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Fig. 4 Mean velocity contours of flow atx =25.4mm, X and R actuator
excitation, (cpt) = 4%: a) baseline flow and b) controlled flow.

identification of the angle generated between the jet principle axis
and the Z axis, using the flow visualization pictures (not shown)
and taking into account the smoke density, using the 8-bit grayscale
resolution. These calculations indicate that the jet was rotated by
13 £ 4 deg at x /d;, =0.33, with respect to the baseline condition.

To verify that the measured data are indicative of jet rotation, and
notonly modification of the jet velocity distributionat the exitplane,
additional flow visualization pictures were acquired at distances of
76.2and 127.0mm from thejetexit plane (notshown). The rotational
momentum of the free jet should be conserved, so that the observed
rotation angle is expected to increase as the observation plane is
moved in the streamwise direction. Indeed, the flow visualization
images that were acquired farther downstream validate this trend
(not shown). The controlled jet data exhibits the same features as
the measurements made at x =25.4 mm, but the rotation angle,
evaluated using identification of the major axis, is 30 £4 deg at
x =127.0 mm (x/d, = 1.67), a significant increase with respect to
the rotation angle measured at x =25.4 mm. The use of two different
excitation frequencies, disregarding the relative phase between the
two pairs of actuators is not optimal.

Conclusions

The results clearly demonstrate that a rectangular jet can be ro-
tated using properly placed and directed actuators. The method
demonstratedin this Note should allow jet rotation without moving
parts, with short-durationtransients and in a controlled and gradual
manner.
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Nomenclature
A = axial distance from model nose tip
b = grid bar diameter
c, = pressure coefficient, (p — poo)/(O.SpUgo)
C, = side force coefficient, F,/(0.50 ULS)
C,(A) = localside force coefficient, local side
force/(0.50U2 D sin” )
|C,] = absolute value of the side force coefficient
|C_V| = mean of the absolute value of all of the side force
i coefficients in the 0 < ¢ < 360 deg range
D = cylinder diameter
dpaice = average diameter of aluminum oxide particles
F, = side force
1 = turbulence intensity
I, = longitudinal turbulence intensity in freestream

direction, 0, /Uy
= turbulence length scale
¥ = longitudinal turbulence length scale
in the freestream direction
M = mesh opening length
P = pressure on model surface
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Introduction

N a related paper,! the effects of surface roughness with

dpariicie /D =0.0093 on (smooth) flow past a 50-deg inclined
ogive cylinder was studied. The surface roughness was found to
cause a laminar to turbulent transition in the boundary layer(s) of
the cylinder. To continue the study, the present investigation looks
into the effects of the intensity / and length scale L of turbulencein
the freestream. To study the effects of the two separately, the turbu-
lence intensity and length scale of the freestream were varied one at
a time. To achieve that, turbulence was created by placing different
turbulence generating grids (one at a time), at different distances
upstream of the model.

Experimental Apparatus and Techniques

The wind tunnel used, the rough surface model, and the way to
measure side force and surface pressuredistributionare all identical
to those reported by Luo et al.!'? Thus, for brevity, they will not be
repeated here. Also, as in Ref. 1, the angle of attack o was fixed at
50 deg and the Reynolds number Re, at 3.5 x 10%.

To generate freestream turbulence, five sets of biplanar square-
mesh grids were used in the present investigation. The five similar
biplanar square-mesh grids were made from round bars with diam-
eters 3, 6,9, 12, and 15 mm. The grid opening M to bar diameter
b ratio M /b was fixed at 5 for all of the grids. The purpose of
having several grids was to vary the length scale of the turbulence
becausethe length scale would be proportionalto the size of the grid
opening.

Results and Discussion

The study of the effects of freestream turbulence consists of
two parts. In the first part, the length scale L, is kept constant at
L,/D =0.354,0.428, or 0.575, whereas the turbulence intensity I,
is variedfrom 0.72 to 3.91%. In the second part, the intensity level is
kept constantat either 1.92,2.91, or 3.91%, whereas the turbulence
length scale is varied from L, /D =0.252 to 0.569.

