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Common Vortical Structure of Turbulent Flows over
Smooth and Rough Boundaries
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The bursting phenomenon is a common feature of turbulent boundary layers irrespective of the wall roughness
condition. Consistent with Theodorsen's conjecture, recent direct numerical simulation studies have shown that
the dynamics of this bursting process over smooth walls is directly linked to the presence of powerful vortical
structures with a general horseshoe-type configuration. The present paper describes the results of physical exper-
iments that demonstrate that these vortex structures are also present in turbulent boundary layers over rough
walls. They appear to form the central element in a recurring, highly nonlinear cycle of turbulence and burst gen-
erating instability. Novel velocity measurement techniques were used in the investigation that, for the first time in
physical experimental fluid mechanics research, allowed quasi-instantaneous vortex lines to be traced through a
three-dimensional block ef flow space to reveal the vortical structures embedded in the shear flowfield. Prelimi-
nary test results are also presented that indicate that, as in the smooth wall case, the instability structures over
rough boundaries have a preferred spanwise wavelength that scales with the roughness dimension.

Introduction

LINE et al.! gave a detailed description of the streaky nature

of the flow structure in the viscous sublayer on a smooth wall
with its alternating narrow, elongated zones of high and low fluid
velocity. They linked this streaky structure to the bursting process
that they described as a randomly occurring event comprising
gradual local liftup of the fluid in the low-speed streaks, sudden
oscillation, bursting, and ejection. This bursting and ejection phe-
nomenon is closely associated with sweep and energetic inrush
events, identified and described, respectively, by Corino and Brod-
key?® and Grass,* based on observations from similar visualization
studies of the boundary-layer flow structure. The ejection and
inrush events form linked parts of a random, cyclical process of
turbulence generation in the boundary layer involving recurring
instability. Grass® further clearly demonstrated the existence of
both violent ejection and inrush events over rough walls. It was
concluded that these were common features of boundary-layer tur-
bulence irrespective of wall roughness condition.

The common presence of these dominant inrush and ejection
structural features suggests that a shared mechanism could be
responsible for their generation. Based on a combination of ratio-
nal analysis and remarkable intuitive physical insight, Theodor-
sen* proposed a simple vortex model as the central element of the
turbulence generation process in shear flows. This took the form of
a horseshoe-shaped vortical structure inclined in the direction of
mean shear illustrated in the author's original diagram reproduced
in Fig. 1. Theodorsen conjectured, with extraordinary foresight in
the light of evidence now emerging, that this vortex structure is a
common feature of all shear layers, being present not only in wall-
bounded flows but also in free shear layers, laminar to turbulent
transition, and even sheared homogeneous turbulence.>'#

Kline and Robinson'® presented a progress review of a commu-
nity-wide cooperative study of boundary-layer structure that
included an assessment and interpretation of recent numerical sim-
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ulation studies of smooth wall flows. They drew the firm conclu-
sion that powerful vortical structures, apparently representing
rolled-up elements of typically incompletely developed and asym-
metrical horseshoe form, represent the central feature of the turbu-
lence generation process. Robinson® uses a very apt expression for
the key role of these vortical structures, describing them as
“pumps.” The weight of existing evidence suggests that these vor-
tical pumps are the primary agent for transport of mass, momen-
tum, vorticity, heat, and other contaminants outwardly and
inwardly across the boundary layer. They derive substantial energy
from the mean flow by the simple mechanism of vortex stretching.

The overwhelming majority of boundary-layer turbulence struc-
ture investigations carried out to date relate to smooth wall flow.
This is exclusively the case for the crucially important numerical
simulation studies that can at present only cope with the simple
smooth wall boundary condition. The investigations reported in
the present paper concentrate attention on rough wall flows that
more or less exclusively prevail in the geophysical environment.
There is every reason to expect that horseshoe-type vortical struc-
tures also represent the dominant feature of boundary-layer struc-
ture over rough walls, and therefore the smooth wall observations
remain highly relevant.

