
AIAA JOURNAL, VOL. 39, NO. 12: TECHNICAL NOTES 2409

Rhie–Chow interpolation.5 From Fig. 1, it is seen that the pressure
oscillations resulting from the original Rhie–Chow interpolation
are most pronounced at small time steps. To quantify the size of
the deviations and oscillations, the following two quantities are
computed:
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where sRC and sNew are the solutions computed with the original
Rhie–Chow scheme and the new scheme, respectively. The new
schemegives the same solutionindependentof the time step.Table 1
shows the deviation and oscillation for different time steps. From
Table 1, the deviationsare almost independentof the time step (from
0.01 to 0.001). The oscillations, however, become more important
at decreasing time steps.

B. Unsteady Solution at a Reynolds Number of 200
The � ow past a circular cylinder at Reynolds number of 200 is

computed with a time step ±t D 0:0025. After a dimensionless time
of 200, corresponding to 80,000 time steps, a periodic solution is
reached.

Figure 2 shows pressure contours computed with the modi� ed
and the original interpolationschemes. From Fig. 2, oscillationsare
clearly visible for the original Rhie–Chow interpolation,5 whereas
the modi� ed interpolation displays no oscillations. For the force
coef� cients, the new interpolation gives almost the same values as
the original interpolationscheme, except that the mean value of CD

is increased with about 0:25%.

IV. Conclusions
The origin of pressure oscillations produced by the Rhie–Chow

procedure5 when running at small time steps has been revealed. A
revised procedure for the interpolation of cell face � uxes is pro-
posed. Oscillationsare succesfullyeliminated by the revised proce-
dure.The new interpolationscheme contributesno extra dissipation
as compared to the Rhie–Chow procedure. The revised procedure
is consistent for all time step lengths and can be used for other
methods based on collocated grids, for example, the fractional step
method.
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Nomenclature
b = grid bar diameter
Cy = side-force coef� cient, Fy=.0:5½U 2

1 S)
CyD = local side-force coef� cient, local side

force=.0:5½U 2
1 D sin2®)

D = cylinder diameter
Fy = side force
I = turbulence intensity; Ix is the longitudinal turbulence

intensity in freestream direction, ¾x=U
L = turbulence length scale; L x is the longitudinal

turbulence length scale in the freestream direction
M = mesh-opening length
P = pressure on model surface
P1 = freestream static pressure
R = autocorrelationcoef� cient
ReD = Reynolds number, U1 D=º
S = model base area, ¼ D2=4
T = timescale
U = time-averaged freestream velocity
X = axial distance from model nose tip
x = distance downstream from the grid
® = angle of attack
µ = azimuth angle around circular cross section

measured from the most leeward position
º = kinematics viscosity of � uid
½ = density of � uid
¾x = standard deviation of the freestream velocity
¿ = time difference
Á = roll angle

Introduction

F REESTREAM turbulenceis known to affect the side force act-
ing on ogivecylinderspitchedat high angles of attack for many

years. For instance, Lamont and Hunt1 found in their investigation
that freestream turbulence caused the switching of the asymmetric
� ow states, resulting in a substantially smaller time-averaged side
force. This � nding was supported by Hunt and Dexter,2 who con-
ducteda study that includedboth high and low turbulenceintensities
(Ix D 0:7–0.01%) and found that the switching has disappeared in a
“quieter”environment.In a later studyHoward et al.,3 who used four
turbulence generating grids to modify freestream turbulence inten-
sity and length scale, also found that increased turbulence intensity
substantially reduced the maximum induced side force. However,
not everyone seems to agree with the preceding � ndings. Wardlaw
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and Yanta4 found that by increasingthe turbulenceintensityto about
2% the peaks of side force distributions is increased by about 10%.

These contradictory results raise a pertinent question: How does
freestream turbulencemodify the side force on a slender body? The
desire to address theprecedingquestionmotivatedus to carryout the
present investigation: to study the effects of freestream turbulence
on the side force actingonanogivecylinderat high incidenceexperi-
mentallyvia simultaneousside-forceand surface-pressuremeasure-
ments. Five grids were installed (one at a time) at various locations
in the wind tunnel to generate turbulence. By selecting grid of the
appropriatesize and adjusting its upstreamlocationfrom the model,
we were able to vary the turbulencelength scale while ensuring that
the turbulence intensity is constant and vice versa. In contrast to
many of the previous studies, which were restricted to only one
or a few roll angles, the present investigation covers one complete
rotationof the model, with the side-forceand surface-pressuremea-
surements measured at a roll angle interval of 7.2 deg. We believe
that the � nely mapped-out results of side force and surface pressure
can give us a better insight into how freestream turbulence affects
the side-force distribution.

Experimental Apparatus and Techniques
The experiments were carried out in an open-loop suction wind

tunnel with a rectangular cross section measuring 0.6 m(H)£
1.0 m(W). The ogive cylinder used in the present study is the same
as the one used in our earlier study.5 All of the measurements were
conducted at a freestream velocity U of 15m/s, and the Reynolds
number ReD based on the diameter (D D 35 mm) of the cylindrical
section of the model is about 3:5 £ 104 . At this operating condi-
tion the boundary layer involved was laminar because Lamont6 has
shown that boundary layer remains laminar below ReD D 2 £ 105

for all angles of attack. The turbulence intensity of the empty wind
tunnel is about 0.23%.

