined body4 � tted with a dummy pro-
pellerhub, in thedifferentextentsof separated� owat the tail.For the
bluff body, the region of reverse � ow extended up to x=R D 0:309,
compared with x=R D 0:109 behind the streamlined body. On the
otherhand, the radialextentof the reverse� ow(r=R D 0:285),which
is half the base diameter, is considerably larger than that on the
streamlined body .r=R D 0:05/. Measurements with the hot-wire
and � ve-hole probes were discarded in and close to the region of
reverse � ow. These methods are unreliable in this region not only
because they cannot resolve reverse � ow but also because they are
susceptible to larger errors in the presence of low mean velocities.
Only the LDV data resolve the reverse � ow. Well outside the reverse
� ow region, the LDV data are in agreement with those obtained by
hot-wire and pressure probes. The latter is, of course, the only di-
rect method for measuring the total and static pressures. For the
present body, the drag coef� cient CD was found from the contribu-
tion of the mean velocity to the axial momentum at the last station:
CD D 0:240. This may be compared with CD D 0:113 measured on
the streamlined body.4

The total and static pressure distributionsin the wake of the bluff
body indicated that signi� cant variation of static pressure occurred
up to about x=L D 0:2 for the bluff body. The static pressure pro� le
showed a region of high pressure in the center of the wake and con-
tinued variation of pressure outside the wake, r > ±. This variation
was consistent with the convex curvature of the mean streamlines
as the boundary layer from the body enveloped the separationeddy,
and the fact that the pressure decreased beyond ± indicated that the
velocity at the edge of the wake, Ue, was less than the freestream
velocity U0 . This meant that the velocity at the edge of the wake,
Ue, normally used to de� ne the velocity and length scales of wakes
varied in theaxialdirection.By station x=L D 0:063, thereno longer
was reverse� ow, but the effectsof the convergenceof the shear layer
(the wall region of the upstream boundary layer) were expected to
be large.At this station there was smaller variationof static pressure
across the wake and a smaller, but still inward, radial componentof
velocity, indicating mean � ow convergence toward the center line.

It is well known that the radius of an axisymmetric far (asymp-
totic, or self-similar) wake [de� ned as the radius b at which the
local velocity defect Ud D .U ¡Uc/ is Ud =2, where Uc represents
the centerline velocity] grows as x1=3 while its velocity defect Ud

decreases as x¡2=3. Both laws applied for the bluff body data at the
last four stations, i.e., beyond about x=L D 0:4 (or 14.5 base diame-

Fig. 2 Velocity ( ; ) and length scales ( , ) in wake of the bluff
( , ) and streamlined ( , ) body.

ters). Figure2 shows theaxialdevelopmentof the centerlinevelocity
defect and half-radiusin the two wakes. The collapseof the data be-
yond about x=L D 0:1 is quite remarkable, particularly in view of
the very different initial conditions and development close to the
tail. The expected slower growth of the centerline velocity in the
bluff body wake is clearly seen, however. This is associatedwith an
initial decrease in the wake width until approximately x=L D 0:15,
signi� cantly close to the locationwhere the static pressure becomes
negligible. The latter suggested that the streamwise development
of the bluff body wake may be viewed in three parts, the initial
narrowing, the region where the similarity laws apply, and an inter-
mediate region between the two. On the other hand, the streamlined
body shows a continuous increase in the half-width parameter. Ve-
locity pro� les measured at comparable distances from the tails of
both bodies in the range x=L > 0:1 were also contrasted.7 Contrary
to what might be expected in a wake starting from separated � ow
at the base, the mean velocity pro� les of the present experiment
showed a remarkably more rapid approach to similarity than the
wake of the streamlined body. This rapid approach may be due to
the fact that separation produces larger eddies closer in size to the
large eddies responsiblefor mixing in the wake fartherdownstream.

From similarity analysis, the maximum values of k [(uu C
vv C ww/=2], uu, uv, etc., should decay as x¡4=3 , whereas the
length scales associated with their pro� les, such as the location of
their maxima, should grow as x1=3. The bluff body wake turbulence
length scales approached the expected asymptotic behavior rather
quickly, in about the same distance as b, but the intensities decayed
much more slowly, as expected, and did not follow the mentioned
power law even at the last stations. The turbulence kinetic energy
(normalized by U0) was found to be considerablysmaller in the re-
gion of reverse � ow of the bluff body comparedwith its value in the
shear layer originating from the separating boundary layer of the



1672 AIAA JOURNAL, VOL. 37, NO. 12: TECHNICAL NOTES

Fig. 3 Characteristic turbulence scales in wake of the bluff ( , ) and
streamlined ( , ) body.

