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Fig. 3 Local side-force distributions in the model axial direction when
no grid was installed and when Ix = 0.034; Á = 28.8 and 208.8 deg.

Fig. 4 Effects of varying the turbulence length scale Lx when turbu-
lence intensity Ix is kept constant at 3.9%.

direction of the model for cases with and without the presence of
the grids. The local side force CyD is obtained by integrating the
local surface-pressure measurements. Using the results of the tur-
bulence intensity Ix D 3:4% as an example, it can be seen that at
Á D 28:8 deg there is only a very small difference in the local side-
force distribution between the relatively smooth (no grid installed)
and the turbulent (Ix D 3:4%) � ow. This is consistent with the total
side-force data shown in Fig. 2. However at Á D 208:8 deg, where
there is a large “dip” in the overall side-force distribution in Fig. 2,
the turbulence intensity has certainly caused a substantial reduction
in the local side force.

We next study the effects of turbulence length scale while keep-
ing the turbulence intensity constant, and the results for the � xed
turbulence intensity Ix of 3.9% are shown in Fig. 4. Unfortunately,
because of the relatively small range in L x=D used (0.433–0.524),
no clear trend in the change of the side-force distributionwith vari-
ation in the turbulence length scale can be detected. For the present
results the smallest length scale of L x =D D 0:433 appears to have
the greatest in� uence in reducing side force in virtually all cases
when Á D 208:8 deg (the approximate roll angle where the greatest
side-force reduction takes place). It is believed that a larger range
of L x =D is needed before its effects on the side force can be fully
appreciated, and more systematic work is obviously required.

Conclusions
The effects of freestream turbulence on the side force acting on

an ogive cylinder at high angle of attack have been studied experi-
mentally over a range of turbulence intensity and length scale. By
carefully locating the positions of the turbulence generating grids
upstream of the cylinder, the turbulence intensity was varied inde-
pendently of the turbulence length scale and vice versa.

Side-force and surface-pressuremeasurementsclearly show that,
for a � xed angle of attack, an increase in the turbulence intensity

can cause the side force to either decrease or increase, depending
on the roll-angle position (surface conditions) of the cylinder. This
explains the sometimes contradictory � ndings reported in the lit-
erature. As for the turbulence length scale, it also appears to have
in� uence on the cylinder’s side force, but because of the relatively
small L x=D range used no clear trend was detected. In the present
case the smallest L x=D. D 0:433) appears to have the greatest in� u-
ence in reducingside force.More systematic investigationis needed
in this area.
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I. Introduction

I N the wake of a self-propelled body, the drag of the body is
matched by the thrust developed by the propulsion device, and

there is no netmomentum � ux.Measurementsin such a momentum-
less wake of a bluff axisymmetric body propelled by a jet, without1

and with swirl,2 were recentlymade to document the turbulentmix-
ing in the near � eld and study evolution of the wake. Measure-
ments were also made in so-called component � ows, namely the
drag wake3 of the body without propulsion and an isolated non-
swirling jet and a swirling jet issuing from the base of the body. The
previous publications reported the streamwise development of the
momentumless wake, without1 and with swirl.2 This development
takes place in three stages: the near � eld, in which the body bound-
ary layer and the jet are clearly evident; an intermediate region, in
which the two � ows mix up to the axis of the body; and last the
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Fig. 1 Model and tunnel arrangement.

region of a single shear � ow, the developedwake, in which the data
reveal varying levels of similarity. The purpose of this Note is to
present comparisons of some additional � ow characteristics in the
third region, the fully mixed wake. Here we consider the distribu-
tions of eddy viscosity, intermittency, triple velocity products, and
length scales that shed light on the differences in the turbulence.

The experiments were conducted in the 1.07-m octagonal, open
test-section, return-circuit wind tunnel of the Iowa Institute of
Hydraulic Research. Figure 1 shows the wind tunnel and model
alongwith thecoordinatesystem(x , r , µ/ used to report thedata.The
freestreamvelocity (U0 ) was set at 16.5 m/s, resulting in a Reynolds
number based on the body length (143.45 cm) of 1:58 £ 106 . The
jet Reynolds number based on the diameter of the jet (D D 3:90 cm)
and the jet maximum axial velocity (2U0/ was 8:6 £ 104 . The maxi-
mum swirl velocityat the jet exit was 0.95U0 . A detaileddescription
of the experimental equipment, instrumentation, and measurement
procedures can be found in Sirviente and Patel,1¡3 along with an
analysis of the uncertainty in the data [2% for the mean velocity
components (U , V , W ) and 10% for uu and uv and 20% for the rest
of the Reynolds stresses].