The results, which correspond to the dimensionless turbulence
length scale L, /D fixed at 0.428 and the /, varied from 0.72 to
3.91% are shown in Fig. 1, together with the results with no grid
installed. It can be seen that in a turbulent flow, the magnitude of

N
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the fluctuationsin the side force distributionare smaller as the flow
has become less sensitive to small geometrical imperfections of the
model. Generally speaking, the freestream turbulence has further
reduced the magnitude of side force. For example, the maximum
side force coefficient has been reduced from C,, = +3.2 and —3.42
(no grid) to C,, = +2.59 and —2.36 when I, =0.72%. For all of the
lengthscalestested, a furtherincreasein /, appearsto resultin a fur-
ther (but slight) reduction in the side force magnitude, although no
clear trend can be detected. To provide a more objective and quan-
titative comparison for the four cases shown in Fig. 1, we compute
the standard deviation (SDEV) and the mean of the magnitude (i.e.,
the negative sign is ignored for forces that point in the negative di-
rection) of all of the side force data in the 0 < ¢ < 360 deg range by
using the formulae

2
SDEV = NzNjcgi - (ZN: cy,) /N2

and

_ N
ICy| = Z |C,v,-

[
i=1

respectively. In the preceding equations, N_is the total number of
the Cy, data. The magnitudes of SDEV and |C,| for I, =0.72,2.22,
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Fig. 2a Local side force distributions for the rough surface models at
¢ =208.8 deg with I, =0.72 and 3.91% and L,/D =0.428.
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Fig. 1 Effects of varying turbulence intensity I, on the rough surface model’s Cy vs ¢ plot at L,/D =0.428.
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Fig. 2b Pressure distributions at station 4 for both conditions.
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Fig. 3 Effects of varying the turbulence length scale L, on the C, vs ¢ plot at turbulence intensity I, =3.91%.

Table1 Effects of varying turbulence
intensity I, at L,/D =0.428

I, % IC, SDEV
0.72 1.881 1.933
222 1.825 1.893
391 1.582 1.704

and 3.91% are shown in Table 1. The results clearly demonstrate
that an increase in freestream turbulence reduces both the SDEV
and |C,|. However, note that the side force reduction achieved in
the present work is less significant than that observed by Howard
et al.® In the experiment of Howard et al.,’ the maximum side force
reduces from —4.2 to —1.0 as the turbulenceintensity changes from
I, =0.23 (no grid) to 3.8% [grid installed, turbulence dissipation
length scale equal to 43.2 mm (1.7 in.)].

Figure 2 compares the pressure distributionmeasured at station 4
(see Fig.2a) and ¢ =208.8 deg, between the lowest and highesttur-
bulenceintensitytestedat L, /D = 0.428. The pressuredistributions
show that additional turbulence intensity does not significantly alter
the structure of the flow (the general shape of the pressure distri-

bution remains unchanged), but reduces the difference in the wake
pressure between the two sides, leading to the reduction in side
force that had been noted and reported earlier. The difference in
turbulence intensity between I, =0.72 and 3.91% also shows no
obvious effect on the flow separation positions on both sides of the
cylinder. This suggests that changes in the turbulence intensity (at
least in the presentrange) do not alter the main features of the flow
structure.

Figure 3 shows the results of changing L, at fixed turbulence in-
tensity /, of 3.91%. In contrast to the case of varying I, at constant
L, shown in Fig. 1, a smaller turbulence length scale is found to
be more effective in reducing the side force. Probably due to the
relatively small range in L, /D used (0.296-0.55), for the majority
of the roll angle range, the three sets of turbulentflow data (at differ-
ent L, /D) are very close to each other. The only exception appears
to be the narrow ¢ range of 187.2-230.4 deg, where the side force
associated with the largest of the three length scales (L, /D = 0.55)
appears to be clearly larger in magnitude than those of the other
two length scales. The SDEV and |C,| for L,/D =0.296, 0.455,
and 0.55 (shown in Table 2) show a similar trend. The magni-
tudes of SDEV and |C,| decrease when L, /D decreases. (Note that
there is one exception, in that, when L, /D increases from 0.296 to
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Table 2 Effects of varying the turbulence
length scale L, /D at I, =3.91%

L./D IC, SDEV
0.296 1.582 1.704
0.455 1.595 1.703
0.55 1.757 1.844

0.455, SDEV actually decreases from 1.704 to 1.703, which goes
against the overall trend. However, this difference is thought to be
negligible.)
Conclusions

The effects of freestream turbulenceon the side force acting on an
ogivecylindercoated with aluminiumalloy particles at high angle of
attack have been studied experimentally over a range of turbulence
intensities and length scales. In a turbulent flow, and within the
range of parameters investigated, side force and surface pressure
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measurements clearly show that, at « =50 deg, an increase in
the turbulence intensity (at a constant length scale) causes the side
force to decrease. On the other hand, one needs to reduce the turbu-
lence length scale (ata constantturbulenceintensity),to achieveare-
ductionin side force. In the presentcase, the smallest L, /D (0.296)
appears to have the greatest influence in reducing the side force
acting on the ogive cylinder.
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