Results from two independent experimental studies are pre-
sented. For ease of reference these are simply termed experiment
A and experiment B. The primary objective of experiment A was
to try and establish the three-dimensional form of the turbulence
structures linked to the ejection and inrush events observed over

Fig; 1 Horseshoe vortex model first proposed by Theodorsen.*
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Fig.2 Stereoscopic photographic system.

rough walls in the preceding investigation by Grass.> Based on the
findings from this earlier study, Grass suggested that the near-wall
turbulence structures should scale with the size of the wall rough-
ness elements. Perry and Chong?® adopted this suggestion in
extending their hierarchy model to rough wall flows and scaling
their first hierarchy of vortical structures in direct proportion to the
roughness dimension. Experiment B is concerned with measuring
the actual spanwise scale of the near-wall structures for boundary
conditions ranging from hydrodynamically smooth to fully rough.
This investigation also addresses the intriguing question of
whether or not the equivalent of viscous sublayer streaks exists
over rough walls.

A central objective of all of these basic studies is to provide an
improved understanding of the fundamental physics of boundary-
layer turbulence. Such knowledge is an essential prerequisite for
the development of improved turbulence models. The success of
this approach is demonstrated by the encouraging progress
reflected in the models proposed, for example, by Perry et al.,”!
Walker et al.,?? and Piomelli et al.??

Experimental Arrangements and Procedure
Experiment A

Measurements were made in a fully developed turbulent bound-
ary layer formed on the rough bed of an open channel water flow.
The glass-sided channe] was 0.5 m wide and 6.2 m long, and the
uniform flow depth was approximately 50 mm. Bed roughness
comprised parallel spanwise strips of 5 mm square section brass
rod, with a gap width of 20 mm, stuck to a glass bed plate. This
produced k-type roughness.’*?> The measurement station was
located 2 m downstream from the leading edge of the bed plate at a
position where the flow was fully developed but remained suitably
two dimensional. A laser Doppler anemometer was used for the
general control measurements and to obtain the mean velocity pro-
file and long-term averaged turbulence characteristics.

The main emphasis of the experimental program centered on the
successful design and deployment of a novel measurement system
for approximate determination of the quasi-instantaneous velocity
vector field throughout three-dimensional blocks of flow space.
This technique was based on an adaptation of the hydrogen bubble
tracer method previously described by Grass.> The single bubble-
generating wire used in the earlier tests was replaced with an
orthogonal grid comprised of 11 vertical and 12 horizontal 25-p-
diam wires in a vertical plane perpendicular to the flow direction.
A negative voltage, pulsed at 20 Hz, was applied to the wire elec-
trodes. This released 20 regular grid patterns of bubble tracers,
comprising 132 node points into the flow every second. A high-
speed motion camera running at 200 frames per second was used
in conjunction with the stereoscopic viewing system illustrated in

Fig. 2 to record the progress of the tracer grids as they were swept
downstream. The hydrogen bubbles were illuminated by an intense
narrow strip of light that ensured that only one tracer grid appeared
in the field of view at any instant in time, to avoid visual confu-
sion. The grid wire spacing was 5 mm, except in the zone of high
velocity gradient close to the bed, where it was reduced to 2 mm in
the vertical direction.

A film coordinate analyzer was used to measure the distance
that the tracer grid node points moved in an interval of 1/100 s.
These data were then processed by computer, making due allow-
ance for perspective distortion and the wake velocity defect behind
the generating wire (Grass®), to yield 132 simultaneously mea-
sured values of the three-dimensional velocity vector across a 50 X
50 mm area in the center of the channel. These velocity vector
matrices were updated every 1/20 s, and Taylor’s “frozen eddy”
hypothesis was employed to generate an approximate picture of
the quasi-instantaneous three-dimensional velocity field through-
out blocks of the flow space swept through the measuring grid.
The resulting three-dimensional velocity data matrix was then
used to compute the corresponding vorticity field. This allowed
vortex lines to be traced out through the three-dimensional flow-
field as a powerful means of identifying the presence and delineat-
ing the geometry of vortical or other structural forms embedded in
the boundary layer. A detailed description of the experimental
arrangements and measurement techniques used in the experiment
A study is given by Stuart.?

Experiment B

The experiment B test program was carried out using the same
water channel and generally fully developed, uniform flow condi-
tions as in experiment A, also maintaining the same flow depth of
approximately 50 mm. The bed roughness condition was, how-
ever, varied in these tests from hydrodynamically smooth to fully
rough. This was achieved using a range of different diameter glass
spheres, packed in a single layer resting on the glass bed plate.
Laser Doppler anemometry was again used for the general control
measurements.

