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Abstract This paper presents results from an experimental investigation of rough
turbulent open channel flow over transverse square bars. Bar spacing was system-
atically varied between 2 and 20 bar heights. Velocities were measured by means
of Particle Image Velocimetry (PIV), which captured details of flow fields above
and between the bars. The streamlines calculated from the time-averaged flow ve-
locities show the shape of persistent vortices in the gap between the bars. Further
analysis is based on Double-Avereged Navier-Stokes equations (DANS). Momen-
tum exchange between the flows above and within the gaps is explored using spatial
quadrant analysis and the decomposition of the spatially averaged turbulent stress.

1 Introduction

Simple strip roughness has been extensively studied (e.g. [ 1, 2, 3] ) because it is rel-
evant for engineering practice (heat exchangers, street canyons in the urban rough-
ness layer, river groin fields) and at the same time offers an opportunity for further-
ing the fundamental science and understanding of flow over any rough boundary.
This study uses the PIV velocity measurements to explore the spatial structure
of turbulent flow above and between transverse square bars. Particular attention is
paid to momentum exchange between the high-momentum flow above the rough-
ness and the low-momentum flow within the gap between the bars. Because of flow
heterogeneity it is very convenient to add a second averaging step, spatial averag-
ing, to conventional time/ensemble averaging of flow quantities. Spatial averaging
of non-linear momentum flux introduces new stress terms in the DANS equations.
They are investigated using new versions of quadrant analysis suggested in [5, 6 ].
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2 Experimental Setup

Experiments were carried out in a 0.4m wide and 11m long tilting hydraulic flume.
They involved steady uniform flow with fully developed rough boundary layer. The
flow depth was H=50mm. The rough beds were formed by fixing square bars (height
k = 6.2 mm) to the flat base of the flume along the whole length. The spacing be-
tween the axes of adjacent bars, measured in terms of bar height was: L =2, 3, 5, 6,
7,8, 10, 12, 15, and 20. Roughness Reynolds numbers (ki /v) were around 200.

Velocities were measured by means of a Particle Image Velocimetry (PIV) sys-
tem. A double pulsed Nd-Yag laser was positioned above the flume to illuminate
vertical planes in the longitudinal centerline of the flume. Camera resolution was
1008 x 1008 pixels. VidPIV analysis software was used for evaluating the velocity
field from the PIV images. The measurement window was always positioned be-
tween the axes of adjacent elements. Depending on the spacing between the bars
this resulted in the physical size of a pixel of 50 to 125 yum. The of interrogation ar-
eas was 32x 32 pixels. A single experiment produced around 300s long time series
of the two velocity components at 128 x 128 points across the measurement win-
dow, with a sampling frequency of 13Hz. Further details about experimental setup
can be found in [6].
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Fig. 1 Streamlines calculated from the time-averaged velocities for various bar spacing. Please
note that x and z have different scales.
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3 Results and discussion

The right-handed Cartesian coordinate system is used with (x,y,z) denoting stream-
wise, lateral and bed-normal coordinate axes, respectively, and (u, v, w) denoting the
corresponding velocity components.

Time-averaged (u,w) field was used to calculate streamlines shown in Figure 2.
For the smallest spacing L = 2 there is only a single stationary vortex, whereas for
L =345 there is also a second vortex in the upstream corner of the gap. At spacing
L = 6 another vortex has formed in front of the downstream bar. Flow re-attachment
first occurs around spacing L = 7. For L > 7 the re-attachment point remains ap-
proximately at 5-6 roughness heights from the beginning of the gap. The stream-
lines above the roughness follow the shape of flow separation: for small spacing,
L =2,3,4,5, they are approximately parallel, whereas from spacing L = 6 onwards
they become more and more *wavy’ as external flow penetrates into the gap.