In the analysisof conventionalwakes with momentum de� cit, the
centerlinevelocityUc is chosen as the velocity scale, and the length
scale b is takenas the half-radiusbasedon the mean velocitypro� le.
For momentumlesswakes a length scale based on the mean velocity
pro� le is dif� cult to determine from experimental data because the
velocitydefectandexcesstend to � atten thepro� le in the fullymixed
wake. Therefore, here it is taken as buum =2 , namely, the radius where
the streamwiseReynoldsstressuu is one-halfof its maximumvalue.
These velocity and length scales are used to nondimensionalizeand
compare data from different � ows.

II. Eddy Viscosity
If isotropyof the eddyviscosityºt is assumed and thin shear layer

approximationsare made, ºt can be determined from the measured
shear stress and gradient of the axial velocity component as

ºt

Ucb
D

¡uv
¯

U 2
c

@.U=Uc/=@.r=b/

The distributions of ºt=Ucb in the three � ows (i.e., drag wake
and momentumless wakes with and without swirl) at station
x=D D 19:53 are plotted in Fig. 2. Differences in eddy viscosity
are of course re� ected in the growth and decay rates of these shear
� ows. It was shown2 that the mean shear and turbulent shear stress
decay very rapidly in the momentumless wake with swirl. This re-
sults in larger scatter and uncertainty in the eddy viscosity for that
� ow. Nevertheless, from Fig. 2 it is seen that the eddy viscosity in

Fig. 2 Eddy viscosity distribution at station x/D = 19:53, in the drag
wake and momentumless wakes with and without swirl.

the momentumless wake without swirl is almost constant around
0.007 and about one-half of the average value in the drag wake,
which is 0.012. The average value of the eddy viscosity is reduced
in the momentumless swirling wake with a value around 0.005. It
can be concluded that swirl tends to reduce the eddy viscosity and
therefore the radial transport of axial momentum.

III. Triple Velocity Correlations
The divergence of the triple velocity correlations comprises the

turbulence diffusion terms in the Reynolds-stress transport equa-
tions. Thus, for example, the turbulent diffusion of turbulence ki-
netic energy in the radial direction is given by the radial derivatives
of the correlations vu2 , v3 , and vw2 , and these are the only terms
retained following thin shear layer approximations. Although the
present data are not complete enough to construct the balance of
either the turbulence kinetic energy or the component stresses, pro-
� les of the triple products are of interest in identifying differences
in turbulent diffusion.

Radial pro� les of two correlationsappearing in the turbulenceki-
netic energy equation, namely, u2v and v3, at station x=D D 19:53
are shown in Figs. 3a and 3b, respectively. The radial gradients of
these represent the radial transport of uu and vv, respectively. Im-
portantdifferencesare observedin the shape, slope, and magnitudes
among the three � ows. The drag (bare-body) wake shows negative
values in the vicinity of the centerline indicating a gain of energy
by diffusion (from the region of maximum turbulence kinetic en-
ergy, which is not at the centerline3/. In both momentumlesswakes,
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Fig. 3a Triple velocity correlations at station x/D = 19:53, in the drag
wake and momentumless wakes with and without swirl.

Fig. 3b Triple velocity correlations at station x/D = 19:53, in the drag
wake and momentumless wakes with and without swirl.

on the other hand, diffusion is considerably stronger and radially
outward across the � ow. The triple correlation measurements thus
support the assumption that production of turbulence energy in the
momentumless wakes is small, and there exists a balance between
diffusion and convection. The effect of swirl is clear in u2v, while
v3 shows none in the inner region.Although other triple correlations
were measured in the experiments, they are not presented here.

IV. Intermittency
Intermittency° is de� ned as the fractionof time duringwhich the

� ow is turbulent. It can be calculated from the � atness factor F of a
turbulentsignal(of u, v, w, etc.) as ° D F j0=F , where the numerator
is the � atness where the � ow is fully turbulent. Intermittency is
closely associated with the process of entrainment and the radial
extent of intermittent � ow with the size of the large eddies in the
� ow.