The main measurements, concerned with investigating the span-
wise structure of the near-wall turbulence, once again employed
the hydrogen bubble tracer technique. The general arrangement
was, however, very much simpler than in experiment A and com-
prised a single, horizontal, bubble-generating wire located at vari-
able height close to the bed. The bubble tracer lines were photo-
graphed through a viewing plate just touching the free water
surface, using a still 35 mm camera. A coordinate analyzer was
used to define the shape of the tracer lines in digital format for spa-
cial spectrum analysis. Ensemble averages, based on 35 individual
spectra, were calculated to establish the existence or otherwise of
any preferred spanwise wavelength and to measure such wave-
lengths from the spectral peaks. The mean spacing of the low-
speed streaks was also determined by direct measurement using a
marking technique similar to that adopted by Smith and Metzler.?’
It was found that this method gave closely similar results, confirm-
ing that the two approaches are basically focusing on the same
physical flow feature. The experiment B investigation was ongo-
ing at the time of writing, and only preliminary results of direct rel-
evance to the present discussion are presented in the next section.

Results and Discussion

Considering the experiment A results first, the long-term aver-
age mean velocity and normal and shear components of the Rey-
nolds stresses were measured using a laser Doppler anemometer
for comparison with previous work and to derive relevant scaling
parameters. As expected, the two-dimensional strip roughness
behaved as conventional k-type roughness, following the terminol-
ogy and in-line with the findings of Perry and Joubert.?* The mea-
sured streamwise and vertical components of turbulence intensity
were in very close agreement with corresponding data obtained in
similar open channel flows over beds with three-dimensional
roughness elements by Grass,? Nezu,?® and Raven.?

The mean velocity profile, measured in the center of the channel
at the test location, is shown in relation to the bed roughness ele-
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ments and the free water surface in Fig. 3. This particular set of
data was measured above the centerline of one of the roughness
strips. The effective velocity origin was determined using a combi-
nation of the progressive origin shift method suggested by
Clauser’™ and adapted by Perry and Joubert> and linear regression
to obtain the best fit straight line in the logarithmic zone. This pro-
cedure located the velocity origin 1.4 mm above the surface of the
glass base plate and 3.6 mm below the tops of the roughness ele-
ments consistent with the findings of Perry and Joubert?* and Perry
et al.>® The roughness length scale y, was derived from the inter-
cept of the best fit logarithmic layer straight line with the y axis.

The bed shear stress and hence the bed shear velocity U, were
obtained by extrapolating the linear total shear stress distribution,
obtained by adding the Reynolds shear stress and viscous shear
contributions, back to the bed. Derived values of the relevant scal-
ing parameters and general flow and bed roughness characteristics
are given in Table 1. If, following Nikuradse,3! we consider an
equivalent sand or, in the present case, gravel size &, to produce the
same degree of roughness, putting y, = &,/30 = 0.96 mm (from
Table 1), we find that £ /k = 5.74 (where & denotes the roughness
strip height = 5 mm). In comparison, the 12-mm-diam spherical
roughness used in the experiment B tests yields a modest and
expected k/k value of 0.82 (Table 1). These findings demonstrate
that the two-dimensional strips produce a very rough boundary
condition in line with previous study results.?? 3

Hydrogen bubble tracers generated on a single vertical wire
were used for general dynamic flow visualization recorded using
high-speed motion photography. All of the characteristic features
of rough wall turbulence including violent eruptive ejection of
fluid from the near-bed region and energetic inrush events bring-
ing high-velocity fluid in toward the wall, observed in the earlier
study using three-dimensional pebble roughness (Grass®) were
clearly visible in the flow over the two-dimensional strip rough-
ness. Roll-up of spanwise and streamwise vorticity was clearly
apparent in the moving images as they developed in time.

The semimanual process used to abstract tracer coordinate data
from the stereoscopic film images for the three-dimensional analy-
sis was extremely time consuming. With the 132 node points and
20 Hz sampling rate used in the present study, it took approxi-
mately 20 h of film analysis time to generate three-dimensional
data for 1 s of swept flow space. Set against this limitation, how-
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ever, is the extraordinary power and potential of this novel tech-
nique that effectively generates data crudely equivalent to 132 tri-
ple-channel laser Doppler anemometers working simultaneously!
It is undoubtedly the case that, linked to automated data acquisi-
tion systems, flow tracer methods such as the one presented here
and alternative particle image velocimetry (PIV) approaches repre-
sent a feasible way forward to paralle] developments in the numer-
ical simulation area.

