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ARTICLE NO. 79-0283R

Aerodynamic Characteristics of an Unsteady Separated Flow

M. S. Francis,* J. E. Keesee,t J. D. Lang,t G. W. Sparks Jr.,§ and G. E. Sissont
U. S. A ir Force A cademy, Colo.

The results of experiments in which an unsteady separating flow was generated on the surface of an airfoil
immersed in a subsonic wind-tunnel freest re am are discussed. An investigation of the global ensemble averaged
vorticity field generated by oscillation of a fence-type spoiler located on one surface of the airfoil has confirmed
the presence of a dynamically evolving vortex-like structure bearing a strong resemblance to the one encountered
in classical dynamic stall. The growth and development of the shear layer region is characterized through
isovorticity contour maps at select phase points during the motion cycle. A detailed description of flowfield
behavior is provided for several values of the dimensionless spoiler frequency and freestream Reynolds number.
The correlation of these results with corresponding surface pressure measurements is also presented.

Nomenclature
c = airfoil chord length
Cp = pressure coefficient based on freestream dynamic

pressure, (p-px)I' VipU2^
hs = instantaneous spoiler height, maximum value given

by^max
k = dimensionless frequency based on airfoil semichord,

UC/2U*
Re = Reynolds number based on freestream velocity,

U^c/v
Uc = characteristic growth velocity of the separated region

in the freestream direction
i/oo = freestream velocity
F = circulation around a closed contour, C
a. = ̂ -configuration hot-film probe cross flow angle
{ = vorticity vector, % = %xi + £ v j + %zk (a prime denotes

dimensionless form)
0 = spoiler oscillation phase angle, </> = ut
w = spoiler oscillation frequency, rad/s
< > = spatial average

Introduction

DURING flight vehicle manuevers at high angles of at-
tack, dynamic stall or other complex phenomena

involving time-varying flow separation may occur resulting in
aerodynamic loads that differ significantly from those
predicted from steady flow considerations. Future designs of
advanced maneuverable flight vehicles may well seek to in-
corporate the advantageous effects of these highly energetic
flows in a positive way to enlarge the effective flight envelope.
The capability to stabilize and control flow behavior
necessary for productive improvements in performance must
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be preceded by a more complete knowledge of the mechanics
of unsteady separation.

Problems associated with various forms of unsteady
separation have been recognized and studied for some time,
ranging from shock wave boundary-layer interactions en-
countered in high-speed flight1 '2 to the understanding of lift
generation mechanisms for various forms of insect life.3 A
phenomenon of recent interest exhibiting global unsteady
separation characteristics due to the pitching motion of an
airfoil is that of dynamic stall.4"9 A comprehensive review
of progress on many of the problems involving un-
steady separation can be obtained from recent articles by
McCroskey.10 '11

The investigation discussed below is directed toward a
realistic characterization of these types of flows through an
improved understanding of the role of the dominant physical
mechanisms. To satisfy the need for a controlled form of
unsteady separation exhibiting a simplified two-dimensional
flow geometry, an experiment was devised employing an
airfoil with an oscillating fence-type spoiler located at mid-
chord on one surface immersed in a subsonic wind-tunnel
freestream. With a capability to adjust spoiler geometry
parameters, oscillation amplitude and frequency charac-
teristics, and mean flow Reynolds number, this configuration
provided for control of the size of the separated region while
fixing the separation point with respect to the freestream
coordinate direction. An additional advantage of this con-
figuration was the extensive data base available from previous
investigations of flows with similar geometric charac-
teristics. 12'15

Previous research by the authors16'17 using a configuration
similar to that employed here has resulted in the development
of a semi-empirical model of unsteady separation verified
with surface pressure field measurements exclusively. Ex-
perimental results confirmed the existence of both a lag in the
growth of the separated region and an overshoot in the steady
flow pressure which were the model's essential features. The
most questionable aspect involved in the extension of the
model beyond its assumed limits, i.e., small perturbations and
high-aspect ratio separated region geometry, was the accuracy
of the flowfield description itself. The model was predicated
on the concept of a growing and shrinking "bubble-like"
structure, which has not been verified in the case of large,
high-frequency perturbations as in some of the experiments
described later.