Further analysis makes use of so-called Double-Averaging Methodology [4],
which involves two averaging steps, one in time and one in space. Spatial aver-
aging was performed over thin wall-parallel volumes spanning between the axes
of adjacent bars i.e. over single rows in the matrix of measured velocities. The
following notation is used: @, {u),u’,ii denote time average, spatial average, devi-
ation from the time average and deviation from the spatial average (spatial per-
turbation), respectively, of any flow quantity, for instance streamwise velocity. For
fixed roughness all these operators commute. Furthermore, spatial averaging op-
erators and rules are analogous to their time/ensemble averaging counterparts, e.g.
(uw) = (u) (w) + (@Ww). An instantaneous velocity at a point can be decomposed into

u= @)+ u) +u+i )

so that applying two averaging steps to kinematic momentum flux yields four terms.
For instance averaging uw twice yields

(aw) = (@) (W) + (@) + ()’ (w)’ + @ )

The first term on the right hand side of (2) is macroscopic momentum flux whereas
other three (with negative sign) become, respectively: dispersive stress (called form-
induced stress in some literature), large scale turbulent stress and small scale turbu-
lent stress [6]. As illustrated in Figure 2, this result is obtained regardless of the
order of the two averaging steps (time/space or space/time). In the next two sections
the dispersive stress and the large scale turbulent stress are further explored using
new versions of quadrant analysis [5, 6]. The value of u.. used for scaling was deter-
mined from spatially-averaged Reynolds stress measured at the level of roughness

crestie. u? = — <u’ W/>crest'
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3.1 Persistent spatial velocity perturbations

A spatial quadrant diagram shows spatial perturbations of time-averaged velocity
components (i,w) for a series of points within the same averaging volume i.e. along
a wall-parallel plane. Figure 3 shows four quadrant diagrams for three bar spac-
ings L = 3,5,15. Because the persistant flow structures cause regular and smooth
changes of the velocity components the shape of each quadrant diagram traces a
single orbit over a single bar spacing. There is a clear difference between the three
sets of quadrant plots: for the small spacing L = 3 velocity perturbations below the
roughness crest (white symbols) are much larger than those above (black symbols);
for medium spacing L = 5 the perturbations below and above the crest are similar
and the latter show a distinct ring-like shape; for large spacing L = 15 perturbations
above the roughness crest become dominant and continue to be ring-like.

Alternatively it is possible to colour-code all measurement points according to
the quadrant where they belong. These plots, called ’quadrant maps’ are also shown
in Figure 3. Stationary vortices behind the bars are shown as regular Q2 and Q4
diagonal strips, enclosing a single Q1/Q3 strip. For spacing L = 3 flow structure
above the roughness is random, whereas from L = 5 onwards it shows a regular
Q1,0Q4,Q3,Q2 sequence of quadrants, which is a conssequence of a stationary wave
formed above the bars.

3.2 Large-scale turbulent velocity fluctuations

Large-scale turbulent velocity fluctuations (u)’, (w)' are related to the turbulent mo-
tion of the fluid instantaneously occupying an averaging volume. Significant values
of (u)',(w)’ show the presence of turbulent structures larger than the averaging vol-
ume [6]. Quadrant diagrams of (), (w)’ plotted for an averaging volume resemble
conventional quadrant diagrams (Figure 4). Alternatively, the color-coding of quad-
rants can be used for plotting an instantaneous quadrant *profile’, which shows the
quadrant colour for each level above the bed. Time series of such quadrant profiles,
sampled above the threshold of 0.5u2 are shown in Figure 4. Irrespective of the bar

spacing Q2 and Q4 events are dominant, with other two quadrants almost entirely
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4 Conclusions

PIV measurements of turbulent flow over transverse square bars were carried out,
with a range of bar spacing (2-20 bar heights). Results show the geometry of sta-
tionary vortices between the bars. Flow reattachment first occurred around spacing
7. The reattachment point was always at 5-6 bar heights.

New forms of quadrant analysis were performed, based on the double decom-
position of flow velocity. Spatial quadrant diagrams show regular persistent spatial
structures governed by the geometry of the stationary vortices. Quadrant analysis
of large-scale turbulent fluctuations reveals Q2 and Q4 structures which covered
majority of the flow depth. For small bar spacing (L < 3) they remained above the
roughness crest whereas for L > 5 they penetrated into the gap between the bars.
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