However, given the manually based techniques available in the
present investigation, it was clearly essential to carefully select the
blocks of swept flow space subjected to full three-dimensional
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Fig. 3 Mean velocity profile in relation to the bed roughness elements
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Table 1 Flow and bed rougliness conditions and derived variables

Experiment A Experiment B
Two-dimensional Hydrody- " Spherical roughness
Bed roughness strip roughness, namically -
condition k=5mm smooth k=115mm k=6mm k=12mm
Flow depth (relative

to velocity origin

D), mm 54.5 50.3 499 48.9 49.6
Depth-average ve- ) )

locity U, mm/s 144 105 106 111 106
Kinematic viscosity :

v, mm?/s 10.97 0.94 0.94 1.05 1.03
Reynolds number

DUy 8076 5613 5611 5160 5114
Bed shear velocity '

U, mm/s 16.1 6.07 6.46 8.48 9.21
Karman constant K 0.37 0.395 0.387 0.384 0.382
Roughness height - :

k, mm 5 _— 1.15 6 12

k Uz/v 83.0 —_ 7.9 48.5 107.3
Height of velocity

origin above base . '

plate datum, mm 1.4 _— 0.70 4.8 9.4
Roughness length

scale ]

Yo, MM 0.96 _ 0.025 0.169 0.327

kg =30/ y, 28.7 —_— 0.78 5.07 9.82

kUldv 476.4 —_— 5.4 40.9 79.2

kolk 5.74 —_ 0.68 0.85 0.82
Measurement height

above roughness

¥y, mm _— 1 1 3 35 05

A, mm — 15.6 16.1 19.5 382 120

AU/ v - 101 110 158 340 107

Ak —_— _ 14.0 3.25 S 318 1.0

analysis to make best use of the severely restricted sampling time.
Some method of previewing the general state of the flowfield was
therefore required to establish periods when interesting events
appeared to be occurring. This conditional sampling was achieved
by initially carrying out a two-dimensional analysis, using the
hydrogen bubble tracers released from the vertical centerline wire
only, to measure instantaneous profiles of streamwise velocity u
and vertical velocity v updated every 1/20 s. Taylor’s hypothesis
was then employed with an assumed convection velocity equal to
the depth-averaged mean velocity U, = 144 mm s, obtained from
the laser measurements, to generate (¥« — U,, v) vector plot seg-
ments of the type shown in Fig. 4. Five consecutive segments, each
representing 2 s of flow time, 10 s in total, were considered.

The diagrams in Fig. 4 give a convected view impression of the
instantaneous streamline patterns as seen by an observer. traveling
with the flow at the depth-averaged velocity U,. Cross sections
through transverse vortices of varying size and strength, inclined
internal shear layers, and ejection and inrush zones are clearly vis-
ible in the flow structure. For example, note the vortex sections
centered on segment 1 (x = 145 mm, y = 20 mm) and segment 2
(x = 220 mm, y =25 mm); the shear layer located at segment 1 (x
=240 mm, y = 30 mm); and the ejection and inrush events located
at segment 1 (x = 10 mm, y = 10 mm) and segment 2 (x =270 mm,
y =5 mm), respectively. The original versions of the velocity vec-
tor diagrams in Fig. 4 were color coded according to whether the
local streamwise velocity component was greater or less than the
local mean value. Ejection events thus appeared as black and
inrush events as red groupings of velocity vectors. Identification of
these dominant Reynolds shear stress and turbulence production
events in the Fig. 4 segments was also facilitated by inspection of
the instantaneous Reynolds shear stress profiles calculated from
the instantaneous (, v) velocity distributions.

Three sections of the Fig. 4 velocity vector segments were
selected on the basis of apparently relevant structural content for
full three-dimensional analysis. These are referred to as blocks 1,
2, and 3 (Fig. 4). With reference to the previously quoted exam-

ples, block 1 includes the segment 1 shear layer structure; block 2,
the segment 1 ejection event, which is linked to high measured
Reynolds shear stress;, and block 3, the segment 2 vortex section
associated with an extremely active, underlying ejection zone at
the bed. i

The block 1 shear layer can be directly compared with a corre-
sponding velocity vector representation of a similar structure pre-
sented by Robinson et al.* and derived from numerical circulation
of a turbulent boundary layer formed on a smooth wall. The
detailed matching between these two flowfield patterns is quite
remarkable, with the velocity vectors surrounding the rolled-up
vortex head and the upstream stagnation point closely reproduced
in both direction and magnitude. This certainly suggests a close
identity between the three-dimensional flow structures generating
these velocity patterns over a completely smooth and a fully rough
boundary. The fact that the general flow pattern associated with
the shear layers illustrated in Fig. 4 also recurs in the ensemble
averaged patterns of the large-scale structure produced by Thomas
and Brown, for example, adds support to the concept of a vorti-
cal generating structure of basically universal geometry, but fol-
lowing a scale hierarchy, as suggested by Perry and Chong.?