The vortex-like structure shown to exist for the dynamic
stall separation zone8 suggests that a logical variable to
characterize this type of flow might be that of vorticity. For a
two-dimensional flow, the assessment of the distribution of
the mean vorticity component orthogonal to the plane of flow
would provide a scalar field representation capable of
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describing the "average" motion. Since the flow is unsteady,
streamlines cannot be used to provide a meaningful
description of flow behavior. The use of the vorticity field
description, however, does provide a method of recon-
structing the velocity field, if desired. In addition, it identifies
those regions where real fluid effects, e.g., viscosity, are most
dominant.

The objectives of the current experiment are to describe the
behavior of the outer regions of the flowfield, that is, the
outer shear layer, and to correlate significant events in this
part of the flowfield with the development of the surface
pressure field adjacent to the separation zone. Among the
parameters varied in the present study are the freestream
Reynolds number and the dimensionless frequency. This
investigation of the global, ensemble-averaged vorticity field
resulting from simple harmonic spoiler oscillations will show
that the separation zone is not merely a growing and shrinking
"bubble" as previously conceptualized, but a dynamically
evolving vortex-like structure bearing a strong resemblance to
the one encountered in the dynamic stall flowfield.

Description of the Experiment
A NACA 0012 airfoil model having a 25.4 cm (10 in.) chord

with an oscillating fence-type spoiler protruding from one
surface at midchord was constructed and installed in the
USAF Academy's 0.61x0.91 m (2x3 ft) subsonic wind
tunnel. The model spanned the tunnel across the shorter
dimension. The spoiler was constructed from 0.32-cm (0.125-
in.) thick aluminum sheet material to provide sufficient
rigidity during excursions through the teflon-lined groove in
the airfoil surface. Movable plexiglass endplates were con-
structed to provide a capability to vary the aspect ratio of that
portion of the airfoil over which the measurements were
made. In the present experiment, these endplates were fixed at
a distance of 35.6 cm (14 in.) apart, providing an aspect ratio
of 1.4. The purpose of the endplates was to suppress the
development of three-dimensional effects in the separated
region, e.g., net axial flow in the vortex center.

The spoiler oscillation mechanism was designed using a dc
motor drive to generate sinusoidal oscillations of the spoiler.
The experiment was devised so that both mean height and
spoiler amplitude could be adjusted to desired values. For the
measurements described below, they were fixed so that the
minimum height coincided with the airfoil surface while the
maximum height (hsmax) was fixed at 1.27 cm (0.5 in.). The

spoiler motion could then be described as

h s ( t ) = (hs /2) (7 (1)

The maximum fractional perturbation to the flow, expressed
as a ratio of spoiler height to wing semichord, was equal to
0.1. Oscillation frequencies could be varied between 0 and 24
Hz to within 0.1 Hz resolution. This corresponds to a reduced
frequency range extending from 0.0</:<!.2, depending on
the flow velocity.

Ail measurements were made with an airfoil angle of attack
of 0 deg. This provided a suitably thin boundary layer over
the surface upstream of the spoiler, thereby minimizing any
interaction with the separation zone downstream of the
spoiler. The freestream velocity was varied from ap-
proximately 12.2 to 41.1 m/s (40 to 135 ft/s) resulting in a
Reynolds number range of 164,000 < Re < 554,000.

An overall schematic of the experimental apparatus is
provided in Fig. 1. The airfoil model was instrumented with
16 precision miniature pressure transducers located chordwise
along its centerline. Six of these units were located aft of the
spoiler on the airfoil upper surface. A multicomponent,
constant temperature, linearized hot-film anemometry system
was employed for velocity field measurements in the outer
shear layer region of the separation zone. Additional details
related to the design and operation of the instrumentation can
be found in Ref. 18.

Experimental Method
Averaging Technique

The present method of flowfield characterization makes use
of the time-varying mean value of the surface pressure and
vorticity field variables to describe the flow. The method of
extracting this quantity involves the generation of a phase-
locked, ensemble average of the variable being examined. The
signal characterizing the variable is synchronized to a
repeatable event (a predetermined spoiler position) and then
sampled with resultant records stored in the digital computer.
Using a prescribed number of these records, each triggered at
the same phase point, data at common phase points were
combined to form an ensemble average for that value of the
phase. Resultant averages from all phase points were then
recombined to provide the average time history of the variable
for that spatial location. Mean square values and other

Fig. 1 Schematic of experimental
apparatus.
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Note: Numbers in
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combinations of the variables were obtained with an ensemble
averaging technique similar to that used for the mean flow
data. A 25-record average was selected for use in all
measurements reported here.