Fig. 4 Maximum turbulence kinetic energy ( , ) and shear stress
( , ) in wake of the bluff ( , ) and streamlined ( , ) body.

body. However, it should be stressed that the local turbulence lev-
els, referred to the local mean velocities, are large in the separation
region, and this is one of the dif� culties of measuringand modeling
separated turbulent � ow. In the near wake, there was a noticeable
increase in the shear stress. This is most likely associated with the
focusingof the wall turbulencein theupstreamboundarylayer as the
shear layer converges to close the separationeddy. Further analysis
of the data is needed to clarify this possibility.

The maxima of k and uv (designated as km and uvm ) and their
locations are compared in Fig. 3. Here the differences between the
two sets of data due to separation are greater; km is much larger in
the present case all along the wake, and uvm is initially smaller and
then larger. The locations of the maxima of the turbulence param-
eters clearly show the effect of separation. (Note the differences in
x=L < 0:1.) However, despite the scatter, the streamwise evolution
of the length scales suggests that they all follow the 1

3
power law.

Yet another way to compare the evolution of the turbulence in
the two wakes is to nondimensionalizethe maximum values of the
turbulenceparametersby the localcenterlinevelocitydefect(Fig. 4).
In this way the existenceof equilibriumbetweenmean and turbulent
� ow as well as between dissipation and production of turbulent
energy is analyzed.Classical similarity analysis requires all of these

ratios to approach constant values. It is clear that such absolute
similarity is not reached in the experiments. In fact the data suggest
a very slow trend, if any, toward such a condition. Similar results
and trends have been documented in the wake of other streamlined
bodies.1;10 In Ref. 10, the equilibrium between mean and turbulent
� ow was not attained even after 40 diameters. On the other hand,
the wakes behind bluff bodies such as a disk11 or a sphere12 exhibit
a constant ratio between turbulent energy and total mean energy
around1.5 by four diameters.The ratio betweenmaximumturbulent
shear stress and centerline velocity defect is around 0.45–0.55 by
10 disk diameters. Bevilaqua and Lykoudis11 compared the wake
of a sphere with the wake of a porous disk having the same drag.
They found that there were differences between both wakes in the
structureof the turbulenceand the scale of the mean � ow, even after
both had become self-preserving. In the present case, the wakes
of the streamlined and bluff bodies attain a very similar state of
development of both mean and turbulent � ow fairly close to the
body despite their large differences in drag coef� cients.

IV. Conclusions
The measurements in the boundary layer and wake of the bluff

axisymmetric body reported here complement previous studies of
axisymmetricwakes insofar as they providedetailed informationon
the streamwise development of the wake from a separated bound-
ary layer at the tail to its self-similar state. The characteristics of
the thick stern boundary layer were found to be similar to those in
measurements4 of the corresponding streamlined bodies. Trunca-
tion of the tail, resulting in a bluff body, did not signi� cantly alter
the boundary-layerdevelopmentup to that point. The (mean) sepa-
ration bubble in the wake extends to approximatelyx=L D 0:015, or
x=Db D 0:542, where Db is the base diameter. Signi� cant variations
of pressure in the radial and axial directions are found until about
x=L D 0:2 (x=Db D 7:25). This region is termed the “near wake.”
The intermediateregionof the wake extendsapproximatelyover the
axial distance0:2 < x=L < 0:4 (7:25 < x=Db < 14:5). In this region,
the � ows from the near-wall and outer regionsof the stern boundary
layer interactand mix up to the center of the wake, producinga fully
mixed wake downstream.The half-radiusandcenterlinevelocityde-
fect of the wake follow power laws derived from similarity analysis
beyond about x=L D 0:4 (x=Db D 14:5). The velocity pro� les be-
come self-similar, but the turbulence pro� les do not. Comparisons
of the present data with those in the wake of the same body with a
streamlined tail4 revealed that the principal parameters of the two
wakes collapse beyond about x=L D 0:1 despite the very different
initial conditions and differences in the drag coef� cient.
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I. Introduction

