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observed. The analysis described here is particularly important in
that it demonstrateswhich � ow parameters are most suitable for the
correlation of experimental data and allow standoff distances to be
estimated quickly without the need to run time-consuming compu-
tational � uid dynamics codes, though such codes should be used to
provide more detailed information where required.
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Introduction

T HE single circular jet issuing normally into a cross� ow (JICF)
represents one of the basic jet-� ow con� gurations with a wide

variety of practical applications.These range from the aerodynam-
ics of advancedshort takeoffand landing (ASTOVL) aircraftand jet
steering systems, through combustion chamber mixing, to environ-
mental � ows. Margason1 providesan extensivesurvey of JICF stud-
ies during the past 50 years up to 1993and recentpapers,e.g., Smith
and Mungal,2 have shed a new light on the JICF problem as well.
Though many aspects of the JICF including vorticity distributions
(e.g., Refs. 3 and 4) havebeen treated in the literature, some aspects,
such as the turbulent vorticity transport and the associated vortex
strength decay of the well-known contrarotatingvortex pair (CVP),
still need to be clari� ed.

The aim of the present contribution has been to carry out the
measurement of velocity � elds and turbulence statistics in such a
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manner as to be able to visualize the centerline vorticity transport
across the plane of symmetry (which is supposed to be the main
cause of the cancellation of the vortex strength of the CVP) and to
analyze the corresponding circulation decay rate directly in terms
of the Reynolds stresses. Decay rates are closely associated with
the effective turbulent vorticity � uxes de� ned in a manner similar
to that in previous work5 and determined by an analogous method
as introduced by KoláÏr6 for the planar case.

It is well recognizedthat large-scaleorganizedvortical structures
may exist within the � ow � eld.7 However, in the presentwork these
are not taken into account and are re� ected only as an inherent
contribution to the long-time-averagedvalues of relevant quantities
(denoted by angular brackets h ¢ ¢ ¢ i ).

Experimental Details
The measurements were carried out in a wind tunnel in the De-

partment of Civil Engineering at the University of Surrey, using the
standardcrossedhot-wire anemometry technique.The tunnel work-
ing cross section was 0.62 m wide £ 0.75 m high, and the jet nozzle
of diameter D =13 mm was placed� ush with the ground plane.The
jet outlet velocity was UJ = 53.0 m/s, resulting in ReJ ¼ 4.6 £ 104.
Only one jet-velocity/cross� ow-velocity ratio, R =U J / UC , was
studied, namely the ratio R = 8. Hence, the cross� ow velocity was
set to be UC =6.63 m/s. Flow symmetry is assumed in order to
reduce the range of measurements to a half-plane. The coordinate
system is shown in Fig. 1 with the origin at the center of the jet
exit.

The crossed hot-wire measurements were, whenever necessary,
undertaken with a tilted probe that was approximatelyaligned with
the preestimated mean � ow direction and the Reynolds stresses of
interestwere reconstructedbasedon the decompositionsin the man-
ner of Cutler and Bradshaw8 using four probe roll positions. In the
present case there is no wall effect and the probe volume is rela-
tively small in comparison with the � ow structures being investi-
gated. Hence, the gradient errors will be within the bounds found
previously.8

The velocity � elds, that is the projections of the velocity vec-
tors, ( h u i , h v i , h w i ), in the planes x =Const., were determined in
� ve equidistant rectangular cross sections located at x / D = 10,
12.5, 15, 17.5, and 20 with dimensions z =70 –250 mm (z / D ¼
5.4–19.2), y =0 –100 mm (y / D ¼ 0 –7.7), and with a square mea-
surement mesh having steps of 10 mm. In the four corresponding
midplanes, some necessary additional measurements of Reynolds
stress tensorcomponentsin the centerlineregion were takenas well.