Intermittencydistributionsat x=D D 19:53 calculated from mea-
surements of the axial velocity � uctuation u are compared in Fig. 4.
In all three � ows there is intermittency beyond a central core, r=b
or r=buum =2 < 0:6, say, but the radial location of ° D 0:5 is quite dif-
ferent. The intermittent region was found to be relatively narrow in
the isolated nonswirling jet (not shown), indicating smaller eddies.
Tennekes and Lumley4 reason that this is because the momentum
transported by the longitudinal � ow is as much as that carried by
the transverse � ow, implying a compression of eddies in the cross-
streamdirection.This is not thecase in wakes,althoughthe intermit-
tent region in the momentumless wake is narrower than that of the
drag wake, implying smaller eddies and reduced entrainment (the
measured entrainment was zero, as required by similarity theory).
Further correlations with eddy sizes and entrainment are specula-
tive, at best, in view of the uncertaintyof the relevance of the length
scale used here in the outer region of the momentumless wake.1;2

Fig. 4 Intermittency distribution at station x/D = 19:53, in the drag
wake and momentumless wakes with and without swirl.

Fig. 5a Integral length scales at station x/D = 19:53, in the drag wake
and momentumless wakes with and without swirl.

More careful considerationof the � ow structure in the outer region
is necessary to address these issues. The data show practically no
difference in the three wakes, while the intermittent � ow region in
the isolated swirling jet (not shown) was found to be narrower than
in the wakes.

V. Turbulence Length Scales
Two commonly used turbulence length scales were determined

from the data. The integral length scale was determined from the
measured integral timescale using the Taylor hypothesis.Although
the hypothesis applies strictly to homogeneous turbulence, it is
often used5 in other � ows where the following conditions apply:
jU .@U=@x/j À jV .@U=@r /j and uu=U 2 ¿ 1. These are satis� ed at
x=D D 19:53 in the three � ows under considerationhere.

The autocorrelationof the axial velocity � uctuation is R11¿ .¿ / D
u.t/u.t C ¿ /=u.t/2, where t is time and ¿ is the delay time. Its
integration

³ D
Z 1

0

R11¿ .¿ / d¿

gives the integral timescale ³ , and the integral length scale follows
fromtheTaylorhypothesis1 D U³ . Numerical integrationwas used
to obtain the area under the autocorrelation curve with a cutoff of
10¡4 to ensure convergenceof the integral.

Figure 5a shows the integral length scales in the three � ows.
The largest values of 1 are found in the drag wake, con� rming the
observations about eddy sizes from the intermittency distributions.
At the centerline 1 is of the order of the half radius of the drag
wake, whereas it is only 0.5b in the momentumless wake without
swirl. Swirl tends to increase the integral length in the inner region
(r=b < 1, say) of the momentumless wake. The distributionof 1 in
the momentumless wake without swirl is very similar to that in the
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Fig. 5b Taylor length scales at station x/D = 19:53, in the drag wake
and momentumless wakes with and without swirl.

isolatedjet (not shown) up to a radial distanceof the orderb, indicat-
ing a jet-like � ow structure in the central part of the momentumless
wake even at this large distance from its origin.

It is generally assumed that at large Reynolds numbers the dissi-
pating eddies are isotropic and the Taylor microscale ¸ can be ex-
pressed in terms of the energy dissipation rate ", as4 " D 15ºuu=¸2,
where º represents the kinematic viscosity of the � uid. The dis-
sipation rate was determined from the isotropic expression and
the Taylor hypothesis as " D 15º.@u=@x/2 D .15º=U 2/.@u=@t/2.
Figure 5b shows the variationsof the Taylor microscale.The values
of ¸ in the drag wake are approximately twice those in the mo-
mentumless wake without swirl, but their radial distributions are
similar in shape. The smallest values were measured in the isolated
nonswirling jet (not shown), being almost half of those in the mo-
mentumless wake without swirl in the central part of the jet. The
implications of these differencesare not entirely clear as the Taylor
microscale represents neither the dissipating scales not the larger
eddies in the � ow. The distribution of the Taylor microscale in the
momentumless swirling wake is almost identical to that of the drag
wake in the inner region of the � ow up to approximatelyr=b D 0:7.
The Taylormicroscaleis consistentlylargerfor the swirlingmomen-
tumless wake vs the nonswirling momentumless wake. The reason
for this rather unexpected behavior is not clear.

VI. Conclusions
Signi� cant differences were found in quantities such as eddy

viscosity, intermittency, triple velocity correlations,and turbulence
length scales at the last measuring station in momentumless wakes,
without and with swirl, and their respective component � ows, i.e.,
drag wake and isolated jet without and with swirl. The implications
of these differences with respect to turbulence modeling remain to
be explored. The eddy viscosity in the momentumless wake with
swirl is considerably smaller than in all of the other � ows used for
comparison,including the bare-bodywake, the isolatedswirling jet,
and the momentumless wake without swirl. Measurements of the
triple correlations do not reveal any consistent effect of swirl. The
intermittency distribution in the three wakes (i.e., drag wake and
both momentumless wakes with and without swirl) is similar. The
two turbulence length scales show trends counter to those expected
on the basis of similarity between both momentumless wakes.