T HE � ows over various axisymmetric bodies such as ogive-
cylinders, hemisphere-cylinders, and prolate spheroids have

been studiednumericallyand experimentallyby many investigators.
An extensive literature review can be found in Ref. 1. An interest-
ing feature of the � ow over axisymmetric bodies at large incidence
is the asymmetry of the mean vortical patterns of the wake. This
phenomenon has been well documented for pointed bodies such as
conical and ogive-cylinder bodies.2;3 Flows over such bodies are
sensitive to many parameters, such as irregularitiesat the nose, sur-
face roughness, body length, slenderness of the nose, angle of at-
tack, freestreamturbulence,and Reynoldsnumber.Moskovitzet al.2

investigated the effects of geometric perturbationson the asymmet-
ric � ow past an ogive/cone cylinder. Roos and Kegelman3 studied
asymmetric � ows at angles of attack up to 60 deg over three generic
forebodies,namelyogive, elliptical,and chined bodies.Blunt-nosed
models are less prone to asymmetry. Forced asymmetric wake pat-
terns over blunt-nosed cylinders have been experimentally docu-
mented by Hoang and Telionis.4

In all of these efforts, steady-state � ow� elds with the models at
� xed angles of attack were investigated. Very little has been pub-
lished on the � ow� eld developmentover dynamicallymaneuvering
bodies. A numerical investigation was carried out by Ying et al.5

on dynamic motions of slender bodies. However, the work was not
substantiatedby experimentalcomparison.Stanek and Visbal6 have
also calculated the � ow over a pitching slender body. The reduced
pitch rates employed there were much larger than the ones consid-
ered here.Experimentaleffortson pitchingslenderbodieshavebeen
con� ned to � ow visualizationsor force measurements.7¡9

The purpose of the present investigation is to extend our un-
derstanding of the development of the leeward vortices over a
hemisphere-cylinder and, in particular, asymmetric leeward vor-
tices under unsteady conditions.This was accomplished by placing
a hemisphere-cylindermodel in a steady� ow� eld and mechanically
pitching it about its nose. The unsteady developmentof the wake is
studied.To induce vortex asymmetry a disturbanceis introducedon
the nose of the hemisphere-cylinder.
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II. Facilities, Instrumentation,
and Experimental Conditions

The work was conductedin theEngineeringScienceand Mechan-
ics (ESM) water tunnel through laser Doppler velocimetry (LDV).
The water tunnel has a 25:4 £ 30:5 cm test section and can achieve
speeds up to 3 m/s at turbulence levels ranging from 0.6 to 1.5%.
Three-component LDV was employed in the water tunnel. The
system employed is a Thermal Systems, Inc. (TSI) LDV system
operating in backscatter mode with a 35 mW helium–neon laser.
An assembly of mirrors and traversing mechanisms operated by
stepping motors facilitates displacement of the measuring volume.
Measuring grids normal to the oncoming stream can thus be auto-
matically traversed. The measuring volume can be positioned on
a grid point with an accuracy of 0.1 mm through the use of two
linear variabledifferential transformers(LVDTs) that are integrated
in a position feedback loop. The entire data-acquisition operation
is controlled by serially communicating laboratory computers that
are programmed to operate the pitchingmechanismand the travers-
ing systems, collect the information on the instantaneous angle of
attack,performthe LDV data acquisition,reduce the data, and trans-
fer the data to a mainframe IBM 3090 for postprocessing and pre-
sentation. Detailed information on the LDV instrumentation and
data-acquisition scheme can be found in Ref. 10. The hemisphere-
cylinder model tested was provided by the Fluid Dynamics Branch
of NASA LangleyResearchCenter.The model was machinedout of
aluminum,with an overall lengthof L D 14:73 cm and a diameterof
D D 2:95 cm.

Experimentswere conductedwith a � xedaswell as with a dynam-
ically pitching model. The dynamic motion chosen was a pitch-up
about the nose, followed by a slow return to the initial angle of at-
tack.Data wereobtainedat 100 time instantsduring the pitch-upand
were ensemble averaged. To decide on the number of realizations
per ensembleaverage,we took measurementsover 50 realizationsat
representativewake locations.For each location,ensembleaverages

Fig. 1 Time schedules for the pitch-up motions: , k2 = 1:4 £ £ 10 ¡ 3;
£ , k3 = 6 £ £ 10 ¡ 3; and , k4 = 1 £ £ 10¡ 2 .

Fig. 2 Model and coordinate system.