Turbulent Vorticity Fluxes
The only vorticity component considered here is the dominant

one, aligned with the cross� ow direction x , denoted h x i . Fig-
ure 2a shows h x i for the measured half of the CVP for x / D =15
(x / RD =1.875). The coordinate R D-scaling, adopted in Figs. 2
and 3, has been found as the most appropriate scaling for physical
dimensions of the JICF.2

Following previous work,5 the turbulent transport of the mean
vorticity is characterized by the antisymmetric turbulent vorticity
� ux-densitytensor,which can be expressedpurely in terms of gradi-
ents of the Reynolds stress tensor components.Along the centerline
there is only one generallynonzerocomponentof turbulentvorticity
� ux-density vector associated with h x i , namely the y component,
which is responsible for the centerline vorticity exchange between
the single vortices of the CVP. The y component of the so-called
effective5 (that is, having generally a nonzero effect on D h x i / Dt

Fig. 1 Coordinate system.
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Fig. 2 a) Normalized negative vorticity, ¡ ¡ !D/UC for x/D = 15 (x/RD =
1:875). b) Effective turbulent vorticity � ux (reduced, normalized by
U2

C /D).

Fig. 3 Circulation decay rate in downstream direction (normalized by
U2

C ).

in the mean vorticity transport equation) turbulent vorticity � ux-
density vector of h x i reads

J y = ( h w 0 2 i ¡ h v 0 2 i )z / 2 + h v 0 w 0 i y + h u 0 w 0 i x (1)

(The subscripts stand for partial derivatives, and the superscript y
denotes the vector component.)

The � rst � ux term on the right-hand side of Eq. (1) dealing
with normal Reynolds stresses does not contribute to the circula-
tion decay, as will be discussed in the next section, and may be
neglected. Figure 2b shows reduced � ux distributions for the four
midplanes (with respect to � ve cross sectionsof the measured velo-
city vectorplots), namely, for x / D =11.25, 13.75,16.25, and 18.75
(x / R D = 1.41, 1.72, 2.03, and 2.34). The � ux distributionsindicate
that the peak values of the turbulent vorticity transport across the
centerline can be found close to the z location of the vorticity and
upwash ( h w i component) velocity peaks. The natural downstream
decrease of vorticity transport is observed from the decrease in the
� ux values. A small upward z shift also occurs, which is due to
the lifting of the jet trajectory.An interesting local minimum of the
vorticity � ux, due to the negative minimum of the last � ux term in
Eq. (1), can be recognized close to the position of the maximum of
the centerline streamwise velocity.

Circulation Decay Rate
Direct estimates of the circulationdecay rate, denotedas D C / D t ,

may be inferreddirectlyfrom two consecutivestreamwisecrosssec-
tions with the time differenceestimated from the cross� ow velocity
UC and the x difference between two consecutive planes. For sim-
plicity, the whole measurement region is used for calculating C as
a surface quadrature of h x i .

The circulation decay rate d C /dt is described in terms of � uxes
by

d C

dt
= ¡

A

J y
y + J z

z dA =
C

( J y dz ¡ J z dy) (2)

where C is a vortex boundary.This expressioncan be derivedanalo-
gously as for planar case6 where the kinematicsof surface integrals9

is applied to the vorticity vector, namely, the key formula for

d

dt A

h ! i ¢ n dA

is employed and substituted from the vorticity transport equation
in divergenceform5 so the contributionof the tilting-and-stretching
term cancels out.

The estimatesof d C /dt due to centerline turbulentvorticitytrans-
port are derived simply by integration of J y dz over the relevant
centerline interval I (for simplicity, the whole centerline velocity
measurement interval z =70–250 mm, or z / D ¼ 5.4–19.2, is used
for calculation):

dC

dt
centerline vorticity transport

=
I

J y dz =
I

( h v 0 w 0 i y + h u 0 w 0 i x ) dz

(3)

where J y is given by Eq. (1), reduced a priori in the � rst term. This
reduction is possible provided that the integration limits are placed
in the low turbulence regionsoutside the CVP. It should be recalled
that the total circulation decay rate due to turbulence is given by
Eq. (2).

Figure 3 shows the comparison between the direct estimates
D C / D t , and the estimated values of d C / dt due to the centerline
turbulent vorticity transport, calculated from Eq. (3). The values of
D C / D t inferred from the “universal”correlationin Margason1 (see
Fig. 23b taken from his Ref. 13, Smy and Ransom, 1976) based on
data from Fearn and Weston,3 are shown for comparison as well.
Further, the � gure includes the decay rate derived from the change
in the centerline line-integral of the upwash velocity. Some pre-
liminary analysis of the present data and others10 indicates that the
dominant portion of vortex circulation can be obtained as a mere
centerline line-integral of the upwash velocity h w i , and the center-
line circulation decay rate, calculated from the centerline upwash
velocity data at two consecutive cross sections downstream, can be
taken as quasi-Galilean invariant.

