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mining the resulting trend was not possible. This curve is
significant in that it is consistent with the conclusion reached
in the previous subsection. As the turbulence intensity (based
on local measured mean velocity) is increased, signal biasing
is increased. For the present data for all axial locations, local
turbulent intensities above 0.3 led to significant differences
between the present mean velocity data and those of Eggers.

Next, the present turbulence intensity data for the Mach
2.22 jet are compared to data for Mach 0.30 and 0.45 jets.3 In
Fig. 3, the nondimensionalized rms velocity (non-
dimensionalized by the maximum value) from a composite of
Fig. 2 (a2/Ue) is compared to data of Davies et al. The three
sets of data are in qualitative agreement. However, since the
Mach number of the present data is significantly greater than
unity, quantitative agreement was not expected. The present
turbulence intensity data are seen to define a smaller mixing
region width for the larger Mach number jets. This conclusion
is consistent with the mean velocity data presented in Fig. 1.

Conclusions
Agreement of the presented mean LV velocity data with the

pitot tube data is excellent. Differences between the present
data and previous subsonic turbulence intensity data are
attributed to compressibility effects. The velocity and tur-
bulence intensity profiles also exhibit a high degree of self-
similarity in the near wake. These profiles indicate that the
width of the mixing region for the supersonic jet is smaller
than that of the subsonic jet.

Several forms of previously unacknowledged LV signal
biasing also were identified, particularly for regions of the
flow with large values of turbulence intensity. The present
examination was limited to values of local turbulence intensity
of 0.3 before biasing was evident.

Theoretical predictions have been made for the magnitudes
of the individual biases.n These results will be presented in a
subsequent paper. In conclusion, the authors would like to see
more experimental data to identify the magnitudes of LV
biases when highly turbulent flows are measured.
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On Near-Wall Collateral Flow
in Skewed Turbulent Boundary Layers

K. S. Hebbar*
National Aeronautical Laboratory, Bangalore, India

Introduction

ONE of the unresolved questions in skewed turbulent
boundary layers concerns the existence of a collateral

mean flowfield very close to the wall. Most of the existing
data in the inner region of the boundary layer (particularly in
the region extending up to y+ — 50) seem to have been
somewhat restricted by the size and/or response of the probes
used, resulting in inadequate spatial resolution.1-3 A careful
examination of various experimental polar plots (see, for
example, Ref. 4, Chap. 7) indicates near-wall collateral flow,
i.e., in the inner region very close to the wall (sometimes
extending up to local-to-freestream velocity ratios of as high
as 0.5) the mean velocity vector does not change its direction.
It should be noted that in most of these plots, the inner region
between the wall and the apex was constructed by drawing a
mean line through the origin and a few available data points
(as low as two in some cases) near the apex.! However, recent
measurements of Rogers and Head5 using a specially designed
hot-wire anemometer device showed skewed flow much closer
to the wall; the data point closest to the wall corresponding to
a resultant velocity ratio (local to freestream) of about 0.2.
Similar trends are also observed in the later data of Ver-
meulen.6 It is clear, therefore, that more (reliable) data are
still needed to resolve experimentally the question of the
existence or nonexistence of a near-wall collateral flowfield.
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This is all the more important because the existence of such
a collateral flowfield is not predicted either by numerical
calculations or by a sublayer analysis of the flowfield. In fact,
numerical calculations by East and Pierce1 indicate that the
assumptions of near-wall collateral flow, as suggested by
many experimentalists, may not be correct.2 A careful study
of the boundary-layer equations in the neighborhood of the
wall leads to the following relation (see Ref. 4, p. 102):

d2w *p_
dx (1)

In a collateral flowfield (dW/dU) = const ant, i.e.,
(d2W/dU2)=Q.

Thus, Eq. (1) implies a collateral flowfield only when either
the resultant pressure gradient is zero or it is in the direction
of the resultant wall shear stress. Therefore, in general, it
implies a noncollateral flowfield.

The question of the existence of a near-wall collateral flow
is of special interest in the context of defining a limiting wall
streamline direction to numerical difference solutions, which
make use of a rate equation for modeling turbulent shear
stress.2 This Note is intended to address this question in the
light of some new data extremely close to the wall (much
closer than has been reported hitherto) obtained in a recent
experimental investigation.7>8

Experiments and Results
An experimental investigation7'8 was conducted to study

the near-wall region of a three-dimensional turbulent air
boundary layer relaxing in a nominally zero external pressure
gradient behind a transverse hump (in the form of a 30 deg
swept, 5-ft chord wing-type model) faired into the side wall of
a low-speed wind tunnel. Measurements were made at selected
port locations behind the trailing edge with a traverse
mechanism (designed to minimize probe interference) that
was externally mounted on the test wall. These included near-
wall measurements with a single rotated hot-wire probe and
wall shear stress measurements with a flush mounted hot-film
gage, a sublayer fence, and two Preston probes. All
measurements were made at an upstream Reynolds number of
3.25x 105 per foot, with local freestream velocities of 53-57
fps. The boundary layer (approximately 3.5 in. thick near the
trailing edge) had a maximum crossflow velocity ratio of
0.145 and a maximum crossflow angle of 21.9 deg close to the
wall.

