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Figure 20. Evidence of scale growth through packet merging at Reθ = 7705 and y+ = 100.
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in figure19(b); in figure 19(c), this region is visible all the way from the stagnation
point to the lower edge of the frame. In each case, the predicted stagnation point is
distinctive.

Inspection of the high-Reynolds-number data at y+ = 100 also reveals merging
signatures, and although the greater complexity of the flow makes clear signatures
less frequent, an example is presented in figure 20. This realization is offered in
part as evidence of packet merging at Reθ = 7705, but more as an example of an
unusual and interesting configuration of signatures. Three packet merging patterns
appear in close proximity, all of which appear to be interacting, as depicted in the
schematic adjacent to the data. Each of the signatures contains many of the defined
elements, but the upstream signature, labeled 3 in the schematic, appears to merge
with the upstream (not merged) portions of the two downstream signatures (1 and 2).
Furthermore, the outlying unmerged portion of signature 1 appears to extend well
upstream, and eventually merge with one of the unmerged packets in signature 3 (this
occurs at approximately z/δ = 0.25, x/δ =1.0). The outlying (not merged) packet of
signature 2 also appears to extend quite far upstream, bordering signature 3. This plot
is an example of the complex interactions that are expected in the boundary layer,
particularly at elevated Reynolds number. In this realization, the interacting elements
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are captured in a state of relative order, but it should be stated that this particular
configuration is an anomaly. One possible explanation for the appearance of such a
signature may be the following. Assume the existence of four vortex packets, each
extending roughly the view of the figure in x and spaced closely in z. The packets may
be labeled 1–4 in order from left to right. Then the signature might occur through
a simple series of packet mergings: 1–2 and 3–4 at the downstream end, to create
signatures 1 and 2, and the merging 2–3 at the streamwise midpoint of the figure to
create signature 3.

Unfortunately, time evolution information is not available here to provide
unequivocal evidence for or against the growth mechanism in question. Due to the
highly distinctive nature of the packet merging signature, however, the appearance
of velocity vector patterns with a remarkable resemblance to this signature at each
height studied is interpreted to be convincing evidence that merging of vortex packets
is an active mechanism of spanwise growth in the region y+ < 100.

7.4. Frequency of mergings

We now wish to estimate the frequency with which these mergings occur. One
approach involves visual inspection of velocity vector plots for the packet merging
signature. This approach yields a relatively high number of merging identifications,
which varies with y as expected. At y+ = 21, 46 and 92, some 30%–35%, 40%–
45%, and 25%–30% of realizations contain a merging signature, respectively. Each
realization, of course, only captures a fraction of the full streamwise extent of
many streaky structures, and although each captures several structures spanwise, the
above percentages are nonetheless considered quite high. That is, scale growth by
merging of vortex packets appears to occur quite frequently in the approximate range
20 < y+ < 100. The slight reduction in packet merging signatures observed at y+ = 21 is
expected based on the previous observations of quasi-streamwise vortex cores located
in the range y+ =20–40 (and hence, fewer hairpin vortex signatures of any variety at
y+ =21). Note that this per-realization reduction in signatures occurs despite a greater
density of streaks, and a high density of streak mergings (but without the vertical
vorticity present in the vortex packet merging signature). The reduced percentage
at y+ =92 is probably a consequence of the greater spacing of structures at that
height.

One drawback of this approach is the degree of subjectivity involved. Patterns with
almost all of the defined elements of the signature, like those in figure 19, are readily
identified. Many patterns, however, have some but not all of the signature elements,
and identification of the pattern as a signature becomes subjective. Thus, a more
objective approach is sought to corroborate the above observations.

One such approach is to search for the signature or footprint that merging packets
leave in the velocity field. The low-speed regions induced by groups of vortices are
often more readily visualized than the vortices themselves. The low-speed region
in a merging signature is simply a fork, with the thick (merged) end of the fork
downstream, the thinner (not merged) ends of the fork upstream, and a high-speed
region between the fork legs. Inspection of contours of streamwise velocity for this
simple pattern is considered an objective evaluation of the frequency of merging
low-speed regions.

Small-scale fluctuations in the velocity field were found to occasionally create small
patterns in the contours, by random chance, that are similar to the one described
above. The current interest, of course, is in the merging frequency of larger scales,
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i.e. groups of vortices. Thus, a filter is applied to the data in order to remove the
small fluctuations and leave only the scales of interest. As in the earlier procedure, the
filter is applied in wavenumber space as a sharp cutoff, although now the filtering is
performed in the streamwise direction (spanwise filtering was found to often smear out
the smaller, merging structures). The cutoff wavenumber corresponds to a wavelength
of λ+

x,c = 200, and the u-contour level defining a low-speed region is set at 95% of the
local mean velocity.