It is apparent from the previous discussion that two-dimensional
velocity vector representations on sliced planes through the flow-
field are extremely effective in revealing the presence and form of
relevant structural features. The three-dimensional analysis pro-
vided three-component velocity vector data throughout the swept
volumes of blocks 1, 2, and 3. This permits a whole series of
velocity vector plots to be produced for different vertical stream-
wise, vertical crossflow, and horizontal planes. Examples of these
slice representations of the velocity field are shown in Fig. 5 for
the block 2 results. Because of the vertical mean velocity gradient,
it is necessary to vary the convection velocity for the plots in the
horizontal (x, z) plane. It was found that using the mean streamwise
velocity at the level of the plane height above the bed gave satis-
factory results as indicated in Fig. 5b. Once again vortex sections
can be identified in all three planes. These three-dimensional rep-
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Fig. 5 Examples of velocity vector plots from three-dimensional Bl()ck 2,

resentations are additionally valuable since they permit assessment vortex lines were tracked from over 200 starting points spread in a
of the extent of spacial coherence in the observed structures. The regular grid pattern throughout the block. Examples of these vor-
original plots were again color coded to identify zones where the tex lines with starting points located in horizontal planes 7.5, 15,
streamwise velocity component was either greater or less than the and 30 mm above the tops of the roughness strips are presented in
local mean velocity. Fig. 6. The most surprising feature of these single vortex lines is

The block 2 vorticity field was explored first. This was carried their extraordinary coherent, untangled form. This finding is par-
‘out in a comprehensive and systematic manner, initially ignoring ticularly surprising if one observes the apparently relatively
the information obtained from the velocity vector plots concerning . advanced state of chaos existing' in ‘the near-wall flowfield as

the presence, form, and location of any coherent structure. Single : recorded by the general flow visualization films. Dominant vortic-
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ity in the flowfield is clearly associated with relatively young and
coherent flow structures. Vortex lines transported long distances in
old contorted structures would presumably exhibit a much more
tangled form. Although examples of tangled vortex lines were
found among the very large sample, they represented a small per-
centage, and the vortex lines in Figs. 1-3 are typical. The fact that
the vortex lines often span between the wall and the flow surface
and yet remain within the confines of the measurement volume
under the action of the velocity gradient suggests that the transport
across the boundary layer has been relatively rapid. It also suggests
that the structures responsible for such transport must be of a scale
commensurate with the boundary-layer thickness or flow depth.
To give a clearer impression of the three-dimensional form of
the vortex lines, their projected images are plotted on the block
side walls and base. As expected, the side wall projections invari-
ably indicate downstream inclination that in turn implies strong
vortex stretching and energy absorption from the mean flowfield.
Horseshoe-shaped loops are also very common features of these
single vortex lines. Although such features can be formed by a
lifted shear layer and may not be indicative of a rolled-up horse-

shoe vortex, they can be taken as a possible indication of the pres-
ence and location of such structures for further investigation using
multiple vortex lines. Such lines also represent a Lagrangian, inte-
grated history of the movement of the fluid particles constituting
the line, or in its near vicinity, subsequent to their being lifted
away from the vorticity generating zone at the wall (Lighthil*),
Even in a passive role as flow tracer, therefore, vortex lines give
valuable information about the recent local structure of the flow.
Perhaps the most significant qualitative impression given by these
single vortex lines, typically illustrated in Fig. 6, is of a flow dom-
inated by coherent powerful new structures that all connect back to
the wall and that increase in size with wall distance. This observa-
tion is entirely consistent with Townsend's attached eddy hypothe-
sis used as a basis for their model by Perry and Chong.?