The results indicate that the rate of change in the centerline line-
integral of the upwash velocity correspondsquite well to the direct
estimates of D C / D t as calculated from h x i � elds. The estimates of
d C / dt basedon thecenterlineturbulencestatistics,see (3), attain,on
average, two thirdsof the directlyestimated total decay rate D C / D t .
The resulting effect upon d C /dt of the second � ux term in Eq. (1)
is an order of magnitude higher than that of the third one.

Conclusions
The crucial role of centerline vorticity transport responsible for

the cancellation of the vortex strength of the CVP within the JICF
has been visualized in terms of effective turbulent vorticity � uxes
and the associated circulation decay has been analyzed. The circu-
lation decay rate due to turbulentvorticity transportdependsmerely
upon the turbulenceproperties (of anisotropyand inhomogeneityof
Reynolds stresses) at the vortex contour, a signi� cant part of which
is just the centerline “separating” the single vortices of the CVP.
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Nomenclature
AR = aspect ratio measured perpendicular to airstream
B = blockage ratio
Cp = coef� cient of pressure (P ¡ P1 ) / q
d = outer diameter of cylinder
k = roughness height
q = freestream dynamic pressure
Ren = Reynolds number based on cylinder diameter

and freestream velocity
Tu = turbulence intensity
h = circumferential angular position from stagnation position
K = yaw angle

Introduction

T HE effects of freestream turbulence and surface roughness on
mean and � uctuating surface pressures over a circular cylin-
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der placed perpendicular to the airstream is an active research area
in modern aerodynamics.1,2 Of particular interest is the resulting
nature of the � ow over a yawed circular cylinder when such sec-
ondary effects are applied. This Note documents tests over smooth
and rough 45-deg yawed circular cylinders in both smooth and
turbulent freestreams. Results from investigations show that mean
pressure over the model in all con� gurations established in� nitely
long circular cylinder conditions over part of the span. Results
from � uctuating pressure distributions, however, showed no sign
of in� nitely long circular cylinder conditions except in a turbulent
freestream.The increased ability of the turbulent freestream to gen-
erate in� nitely long circular cylinder conditions is thought to be
due to the increased mixing and entrainment with which a turbu-
lent freestream imparts to the separating shear layers, reducing the
effect of the exposed free end. Results from the roughened model
showed highly asymmetric � uctuating pressure distributions, fur-
ther indicating that both the mean and � uctuating pressures should
be considered if in� nitely long circular cylinder conditions are
required.

Experimental Arrangement and Procedure
All tests were conducted in an open-circuit, closed-test-section,

low-turbulence (0.2% at 40 m/s) wind tunnel on yawed circular-
cylinder models at a Reynolds number of 9.6 £ 104 . Three � ow
con� gurations were analyzed: a smooth model (k / d < 10 ¡ 5) in low
freestreamturbulence(denotedas smooth), a smooth model in grid-
generatedturbulence(denotedas turbulent), and a roughenedmodel
in low freestream turbulence (denoted as rough). To simulate the
turbulent � ow� eld, a square-mesh, biplanar, turbulence-generating
grid was placed between the outlet of the contraction and the en-
trance to the test section. The grid was composed of circular cross-
section rods 2.5 mm in diameterand spaced at 25-mm intervals.The
longitudinal turbulence intensity and integral length scale for this
� ow con� guration were measured at the model station using a hot-
wire anemometer at 2% and 14 mm, respectively.The upstreamend
of the model was 12 mesh spacings downstream from the meshed
grid, ensuring that the model was in homogeneous turbulence.3

Roughness was simulated by covering the entire span of the model
with Norton 60-grit emery paper. Holes of 1-mm diameter were
carefully punched into the emery paper to coincide with the pres-
sure tap holes in the model. The relative roughnessof the paper was
estimated to be k /d =500 £ 10 ¡ 5.

The yawed circular cylinder basic model con� guration is shown
in Fig. 1. The models spanned the 457 £ 457 mm test section and
were mounted 30 mm off the tunnelwalls using supportblocks.The
test section blockage ratio B and model aspect ratio AR (measured
perpendicular to the airstream) were kept constant for all con� g-
urations at 10% and 10, respectively. Having these conditions for

Fig. 1 A 45-deg yawed circular cylinder: � ow direction, top to bottom
of page.