Vorticity Measurement Technique
The vorticity field was inferred from velocity field

measurements using a technique described previously by
Francis et al.19 and extended to unsteady flows by Keesee et
al.18 The technique involves the literal application of the
definition of circulation

CD

1 - Strong flow reversal over large portion of cycle-measurements unreliable.
2 - Some flow reversal during parts of the cycle-measurements marginally reliable.
3 - Outer shear layer-measurements valid over most of cycle.

Fig. 2 General description of flow regions during unsteady
separation.

(2)

If the contour is chosen to lie in the x-y plane, for example,
and A is the resulting enclosed planar area, the expression for
the spatially averaged component of vorticity orthogonal to
the measurement plane can be expressed as

<{ , (* )>= ~A <f> U(x,y,t)-dxA J c (3)

If a number of small contours are arranged in an aggregate,
the distribution of vorticity in the enclosed region can be
inferred. Since Eq. (3) is a result of kinematic conditions, the
contour C may take any shape. In practice, it is convenient to
choose a contour array geometry that is related to the flow
being investigated or the experimental apparatus being em-
ployed. Selection of this geometry in the present case was
based on a number of factors, including the probe
measurement volume, the location and size of the separated
region and shear layer, and the desired resolution of the
vorticity field. The time-varying mean value of vorticity for
the /th element of the mesh is given by

: — 4 > U(x,t)-dx
A:

(4)

The measurement grid that was used involved a total of 390
spatial sampling locations. The configuration was predicated
on a knowledge of the flowfield obtained from flow
visualization photographs and the limitations just discussed.

Sources of Error
The use of miniature dynamic piezoresistive transducers to

assess the surface pressure distribution is straightforward and
has been documented previously.17 The nature of errors
incurred in the application of the vorticity measurement
technique to an unsteady separated flow, however, is not
immediately apparent.

The use of the hot-film anemometer presented certain
limitations on the possible measurement locations due to the
intermittent, reversing nature of the flow. Flow reversal was
found to be the most pronounced near the airfoil surface with
a low velocity region existing immediately behind the spoiler
and extending downstream (Fig. 2). The use of the hot-film
technique was therefore confined to the outer shear layer
region and a portion of the dead air zone. To further insure
that only valid data were sampled, the values of several ad-
ditional variables were monitored to insure that erroneous
data were not collected. Data locations where the local x
component of velocity did not exceed 25% of the freestream
value were annotated. In addition, a computation of the root
mean square (rms) values of the u and v velocity fluctuations
was obtained at select sampling locations. Analog and digital
circuits were monitored continuously for overrange con-
ditions. Values of the instantaneous X-wire crossflow angle
were also computed to insure that the flow angle was main-
tained within the linear limits of operation (-0.5
<tana< +0.5). Results from a survey of this variable

Fig. 3 Isovorticity contours associated with steady flow separation,
Re= 287,000.

over the entire extent of the measurement array have shown
that the flow angle never exceeded the linear limit of validity
for more than 1.4% of the total measurement time in the
worst case. A more complete discussion of the limitations of
applying the A'-configuration hot-film probe to this type of
measurement, especially with regard to the out-of-plane
velocity component error, is provided in Ref. 19.

Other sources of measurement error include probe
positioning resolution, sampling accuracy, and the accuracy
of the spatial integration scheme.18 A worst-case value for the
total error for a typical contour employed in the present
experiment has been estimated at approximately 2.5%.

Steady Flow Results
Before initiating a discussion of the effects of unsteady

motion on the evolution of flow separation, it is instructive to
consider the case of steady separation. The mean vorticity
field associated with the shear layer behind the spoiler (which
is fixed and extended to its maximum height above the sur-
face, hSmax) is shown in Fig. 3. The contours are presented for
appropriate nondimensionalized values of the vorticity as
follows:

(5)

This variable is similar in structure to the dimensionless
frequency &, giving it the same form as a Strouhal number.