" The fact that many of these looping, single vortex lines are
embedded in rolled-up vortical structures was demonstrated by
multiple line tracking. The resulting vortex line bundles are shown
in Figs. 7¢ and 7d, which correspond to Figs. 6a and 6b. The splen-
did example of a near-bed, horseshoe vortex in Fig. 7d is directly
linked to the ejection event located at coordinate point (x = 10 mm,

Fig. 6 Typical single vortex line plots for block 2 (Fig. 4): a) and b) tracking origin in plane y = 7.5 mm; c) and d) y = 15 mm; e) and f) y = 30 mm.
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Fig. 7 Multiple vortex line plots revealing vortical structures embedded in the block 2 flowfield (Fig. 4).

y =10 mm) in segment 1, Fig. 4. This ejection event is also marked
by the outward (v, w) velocity vectors in the crossflow plane
located at x = 36 mm, y = 10 mm, z = 0 mm in Fig. Sc. Fluid is
being pulled up and ejected between the side legs of this horseshoe
vortex.

The spectacular snaking vortex displayed in Figs. 7a and 7b
loops its way upward across the entire thickness of the boundary
layer and terminates in a loose, broken end at the free surface.
Whirlpool marks are a commonly observed surface feature of river
flows and undoubtedly result from the draw down effect of such
free vortex ends.>'%%7 Vortex cross sections marked A, B, and C
in Fig. 7b are discernible in the velocity vector plots in Fig. 5.
Streamwise cross-section A is located at approximate coordinate
position (x = 50.4 mm, y = 25 mm, and z = — 5 mm) in Fig. 5c,
spanwise cross-section B at (x = 30 mm, y = 15 mm, and z = 15
mm) in Fig. 5a, and the free-surface horizontal cross section at (x =
70 mm, y = 50 mm, and z = 5 mm) in Fig. 5b. This strong correla-
tion and coincidence between vortex line and velocity vector rep-
resentations reinforces confidence in the reality of these vortical
structures.

Further examples of multiple vortex line displays are presented
in Fig. 8. Once again these plots demonstrate clear coherence in
the flow structure and provide additional direct evidence of the
presence of vortical structures with a general horseshoe-type con-
figuration and with a wide range of scales. The plots in Figs. 8a—8d
are for block 1, which was selected for three-dimensional analysis
because of the interesting shear layer revealed by the centerline
velocity vector plots (Fig. 4). The vortex lines shown in Fig. 8b
collectively trace out the general shape of a horseshoe vortex with
a powerful streamwise limb indicated by the necked region. This
vortex is associated with the strong eruption of wall layer fluid
reflected by the sharp spanwise inclination in the shear layer vor-
tex lines illustrated in Figs. 8c and 8d.

Block 3 was selected for three-dimensional analysis on the basis
of the vortex cross section identified at position x = 220 mm, y = 25
mm in segment 2 of Fig. 4 and the active underlying ejection zone.

The three-dimensional velocity vector diagrams and the vortex
line bundle presented in Fig. 8f show that the parent vortex spans
the entire block width and takes the form of a looped structure
arching upward from the wall. This is directly linked to strong
ejection events and associated high Reynolds stress production just
upstream of the vortex. Evidence of other horseshoe-shaped vorti-
cal structures embedded in the block 3 flow space is presented in
Figs. 8e, 8g, and 8h.

To conclude this discussion of the experiment A results there-
fore, it is self-evident that the presence of vortical structures such
as those depicted, for example, in Figs. 7b and 8b, with their mas-
sive potential for absorption of mean flow energy through the
stretching mechanism and their capacity to induce strong three-
dimensional currents and hence generate large contributions to
Reynolds shear stress, must play a critical role in turbulent bound-
ary-layer dynamics. This key role has perhaps been best summed
up by Kuchemann,?® who described vortices as “the sinews and
muscles of fluid motion.”

Turning now briefly to the preliminary experiment B results, the
general flow conditions and values of derived parameters such as
the bed shear velocity U, and the roughness length scale y, are set
out in Table 1. Roughness Reynold's numbers U, k/v are also quoted
in Table 1 and indicate that, under these particular flow conditions,
the 1.15-mm-diam spheres lie in the lower transitional roughness
regime, the 6-mm spheres in the upper transitional regime, and the
12-mm spheres in the fully rough regime.

