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~ 4) Peak current rates of rise, if assumed to be produced by

CG strikes, range from 0.6 X 10'° to 1.6 x 10'! A s7!, These
values are close to those estimated by Weidman and Krider? at
ground level.

When a return stroke of a CG flash that started at the
ground with a peak current of 200 kA and a current rate of rise
of 10" A s~! reaches an airplane at flight altitude, its peak
current and rate of rise will be much smaller. Applying the ex-
ponential decrease of the return stroke light intensity®
[(exp) — 0.6n, where n is the altitude of the airplane in km] to
the variation of the peak current in return strokes with altitude
results in a peak return stroke current of 10 kA at 5 km alti-
tude, which is in the range of values measured on the F-106B.
The rate of current rise from the peak detector measurements
is, however, much greater than that expected with the expo-
nential decrease of its maximum values with altitude.

When a CG strike initiates on the airplane, the peak current
is expected to be at its maximum on the airplane, rather than
at the ground, whereas the highest rate of rise may occur any-
where along a negative stepped leader channel. The maximum
values of peak currents and rate of rise measured on the F-
106B were 54 kA and 3.8 x 10'! A s~ !, respectively, during the
flights with non-CG strikes to the airplane.? Since the major-
ity of strikes to the F-106B were triggered on the airplane,!? it
is reasonable to suggest that the largest peak values of currents
and rates of rise characterize triggered strikes rather than in-
tercepted return strokes of CG flashes. The SAE criteria on
peak current rates of rise, although based on a worst-case as-
sumption of the first return stroke attachment to the airplane
with peak values equal to those measured at the ground,
match in-flight measurements of current rates of rise
measured during triggered strikes. The SAE criteria on peak
currents, however, far exceed the predicted values of return
stroke currents at flight altitudes and are also much greater
than the values measured during triggered strikes.
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at Low Reynolds Numbers

Richard M. Howard*
and
David W. Kindelspiref
Naval Postgraduate School,
Monterey, California

Introduction

ITH the increased interest in the application of re-

motely piloted vehicles (RPVs) comes the need for a
better understanding of the aerodynamic problems associated
with airfoil performance at low Reynolds numbers. For air-
foils in this regime, it is well known that transition from lami-
nar to turbulent flow and flow separation are highly sensitive
to the disturbance environment.! The formation of laminar
separation bubbles at low Reynolds numbers, and their de-
pendence on freestream disturbances, complicates the study of
airfoil performance compared to flows at more conventional
Reynolds numbers. Boundary-layer sensitivity to flowfield
conditions often leads to varying results for identical airfoil
models in different wind tunnels.? Mueller et al.! presented
results from the addition of a wire mesh screen upstream of
the wind-tunnel test section for which the turbulence intensity
was raised from an ambient level of 0.08% to a level of 0.3%.
The hysteresis associated with the laminar separation bubble
on a Wortmann FX 63-137 airfoil in the lift and drag curves
disappeared with the addition of the screen. Marchman? like-
wise found a reduction in the lift hysteresis for the Wortmann
airfoil when the freestream turbulence level was raised from
0.02 to 0.2%. Both groups of investigators noted the de-
pendence of the effect of a disturbance upon its frequency
content.

Early investigators used empirical data to correlate free-
stream turbulence levels with the momentum thickness
Reynolds number R, at transition.? Hall and Gibbings? dis-
cuss the earlier work of Hilsop,* who tested the effects of
varying mesh grids upon transition location. Indications were
that at the same turbulence intensity level, the larger mesh grid
was less effective in promoting early transition. No correlation
of the mesh size with turbulence length scale was given. Abu-
Ghannam and Shaw? studied transitional behavior using six
turbulence grids producing turbulence levels from 0.5 to 5%.
Correlations were established between turbulence levels and
the starting and ending values of R, during the transition
process. Turbulence length scales were calculated from a time
correlation, but it was noted that the effect of turbulence scale
was small and therefore neglected.