The symmetry of the shear layer with respect to a line
extending downstream from the tip of the spoiler is apparent.
Although this figure shows the result for only a single value of
the freestream Reynolds number, it is interesting to note that
similar results occur over the entire range of Reynolds
numbers examined in the present case. Not only are the shear
layer characteristics symmetrical in these cases as well, but the
contour lines representing identical values of the dimen-
sionless vorticity are observed to almost coincide with the
same spatial locations. This comparison suggests that the
dimensionless vorticity expressed in the form presented above
represents a similarity variable, at least in the steady flow
case. Additionally, this implies that the local strength of the
vorticity field is proportional to the freestream velocity. These
results are also consistent with the results of previous in-
vestigators who have noted that the length of the separation
"bubble" based on the reattachement point is linearly
proportional to the spoiler height in the steady flow case.
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!> = 300deg
Fig. 4 Isovorticity contours associated with unsteady flow
separation, k = 1.2, Re = 180,000.

Fig. 5 Isovorticity contours associated with unsteady flow
separation, k = 0.2, Re = 287,000.

Effects of Harmonic Spoiler Motion
The steady flow results discussed above can now be con-

trasted with the flowfield behavior evoked by unsteady spoiler
oscillations. Flowfield development is displayed for an
average cycle of motion for two different values of the
dimensionless frequency in Figs. 4 and 5. The evolution of the
unsteady separation zone is shown using isovorticity contour
maps at select values of the phase angle. Only vorticity
directed in the positive z direction (sense into the page) is
considered in the discussion that follows. Vorticity having an
opposite sense was detected near the edges of the
measurement region and anticipated close to the airfoil and
spoiler surfaces due to local flow reversal. It is not considered
in the current study, however, due to limitations in in-
strumentation and measurement methods.

An examination of the upstroke portion of the cycle at high
frequency (Fig. 4) reveals the formation and growth of an
energetic, tightly wound vortex structure downstream of the
spoiler. This interpretation is confirmed by the high level of
vorticity observed and the high degree of curvature in the
shear layer geometry when compared to steady flow results. A
similar vortex is observed in the low-frequency example, but
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with less curvature in the shear layer shape and sustained for a
shorter portion of the cycle. While the growth lag described
by previous investigators is apparent, the characterization of
the separation zone interior as a "dead-air region" must be
questioned, at least during this portion of the cycle. The
higher peak vorticity magnitude observed in the unsteady
cases comes as really no surprise when one considers that
there are now two sources of vorticity, one being the action of
the freestream as it passes over the spoiler tip, and the other
related to the shearing action parallel to the oscillating spoiler
face. The energetic, rotating flow is formed by a combination
of the fluid motion induced by the spoiler oscillations and the
entrainment tendencies of the shear layer generated by the
freestream. If one attempts to compare the capability to
generate vorticity by these two mechanisms through a ratio of
maximum spoiler oscillation velocity to freestream velocity,
the resulting parameter is expressed as

ssma\ /c)k
' (6)

As the value of this modified, dimensionless frequency
parameter approaches unity, one expects that the capability
for vorticity generation from these two mechanisms becomes
comparable.

The structure of the tightly wound vortex is observed to
deform significantly under the influence of the freestream
during the midportion of the cycle. As the spoiler nears its
maximum height, its velocity hs decreases rapidly. The result,
at the low spoiler frequencies, is that the flowfield attempts to
"catch up" with the corresponding steady flow configuration
(see Fig. 5). At dimensionless frequencies near unity, the
downstroke portion of the cycle is observed to begin before
this relaxation of the shear layer can occur. As a result, a flow
configuration resembling that encountered in steady flow
never really develops.

While the growth of the separated region on the spoiler
upstroke might be viewed loosely as a "bubble*'-like structure
whose characteristic size lags a corresponding steady flow
value, no such interpretation can result from an observation
of the vorticity field on the spoiler downstroke. At low
frequency (Fig. 5), the detached shear layer appears to retract
toward the airfoil surface with the spoiler in a quasisteady
manner. At higher frequencies, however, the vorticity bearing
structure is observed to literally detach from the spoiler and
wash off the surface through convection by the freestream
(Fig. 4).