References
1Sirviente, A. I., and Patel, V. C., “Wake of a Self-Propelled Body, Part 1:

Momentumless Wake,” AIAA Journal, Vol. 38, No. 4, 2000, pp. 613–619.
2Sirviente, A. I., and Patel, V. C., “Wake of a Self-Propelled Body, Part 2:

Momentumless Wake with Swirl,” AIAA Journal, Vol. 38, No. 4, 2000,
pp. 620–627.

3Sirviente, A. I., and Patel, V. C., “Experiments in the Turbulent Near
Wake of an Axisymmetric Body,” AIAA Journal, Vol. 37, No. 12, 1999,
pp. 1670–1673.

4Tennekes, H., and Lumley, J. L., A First Course in Turbulence,
MIT Press, Cambridge, MA, 1972.

5Lin, C. C., “On Taylor’s Hypothesis and the Acceleration Terms in the
Navier Stokes Equations,” Quarterly Applied Mathematics, Vol. 10, No. 4,
1953, pp. 295–306.

R. M. C. So
Associate Editor

Geometries for Five-Hole-Type
Probes with Planar Sensor Arrays

H. Babinsky,¤ U. Kuschel,† H. P. Hodson,‡

D. F. Moore,§ and M. E. Welland¶

Cambridge University, Cambridge,
England CB2 1PZ, United Kingdom

Introduction

M ANY of the most challenging problems of aerodynam-
ics today are concerned with highly unsteady and three-

dimensional � ows. Examples can be found throughout turboma-
chinery, in transonic � ows, and also in the research into turbulent
structures.The studyof such � ow� elds requires the measurementof
velocity vectors at high spatial and frequency resolution.Although
modern optical techniques can offer such features, their use is of-
ten limited by optical access, and a simpler pressure-based sensor
would be preferable.Five-hole probes are widely used as a simple,
robust, and useful tool for the determinationof velocity vectors, but
there is usually a tradeoff between their size and their frequency
resolution.

Through the emergence of micro-electro-mechanical-systems
(MEMS) technology1;2 and its introductioninto aeronauticalsensor
technology,3 there are now good prospects to fabricate a � ve-hole
probe, which is both small in size (<1 mm) and has the pressure
sensors incorporated in the probe head itself to give a very high
frequency response (>100 kHz). However, there are still very sig-
ni� cant problems with this approach, in particular because MEMS
technology has been developed from microelectronic fabrication
processes,which are essentiallyplanar systems.The complex three-
dimensionalshapeof traditional� ve-holeprobesdoes not lend itself
easily to miniaturization.

Rediniotis and coworkers4;5 have suggested ways to bypass this
dif� cultyby manufacturinga planar array of � ve miniature pressure
sensorsmountedunderneatha small hemisphere� tted with pressure
holes connecting to the sensors.They have shown that, in principle,
such an approach is feasible and could lead to a � ve-hole probe
of approximately 1 mm diam with a high frequency response. The
dif� cultieswith this approachare that the hemispherecontainingthe
tubesneeds to bemanufacturedand assembledwith the sensorarray,
thus limiting the minimum size achievable.Furthermore, the length
and the small diameter of the connections between the pressure
sensors and the relevantpressure tapping on the hemispheresurface
have a deleterious effect on the response time.

Received 31 May 2000; revision received 23 March 2001; accepted for
publication 20 July 2001. Copyright c° 2001 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved. Copies of this paper
may be made for personal or internal use, on condition that the copier pay
the $10.00 per-copy fee to the Copyright Clearance Center, Inc., 222 Rose-
wood Drive, Danvers, MA 01923; include the code 0001-1452/01 $10.00 in
correspondence with the CCC.

¤Senior Lecturer in Aerodynamics, Department of Engineering, Trump-
ington Street. Member AIAA.

†Research Student, Department of Engineering, Trumpington Street.
‡Professor in Turbomachinery, Department of Engineering,Trumpington

Street. Member AIAA.
§Lecturer in Electrical Engineering,Department of Engineering, Trump-

ington Street.
¶Professor in Electrical Engineering,Department of Engineering,Trump-

ington Street.