The following procedure is used in counting. In each realization, the total number
of low-speed streaks was determined. Then, the merging patterns in the data were
identified, and the number of streaks involved in such a pattern was recorded. Thus,
the procedure determines the percentage of streaks involved in a merging pattern
over a streamwise view of 460 viscous wall units (1.08δ). Near the wall (y+ = 21),
45% of streaks are in a merging pattern. At y+ = 46, the figure drops to 33%, and
at y+ =92, the figure is 27%. Thus, the coalescence of low-speed regions occurs very
frequently in the region y+ < 30, as observed by Nakagawa & Nezu (1981) and Smith
& Metzler (1983). As expected, the frequency is slightly reduced further from the wall
as the spacing of the streaks increases. However, the percentage remains significant
at these heights, providing further evidence that merging is an important mechanism
for scale growth up to y+ ≈ 100 in a low-Reynolds-number layer.

Inspection of the velocity contour plots also reveals forks oriented in the opposite
direction, i.e. with the merged end downstream, and the forked or split end upstream.
The frequency with which this ‘upstream fork’ pattern occurs in the data is not
insignificant: at y+ =21, 46, and 92, the percentage of streaks in such a pattern is
19, 17 and 5, respectively. Some streaks, of course, are in both an upstream and
downstream fork. Interpretation of this (upstream fork) pattern is difficult without
time-evolution information. It may, like the downstream fork, represent a coalescence,
but with initial merging occurring between upstream elements. Alternatively, the
upstream fork may represent a divergence of one structure or set of structures into
two. This interpretation is consistent with the results of Smith & Metzler (1983), who
observed both merging (with greater frequency) and splitting (with lesser frequency)
of streaks in the near-wall region.

A similar procedure is performed on the Reθ = 7705 data at y+ = 100. Inspection
of the data reveals that 30% of low-speed regions are involved in a merging pattern,
very close to the figure of 27% observed at y+ = 92 in the low-Re results, and that
9% of streaks are involved in an upstream fork pattern.

In summary, an estimation technique based on counting of u-velocity contour
patterns demonstrates that merging of low-speed structures is a means of scale
growth up to y+ =100 at both low and high Reynolds numbers. Furthermore, a
procedure based on inspection of velocity vector maps for a defined signature reveals
that merging of vortex packets is an active mechanism by which this coalescence
occurs.

8. Summary and conclusions
The structure of turbulent boundary layers has been investigated using PIV in

the horizontal plane. Wide-view digital measurements are obtained at several heights
throughout the upper buffer layer and logarithmic region at Reθ = 1015 and 7705.
Additional measurements are performed at selected heights with large-format film to
capture the large scales in both x and z with high resolution. The investigation builds
upon the (x–y)-plane study of AMT, in which hairpin-type vortices were observed
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to organize in the streamwise direction to create motions of much larger scale. The
goal of the present study is to develop a three-dimensional picture of boundary-layer
structure.

Inspection of instantaneous realizations reveals that the dominant large-scale
motions at elevated Reynolds number are regions of low u-momentum elongated in
the streamwise direction. These motions are shown to extend 2δ or more streamwise,
and typically 0.1δ–0.4δ spanwise, and grow with distance from the wall. Linear
stochastic estimation is used to approximate the conditional average based on a
simple low-u event; this result provides statistical support for the existence and
importance of large, elongated, low-speed motions in the outer layer.

Significant supporting evidence for the vortex packet model of AMT is found
throughout the logarithmic region (i.e. from y+ = 100 to y/δ = 0.2) at Reθ = 7705.
At each height investigated, the observed low-momentum regions (LMRs) are
consistently associated with swirling or vortical motions, aligned in x, that act to
induce flow backwards. Close inspection of many younger, smaller LMRs reveals
that these structures are simply concatenations of one- or two-legged hairpin vortex
signatures that propagate downstream together with roughly equal convection velocity.
Examination of larger, older structures farther from the wall requires a vortex
identification technique (λci) in conjunction with vector patterns to effectively extract
the organized motions. In more complex examples, e.g. data closer to the wall in
which several structures of disparate scale are superimposed, filtering is necessary to
separate the scales of interest from the fluctuations. However, in the above examples
and throughout the data, it is shown that proper analysis reveals organized vortical
structure in clear support of the vortex packet paradigm.