Figure 1 shows the mean direction profiles in the inner layer
obtained from hot-wire surveys. Figure 2 represents some
typical polar plots of mean velocity profile. The resultant

friction velocity U* used in evaluating the wall coordinates
was based on the resultant skin friction cf, determined from
the 0.032-in-diam Preston probe measurement at the
respective port location. The closest distance probed was
0.0005 in. from the wall and the estimated lowest y+ values
were less than unity. With wall proximity corrections7 for
hot-wire readings, the resultant velocity ratios (corrected local
resultant mean velocity) closest to the wall were as low as
0.01.

Discussion
The experimental mean direction profiles exhibit the usual

features characteristic of a simple crossflow profile, but with
a relatively smaller collateral region adjacent to the wall. With
the exception of the profiles at the last three survey stations
(ports 5, 6, and 7), which are practically two dimensional, the
data indicate the existence of a collateral flowfield up to
y+ =9.7 to 17.6; y+ increasing with U*. The value of y+ at
which the maximum crossflow angle occurs varies from 27.1
to 144.8, y+ increasing with £/* as before. The most striking
feature in these profiles is the presence of a narrow region of
slightly decreasing crossflow angle (1 deg or less) that extends
from the point of maximum crossflow angle down to the
outer limit of the collateral region.

While doing the hot wire surveys, first a continuous in-
crease in the crossflow angle was registered as the survey
progressed toward the wall, but the angle started decreasing
slowly after the point of maximum crossflow angle. This
decreasing trend (observed consistently during the hot-wire
surveys at all port locations) continued in a narrow region
close to the wall until, finally, the measured crossflow angle
remained constant in a small region immediately adjacent to
the wall. The consistency of the data at several locations
suggests good repeatability.

It is suspected that the presence of a slight lateral adverse
pressure gradient opposing the crossflow in the wall region7

caused a small collateral layer followed by a small decrease of
crossflow^angle close to the wall. It is appropriate to remark
here that in the extreme case of reversed lateral pressure
gradient impressed on a skewed boundary layer, the flow
reversal should begin at the wall and proceed outward to the
boundary-layer edge, leading to simultaneous lateral
skewing.9

An approximate but simple analysis of the sublayer
flowfield based on Eq. (1) and measured local wall pressure
gradients did indeed predict the unusual behavior of
decreasing crossflow angle. Details of this analysis may be
found in Ref. 7. The crossflow profiles at ports 1 and 2 which
had appreciable wall crossflow angles were selected for the
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analysis because the estimates of the wall pressure gradients at
these locations were considered to be more accurate and
reliable. Some typical values of change of crossflow angle Aa
predicted by the analysis are compared with the experimental
data in Refs. 7 and 8. The analysis predicts conservative
results (overestimates), the overestimation increasing with
distance from the wall. This is to be expected as the effect of
the wall static pressure field decreases with distance from the
wall. The overestimation is also seen in the predicted profile
shapes which have a slight curvature upward (Fig. 2). Within
the limitations of the analysis, the estimated decrease of
crossflow angle compares favorably with the measured value.

Conclusion
This Note clearly points to the importance of and dif-

ficulties in obtaining reliable measurements and reliable flow
conditions near the wall of skewed flows. It suggests that even
slight lateral adverse pressure gradients could be initiating
reversal of the crossflow, with the first sign of this reversal
being the collateral layer arid decreasing flow angles near the
wall. With these considerations of the near-wall flowfield, it is
conceivable that in the absence of the small local transverse
pressure gradients close to the wall, the skewing of the flow
could have been much more pronounced practically down to
the wall (limited only by the resolution of the sensor), im-
plying a noncollateral flowfield consistent with the equations
of motion in the neighborhood of the wall.
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Ice-Crystal/Shock-Layer Interaction
in Hypersonic Flight

T. C. Lin* and N. A. Thysont
Avco Systems Division, Wilmington, Mass.

WHEN a re-entry vehicle flying through the Earth's
Atmosphere traverses a cloud, raindrops or ice crystals

may strike the nosetip at high speed, causing serious damage
to the heatshield. The shock layer surrounding the vehicle
tends to shatter, decelerate, and melt the incoming debris and
hence acts as a shield against the erosive environment. In
order to make accurate predictions of the nosetip erosibn, one
must first understand the kinematics of these ambient par-
ticles and their thermal environment. The analytical results
presented here are focused on the dynamics of ice crystals in
the shock layer, although the formulation can be extended to
particles other than ice.

Heating Environment
Previous investigations concerning the kinematics of

particles in the shock layer include either vaporization or
melting processes.1'2 In the latter case, it is assumed that trie
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