The deformation of the tightly wound vortex through
entrainment by the freestream-generated shear layer prompts
an inquiry regarding the conditions for which this structure
might be capable of sustaining its cylindrical symmetry
throughout the motion cycle. The ability of the vortex to
retain its identity in this case would seem to depend somehow
on the ratio of the energy of the rotational motion associated
with the vortex as compared to the freestream kinetic energy.
Simple dimensional arguments show that this ratio is
proportional to the square of the dimensionless frequency. As
the value of this ratio approaches unity, the vortex should
then be able to maintain its structure, at least through its
traversal over the upper surface of the airfoil. This behavior
has been verified by Francis et al.20 using hydrogen bubble
flow visualization data obtained in a water tunnel at low
Reynolds numbers. It should be emphasized that the effect of
turbulence has not been accounted for in this simple
argument; this also must be taken into consideration when
attempting to develop a more accurate characterization of
separated region development at high Reynolds numbers.

Vortex Growth Characteristics
Of particular interest in the evolution of the unsteady,

separated flowfield are the detailed growth characteristics of
the vortex formed behind the spoiler during the upstroke

motion. The development of the vortex geometry is of
significance if one accepts the premise that vortex-related
induced velocities near the surface are responsible for the
significant suction levels discussed in the next section.

An examination of the microscale structure of the vortex
during its inception (near the surface) was not possible due to
the orientation and location of the measurement points and
spatial averaging technique employed here. Initial detection
of the vortex did not occur until the phase angle reached a
value of approximately 40-70 deg, and when the characteristic
dimensions of the structure were of the order of hsmax.

The combined decrease of maximum rotation rates with
elongation and lateral expansion made it exceedingly difficult
to formulate a single parameter capable of relating all facets
of vortex growth. As a result, each of these characteristic
traits related to vortex evolution will be dealt with in-
dividually.

The lateral extent of the outer shear layer appears to be
controlled primarily by the value of the spoiler height. The
longitudinal growth of the separated region, however, was
found to be related primarily to the oscillation frequency. An
assessment of the length of the separation zone was ac-
complished by tracking the motion of individual isovorticity
contours in the x direction at prescribed values of the lateral
(y) coordinate. Although the length parameter defined in this
manner is somewhat arbitrary depending on the vorticity
magnitude selected, it provides a useful method for observing
the degree of nonlinearity in the growth of the separation
zone. Some of these results are presented in Fig. 6 for several
combinations of dimensionless frequency and Reynolds
number. In this example, the movement of the aftmost
portion of the contour representing a value of two was ob-
served along the line jVc = 0.09 (origin at the trailing edge).
Similar results for other values of the vorticity magnitude
reveal a corresponding behavior of the shape and slope of the
growth characteristics.

The nearly linear nature of these characteristics suggests
that the growth of the vortex is directly proportional to the
time of evolution (phase angle) and not correlated to the
nonlinear motion of the spoiler itself, at least during trie
midportion of the upstroke. One observes that the higher the
value of. A:, the more extensive the linear region. An alternative
statement is that the vortex remains as an identifiable entity
for a larger fraction of the period at higher frequencies.

The individual slopes of the lines shown in Fig. 6 can be
used to provide the values of the characteristic longitudinal
growth velocity. This variable can be formulated in a
dimensionless way as:

(7)

where A is an appropriate nondimensionalization factor that
can be a function of the dimensionless frequency. Computed
values of this parameter from experimental data show that it
is not sensitive to freestream Reynolds number, at least over
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Fig. 6 Length of the separated region as a function of phase angle.
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the range examined. A graph of the dimensionless, convective
velocity variation with the square root of the dimensionless
spoiler oscillation frequency is provided in Fig. 7. The ap-
parent linear relationship suggested by this result can be
expressed as:

(8)

where B is a constant, probably related to the spoiler mean
height and amplitude parameters, that equals 0.28 in the
present case.

The one parameter which appears to correlate closely with
Reynolds number is the maximum level of vorticity observed
in the different experiments. This was observed for the steady
flow examples presented earlier, but also appears true in the
unsteady flow case. One must be cautious when attempting to
draw conclusions from observations of £Zmax, especially
because of the limited extent of the measurement grid
geometry. For this reason it was felt that a more appropriate
parameter might be generated by spatially averaging the
vorticity in the ^-coordinate direction at various stations in
the downstream direction. The relationship between the
maximum value of this laterally averaged variable detected
during a cycle of motion and the Reynolds number is
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Fig. 10 Comparison of pressure distribution and laterally averaged
vorticity field as function of freestream coordinate direction.

presented in Fig. 8. The linear result suggests that the peak
levels of vorticity are strongly correlated to the freestream
velocity and, therefore, the corresponding Reynolds number.