Data at the low Reynolds number provide new evidence for the presence and
organization of hairpin-type vortices in the region y+ < 60. Velocity vector patterns
(HVS) are observed that cannot be explained by the existence of quasi-streamwise
vortices alone, and the signatures organize streamwise. These buffer-layer results are
important for two reasons. First, they provide clear quantitative evidence for the
existence of hairpins near the wall, complementing the visual studies of Smith and
co-workers, in a region for which consensus on the dominant structure is lacking.
Furthermore, the observations of structural organization provide evidence for the
occurrence of vortex packets down to y+ = 46.

The present results also provide statistical evidence for two important aspects of the
vortex packet paradigm. First, spatial correlations of swirling strength throughout the
logarithmic region at high Reynolds number reveal that the most probable orientation
of successive vortices is streamwise-aligned. This result complements the (x–y)-plane
channel flow measurements of Christensen & Adrian (2001), which show a statistical
footprint of inclined vortex packets. Secondly, by specifying a simple local minimum
in velocity below some threshold, we educe the hairpin vortex signature from the data
at all heights and at both Reynolds numbers investigated. These conditional results
establish the hairpin vortex as the dominant small-scale structure, and statistically
link the hairpin with the low-momentum regions. The near-wall conditional eddies
may also be pointed to as further evidence for the existence of hairpins at y+ = 46,
and even at y+ = 21.

The final and perhaps most important contribution is in the understanding of scale
growth in the boundary layer. Mean values of three spanwise lengthscales (based on
quantitative visualization, stochastic estimation, and conditional averaging) are shown
to vary linearly with distance from the wall. This linear increase is consistent with
individual self-similar growth in time, but is not proof of it. In fact, inspection of the
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present data, in conjunction with previous (x–y)-plane results, suggests that individual
structures do not grow strictly self-similarly over the course of their development.

Instead, the merging of vortex packets on an eddy-by-eddy basis is proposed as
a mechanism by which additional spanwise scale growth, and hence the observed
linear scale variation, may occur. This model draws upon the vortex leg re-connection
mechanism proposed in Wark & Nagib (1989). The extent to which packets merge
simply depends on the number and relative location of individual vortices that pair
or coalesce. At the point of meeting, the merging structures are expected to leave
a highly distinctive footprint or signature in the flow field. The appearance of this
distinctive signature with high frequency in the data (e.g. 40%–45% of realizations
contain such a pattern at y+ =46) is considered substantial evidence that merging of
vortex packets is an important mechanism of spanwise growth in boundary layers up
to y+ = 100.

The present model provides a link between previous observations and conjectures.
The visual studies of Smith & Metzler (1983) and Nakagawa & Nezu (1981) provide
observations of frequent streak merging for y+ < 30. Farther from the wall, the
increasing complexity of the flow makes objective evaluation of coalescence difficult,
so direct observations are not reported, although streak merging is conjectured by
both researchers as a means of growth. The vortex re-connection mechanism of
Perry & Chong (1982) is also an interesting proposition, and has been employed in
previous models of boundary-layer growth (e.g. Wark & Nagib 1989). This vortex
merging model, however, while able to explain the development of a hierarchy of
structures, does not offer an explanation for the one growth mechanism supported by
direct observation: the merging of elongated low-speed regions. The present model,
though, provides a logical bridge between the two concepts, employing the vortex-
pairing mechanism within the framework of the vortex packet paradigm to explain
the observed coalescence of long regions of momentum deficit.

This model has implications for fundamental concepts in boundary layers. As
Adrian et al. (2001) discuss, the logarithmic law and von Kármán’s constant are
most probably embodiments of fundamental aspects of the eddy structure in wall
turbulence. Hence, prediction of basic behaviour, such as the value of von Kármán’s
constant, requires a thorough understanding of this structure and how it varies with
distance from the wall. The concept of self-similar growth is fundamental to the
logarithmic law. The vortex packet model, presented in AMT and extended here,
allows for streamwise scale growth through the creation of new vortices, and
streamwise and wall-normal growth by stretching due to shear. The merging mecha-
nism proposed here permits commensurate scale growth in the spanwise direction,
and hence, self-similar growth in a statistical sense.
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99-1-188 and N00014-97-1-0109.
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