Meier and Krep1in® considered the effects of grid-generated
turbulence levels from 0.06 to 1%. By spectral analysis, they
attempted to separate the effect of turbulence intensity from
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Fig. 1 Airfoil.

that of turbulence scale. It was noted that at a constant turbu-
lence intensity, different grid dimensions and positions gener-
ated turbulence of different spectra, which resulted in dif-
ferent integral length scales. Maximum values of skin-friction
coefficients were obtained at length scales on the order of the
boundary-layer thickness, with a doubling of the length scale
decreasing the skin-friction coefficient slightly. No effect of
the turbulent structure on transition was considered, as the
transition was artificially fixed in the experiment.

It was desired to conduct wind-tunnel experiments on the ef-
fect of turbulence length scales at elevated turbulence levels
upon the transitional behavior of flow over an airfoil at a
relatively low Reynolds number. Described in this Note are
measured velocity profiles at nine stations along the airfoil
surface for four conditions of turbulence intensities and length
scales.

Experimental Procedure

The wind tunnel used for the experiments at the Naval Post-
graduate School has a test section measuring 28 by 45 in., with
a contraction ratio of approximately 10. The Reynolds
number for the runs was 5 x 10°. The airfoil model has a 10-in.
chord and a 24-in. span and was mounted horizontally be-
tween vertical supports. The airfoil is shown in Fig. 1. The
model was made from a helicopter tail rotor section and was
filled and smoothed to contour. The coordinates as measured
on a numerical milling machine are available from the first
author. The model was mounted at an angle of attack of 6
deg. Velocity profiles were measured on the upper surface
only. A three-dimensional traversing system moved a single-
sensor hot-wire anemometer probe vertically through the
boundary layer at different chord locations. The resolution of
the traversing mechanism was 0.000125 in. An engineer’s tran-
sit was used to observe the probe. The sensor could be accu-
rately placed within 0.003 in. of the airfoil surface.

A set of four turbulence grids were constructed for the
study. Results for the ambient (no grid) case and for three of
the grids are presented here. The two larger-mesh grids (grids 1
and 3) were square-mesh, square-bar, biplanar grids, and the
third (grid 4) was a square-mesh, round-wire grid. Table 1
contains grid specifications for the varying mesh sizes (M) and
bar diameters (d). The grids were located at the downstream
end of the contraction section of the settling chamber, 67 in.
(6.7 chord lengths) upstream of the leading edge of the airfoil
model. Turbulence grids of this type (the first two) have been
found to successfully generate nearly isotropic turbulence.”®
With this grid design, the longitudinal turbulence intensity is
about 5% greater than the lateral and transverse compo-
nents.? This relation was used to extract the longitudinal com-
ponent using a single hot-wire sensor to measure the compo-
nent in the freestream plane. Figure 2a shows the measured
intensities for the three grids plotted against distance from the
grids. Turbulence levels at the airfoil were 3.5, 1.9, and 0.5%
for grids 1, 3, and 4 respectively. The ambient turbulence level
in the test section at the test Reynolds number was
0.23% —not a low value, but typical for closed-circuit wind
tunnels.

Meier!? describes a method for correlating the decay of the
turbulence intensity with the distance downstream of a
turbulence-generating grid. Hancock and Bradshaw® and

ENGINEERING NOTES 469

Table 1 Grid specifications?

Grid M d M/d Material
1 5.0 1.0 5 Wood
3 2.5 0.5 5 Wood
4 1.0 0.0625 16 Wire

aDimensions in inches.

Castro® link the turbulence dissipation length scale L, with the
decay of turbulence intensity. Therefore, length scales repre-
sentative of the turbulent dissipation eddies can be estimated
from the turbulence-intensity measurements.