Correlation with Surface Pressure Field
In steady flow, an examination of the pressure coefficient

downstream of a fixed spoiler protuberance indicates a
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"rooftop" shape to the pressure distribution. In the case of
unsteady spoiler oscillations, this distribution is modified by
an increased magnitude of the suction peak, which is related
to the frequency of oscillation as well as a characteristic lag in
the growth of the separation zone. These results have been
verified by the surface pressure data obtained in the present
experiment for correlation to the vorticity field results
discussed previously.

The correlation of the extent of the minimum value of the
pressure coefficient with dimensionless frequency was
reaffirmed and is shown in Fig. 9. The fact that this variable is
more closely correlated to dimensionless frequency rather
than Reynolds number suggests that it is not related to
maximum vorticity levels generated within a separated region,
but is instead coupled to the geometry of the separation
vortex. A comparison of the isovorticity contour maps and
ensemble averaged surface pressure data does, in fact,
confirm this suspicion.

A convenient method for effecting a comparison between
these two entities is found by employing the ^-coordinate
averaged vorticity distributions discussed previously. The
resultant comparison is provided for several different
combinations of frequency and Reynolds number in Fig. 10.
The results are displayed for several select values of the phase
angle.

Similarities in the separated region geometry on the up-
stroke are apparent. The location of the regions of maximum
vorticity (indicative of the presence of the separation vortex)
and the corresponding regions of local suction appear almost
superimposed on one another. This correlation is especially
close during the early parts of the spoiler upstroke.

As the spoiler nears its maximum extension and during the
downstroke portion of the cycle, the distribution of laterally
averaged vorticity is observed to nearly reach an equilibrium
value. This can be explained by noting that vorticity leaving
the measurement region through downstream convection is
replaced by new vorticity generated at the spoiler tip
(quasisteady behavior). At the same time, the pressure field is
observed to flatten out in a manner reminiscent of the rooftop
distribution. As the spoiler retreats, the flattened suction
region is observed to decrease in magnitude while the vorticity
bearing zone appears to sustain a constant level. This ap-
parent discrepancy is simply an indicator that, during the
downstroke portion of the cycle, it is not the outer shear layer
behavior which dominates the local surface pressure
distribution, but rather flow effects occurring closer to the
airfoil surface.

Concentrating on that part of the cycle during which the
energetic vortex is formed, an appreciation can be developed
for the correlation between pressure and flowfield variables
by comparing the extent of the separated region geometry as
discussed previously and the size of the suction region. This
correlation is shown in Fig. 11. The size of the suction region
is observed to grow in an almost linear manner coinciding
with the extent of the shear layer vortex.

1.0

0.9
X
c

0.8

0.7

0.6

0.5

-

a
0
D

O
0 D

O Q

0 D
D 0

Q §
a

o
0

0 0

D

—————————————— \ — 1 |

o - vorticity field
n - pressure field

50 100 150 200
0(0)

Fig. 11 Separated region length using vorticity and surface pressure
distribution data, Re = 410,000, k = 0.5.

Conclusions
The unsteady, separated region generated over the upper

surface of the airfoil by harmonic spoiler oscillations is
identified as a dynamically evolving vortex-like structure
bearing a strong resemblance to the one encountered in the
dynamic stall flowfield. For high Reynolds number flow and
dimensionless frequencies between zero and unity, the
structure is observed to be attached to the spoiler (at least
during the upstroke) and elongates primarily in the freestream
direction. Its growth is observed to be directly proportional to
time since formation and not closely correlated to the
nonlinear spoiler motion.

The dimensionless characteristic growth rate of this vortex
is observed to be directly proportional to the square root of
the dimensionless frequency.

The primary source of vorticity following the structure's
formation is the action of the accelerated freestream over the
tip of the moving spoiler.

The geometric characteristics of the separation vortex are
related to the extent of the suction region during the spoiler
upstroke. The magnitude of the suction peak appears to be
correlated with the laterally averaged vorticity distribution,
and not with the maximum peak vorticity levels found in the
shear layer. The vorticity field characterizing the puter shear
layer and the corresponding surface pressure distribution were
not closely correlated during the downstroke part of the cycle.
The mechanisms which influence the behavior of the surface
pressure distribution in these instances are believed to be
related to flow conditions nearer the surface.
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