Five sets of biplanar square-mesh grids were used in the present
investigation, in all cases the ratio of the grid opening M to bar
diameter b was � xed at M=b D 5. The purpose of using grids of
different sizes is to enable us to vary the turbulencelength scale be-
cause it is proportionalto the grid opening.To establisha reasonably
good isotropic turbulence � ow condition, a distance of 5–10 mesh
size (i.e., 5–10M ) downstream of the screen is required. To meet
this condition, all of the present measurements were conducted at
least 15 mesh-size downstream of the grid. The constant tempera-
ture hot-wire anemometry (CTA) was used to measure the x-(� ow)
direction turbulence intensity Ix , the autocorrelation coef� cient R,
and the turbulence length scale L x . A 5¹-diam tungsten wire with
a sensing length of 1.2 mm was used throughout the experiment.
The CTA unit was linked to a PC via a data acquisition system. In
the calculation of the integral timescale T , only the area under the
positivepart of the correlationcurve in the R–¿ plot was considered
for the data reduction.

Figure 1 de� nes the sign convention used for the side force, the
roll direction of the model (Á) and the azimuth angle (µ ). Here, the
positive side force is always pointed toward the starboard side of
the body (i.e., in the positive y direction of the coordinates system
that is � xed with respect to the wind tunnel). The zero azimuth angle
is always located at the most leeward position, and the azimuth
angle increases in a counterclockwisedirection (when viewed from

Fig. 1 De� nitions of side
force Fy, roll angle Á, and az-
imuth angle µ.

the top). The azimuth angle is also � xed with respect to the wind
tunnel.

To measure the changes in the side force with the roll an-
gle, the model was rotated in a counterclockwise direction by a
software-controlledstepper motor located at the back of the model,
just below the � oor of the wind-tunnel test section. Both the model
and the stepper motor were subsequently mounted on an inclined
mechanism sitting on a Nitta six-degree-of-freedom force balance.
The accuracy of the balance is §1:16 gm, which corresponds to a
maximum error of §0.0891 in the side-force coef� cient Cy at the
operating speed of 15 m/s.

A computer equippedwith a Pentium II microprocessorwas used
to both acquire the data and control the steppermotor. During a typ-
ical data acquisition routine, after the model had been rotated by
the stepper motor to a new roll angle, a 2-s delay was allowed for
the � ow to stabilize before force measurements were taken at a
sampling frequency of 1 kHz over 10 s. This was then followed
by pressure measurements of all the 76 pressure tapings, with 5000
data collectedat each pressure tap at a sampling frequencyof 1 kHz.
Because of the limitationof the data acquisitioncard, pressuremea-
surements had to be carried out in a sequential manner using two
sets of scanivalve. After the completion of the data acquisition, all
of the results were time averaged and stored in a hard disk before
the model was rotated to the next roll angle. The precedingprocess
was then repeated. Measurements were carried out over the entire
360-deg roll-angle range at an interval of 7.2 deg.

Results and Discussion
The present study is made up of two parts. In the � rst part the

length-scale L x=D is kept constant at either 0.354, 0.428, or 0.575,
while the turbulence intensity Ix is varied from 1.2 to 3.9%. In the
second part the intensity level is kept constant either at 1.9, 2.9, or
3.9%,while the turbulencelengthscale isvariedfrom0.252to 0.569.
In all cases the ogive cylinder is pitched at an angle of attack ® of
50 deg. This angle is chosen basedon our earlier investigationon the
same cylinder, which showed that ® D 50 deg gives the maximum
side force, and the available surface-pressuretappingscover at least
the � rst local side-force peak.5

The results when the turbulence length scale L x=D was � xed at
0.354 and the Ix varied from 1.2 to 3.4% are shown in Fig. 2 as
a typical set of results on the effects of the turbulence intensity. It
is clear from the � gure that the turbulence intensity has signi� cant
in� uenceon the side-forcedistribution.With the bene� t of the hind-
sight that the model’s surface condition is unlikely to be completely
uniform, it is perhaps not surprising to see that different parts of
the model respond differently to turbulence intensity. In the case of
the present wind-tunnel model and the way it was set up, the roll
angle range of 180 < Á < 270 deg seems to be the most affected,
with the side force decreasing with increasing turbulence intensity.
This is what Lamont and Hunt and Howard et al. found in their
investigations.However, outside the preceding range of roll angle,
there is a small but noticeable increase in the side force when the
turbulence intensity increases. This agrees with what Wardlaw and
Yanta reported in their investigation. The present results therefore
suggest that the contradiction among different results reported in
the literature is caused by differences in model surface conditions.

To obtain a better insight into the � ow characteristics just dis-
cussed, Fig. 3 shows the local side-forcedistributionalong the axial

Fig. 2 Effects of varying turbulence intensity Ix when turbulence
length scale Lx/D is kept constant at 0.354.
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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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