The smooth wall visualization photograph in Fig. 9a clearly
illustrates the extensive coherence of the low-speed streaks in the
streamwise direction. Similar coherence is seen to persist for the
1.15-mm-diam roughness (Fig. 9b) reflecting the continued domi-
nance of viscous shear transfer at the wall. These low velocity
ejection zones are still apparent in the near-wall layer flow over
the 6-mm-diam spheres. However, as illustrated in Fig. 9c, their
general characteristics have now changed significantly. The dis-
tance between the zones has clearly increased as has their width,
whereas their streamwise coherence is substantially reduced.
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Fig. 8 Multiple vortex line plots revealing vortical and coherent structures in blocks 1 (Figs. 8a-8d) and 3 (Figs. 8e-8h) (Fig. 4) flowfield.
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d) k=12 mm,y; =3.5mm

e) k=12mm,y, =0.5mm

Fig.9 Near wall flow structure visualized by hydrogen bubble tracers generated on spanwise wire parallel to the bed. Bed roughness conditions and

wire distance from top of roughness y; .

These trends are further advanced in the case of the fully rough 12-
mm-diam spheres.

A remarkable feature of the rough wall flow is its apparent abil-
ity to order itself very rapidly over a small vertical distance above
the tops of the roughness elements. This is demonstrated by con-
trasting the near-bed flowfield characteristics visualized in Figs.
9d and 9e. In Fig. Oe, the hydrogen bubble wire is located 0.5 mm
above the tops of the spheres. At this height the bubble tracers
respond to the three-dimensional velocity field and pick up the
intense small-scale disturbances in the separating flow round the
individual roughness elements. The visualization traces show very
little evidence of this highly disturbed flow state with the wire
raised to just 3 mm above the tops of the 12-mm-diam spheres as
shown in Fig. 9d.

Ensemble-averaged spectra for the spanwise velocity fluctua-
tions, corresponding to the mean flow and bed roughness condi-
tions in Figs. 9a-9e are presented in Figs. 10a-10e. As can be
seen, these spectra exhibit a well defined single peak that indicates
the presence of a dominant spanwise wavelength ) in the near-wall

structure. The ability of the spectral peak method to pick out a pre-
ferred wavelength in the velocity perturbations is confirmed by the
measured value of 12 mm with the hydrogen bubble wire 0.5 mm
above the roughness tops as in Fig. 10e. This wavelength exactly
coincides with the sphere diameter as expected. In the case of the
smooth wall flow, A* = AU, /v = 101, in good agreement with pre-
vious measurements.!?’

For the roughness Reynolds numbers quoted in Table 1, under
the present test conditions, A should be largely independent of
Reynolds number for the 6- and 12-mm-diam roughness elements.
In these circumstances, following the suggestion of Grass,® A
should scale with the roughness dimension 4. In other words, Mk =
const for the geometrically similar roughness elements and pack-
ing used in these tests. This expectation is closely confirmed with
measured A/k values of 3.25 and 3.18 for the 6- and 12-mm
spheres, respectively (Table 1). A primary objective of this con-
tinuing investigation is to more fully explore the mechanisms
responsible for generating these preferential spanwise wavelengths
in the near- wall layers.
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Fig. 10 Ensemble averages of wavelength spectra of spanwise velocity
fluctuations derived from hydrogen bubble tracers as illustrated in
Fig. 9. Flow conditions and y; values of Figs. 10a~10e correspond fo
Figs. 9a-9e, respectively.

Conclusions

There is now convincing evidence, particularly from recent
direct numerical simulation studies, that horseshoe-type vortical
structures, usually with an asymmetrical or partially rolled-up
form, represent the dominant element in smooth wall boundary-
layer turbulence. These vortices act as pumps transporting mass,
momentum, vorticity, and contaminants, passive or otherwise,
across the boundary layer.

The present results from the experiment A test program provide
evidence, based for the first time on direct physical measurements
of the three-dimensional vorticity field, that horseshoe vortical
structures are present and play an equally important role in rough
wall flows.

Preliminary results from the experiment B investigation show
that, just as in the case of the viscous sublayer region of smooth
wall flow, a dominant spanwise wavelength occurs in the instanta-
neous crossflow distribution of streamwise velocity close to the
rough wall. The measurements indicate that for fully rough wall
conditions this wavelength, which reflects the typical scale of

near-wall vortical structures, is directly proportional to the bed
roughness size.

The area of greatest remaining uncertainty in our knowledge
and understanding of the physics of boundary-layer turbulence
concerns the process of growth in scale up through the eddy hierar-
chy from the often diminutive wall scales to the very large outer
layer scales. Further work is needed at high geophysical scale Rey-
nold's numbers and on the fundamentals of vortex interaction and
vorticity field development under shear straining conditions.
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