For grid-generated turbulence, the intensity decreases as

(/Uy}~ %% = A(x/M—B) 8]

where 1’ is the rms of the streamwise fluctuating velocity com-
ponent, U is the streamwise mean velocity, x is the streamwise
coordinate, and A and B are constants to be determined for
each grid.? The turbulent dissipation length scale is related to
the intensity® by

Uld(u'?)/dx] = — u’)*/L, @
giving length scales varying with downstream distance as
L,/M=0.8[40%5][x/M— B]*37 3)

Figure 2b indicates the dissipation length scales for the three
grids. Note that the representative size increases gradually
with downstream distance, due to the rapid dissipation of the
smaller scales with viscosity. Length scales were estimated to
be 1.85, 1.05, and 0.25 in. at the airfoil for grids 1, 3, and 4,
respectively.
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Fig. 2 Turbulence characteristics downstream from grids: a) inten-
sity, b) length scales.
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Results

Boundary-layer data were collected at nine airfoil stations
from 25 to 65% chord. Data are presented as mean boundary-
layer velocity profiles, and will be discussed in order of in-
creasing freestream turbulence intensity and scale.

Mean velocity profiles for the four cases are shown in
Fig. 3. Tick marks on the x axis, reference points for the pro-
files, represent velocity levels of one-half the boundary-layer-
edge value. Each velocity profile has been shifted to the right
0.3 times the edge velocity. The boundary-layer edge was
taken to be the location at which the velocity reached a con-
stant level or began decreasing to the freestream value.

Figure 3a shows mean profiles for the ambient condition.
The boundary layer appears to be laminar up to the 30%
chord (0.30c) location, as can be noted by the linear velocity
gradient near the surface. At 35% chord, the profile takes on
the fuller profile shape of a turbulent boundary layer, and
begins to thicken at a much greater rate. The normalized
boundary-layer height y/c can be estimated to be 0.015 at 45%
chord and 0.020 at 65% chord.

Profiles for grid 4, the small wire-mesh grid, are shown in
Fig. 3b. No profile is available at 25% chord due to probe
breakage. At 30% chord, the profile is linear near the surface,
indicating laminar behavior, but in the outer layer, the profile
is rounded, indicating a transitional state. This is confirmed
by the level of turbulence intensity (not shown) near the sur-
face for the two cases; for the no-grid case, a level of 2.5% ex-
ists, whereas for grid 4, the intensity has reached a maximum
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of 7%. The thickness at 65% chord is about 0.024 in., show-
ing a growth of about 20% over the no-grid case.

The profiles for grids 3 and 1, the large-mesh grids, are
shown in Figs. 3¢ and 3d. For grid 3, the flow appears laminar
at 25% chord and turbulent at 30% chord. For grid 1, the
largest mesh grid, the flow appears already turbulent by 25%
chord. Of interest is the boundary-layer thicknesses for these
two cases. At 45% chord, the boundary-layer heights are
about 0.012, slightly less than for the no-grid and grid 4 cases;
at 65% chord, the heights are about 0.018 and 0.019, below
the value of 0.024 for the grid 4 case. The maximum levels of
turbulence intensities at 65% chord for all cases are similar,
ranging from 6.4% for the no-grid case to 7.0 to 7.4% for the
three grids.

Conclusions

As might be expected, the transition location moved for-
ward with each increase in turbulence intensity. It was found,
though, that the boundary-layer with the most growth was not
that of highest intensity. In order for freestream turbulence to
affect turbulent boundary-layer behavior, the length scale
must be on the order of the boundary-layer thickness. Grid 4,
with an intensity of 0.5% and a dissipation length scale of 0.25
in., had a stronger effect on growth than grids 1 and 3, each
with a much higher turbulence intensity, but also with a length
scale an order of magnitude larger than the boundary-layer
thickness.

The dependence of transitional behavior and boundary-
layer growth on the freestream turbulence structure is not a
simple one. Experiments documenting both turbulence inten-
sity and length scale (or spectral content) will be necessary to
provide data for verification of new turbulence models.
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