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Abstract. This paper is concerned with a preliminary experimental investigation of the interaction
between large turbulent structures, generated in the wake of a circular cylinder, and the rough-wall
turbulent boundary layer separated flow immediately downstream of a simple street canyon type
geometry represented by backward-facing step. The motivation for the work was to provide some initial
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dispersion within the urban canopy. The aim has been to assess the extent of the perturbation of a
simulated street canyon caused by regular large-scale eddies generated upstream. The research has
involved the use of thermal anemometry to determine mean velocity and turbulence characteristics both
upstream and downstream of the step, together with the mean reattachment length for the recirculating
flow. The results indicate that the presence of the cylinder in the flow reduces the reattachment length.
In addition, the periodic structures generated in the cylinder wake are rapidly mixed with the turbulence
in the step shear layer such that no periodicity is detected at the reattachment zone.
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   1.  Introduction

A better understanding of the flow and pollutant dispersion characteristics within
urban street canyons is important if air quality is to be improved and town centres
designed to minimise adverse environmental conditions. The complexities of the
urban climate have been extensively reviewed (Mestayer and Anquetin, 1995) and
investigations of the problem have involved model scale experiments and numerical
turbulence modelling of relatively simplified urban geometries and flows, coupled
with limited field experiments.

 In experimental and numerical modelling the street canyons are normally treated
either as essentially 2-D rectangular cavities or backward-facing step flows, with the
approaching fully-developed turbulent boundary layer separating at the leading edge.
Such investigations have yielded useful results, particularly concerning the effects
of canyon geometry (Oke, 1988, Mestayer et al, 1995, Sini et al, 1996) and solar-
induced canyon wall temperatures on the flow velocities, pollutant levels and
dilution times within the cavity (Mestayer et al, 1995, Sini et al, 1996). The general
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perception of the canyon flow is that it is dominated by a single, stable, large,
rotating flow vortex whose axis is parallel to the street direction. For narrower streets
this becomes a series of two or three contrarotating vortices, one above another.
However, the reality is much different. From investigations of 3-D rectangular
cavities, associated with aircraft aerodynamics (Savory et al, 1993, 1997b) one of
the present authors has noted how the flow is always highly 3-D in nature,
particularly when the incident flow is not normal to the main canyon axis. Indeed,
the cavity flow is strongly dependent upon geometrical aspect ratio, with particular
cases giving rise to increased flow unsteadiness, enhanced momentum exchange
with the external flow and strong circulations in the horizontal plane. It is possible
that some of these features may be extrapolated to the larger-scale street canyon
regime. In addition, in practical urban applications such flows are likely to be
strongly perturbed by larger scale eddies either impinging on the boundary layer
from higher levels in the urban atmosphere or generated by the flows over upstream
canyons. This mesoscale flow field above the city may be modelled using a large
eddy simulation, whilst conventional turbulence models may be used for the flow
within the street canyons. It is anticipated that some form of coupling of these two
numerical modelling approaches will be necessary for the development of a
comprehensive urban canyon simulation.

Hence, the aim of the present work has been examine the flow over a rough-wall
backward-facing step with a thick separating turbulent boundary layer both with and
without the perturbations caused by the influence of large external flow structures.
These structures were generated by a circular cylinder positioned in the freestream
upstream of the step at a location that produces large eddies of a diameter equivalent
to the boundary layer thickness at separation. This simple test case has been chosen
in order to validate the urban canyon flow turbulence model CHENSI (Mestayer et
al, 1993). Although it is recognised that the large-scale turbulence above the urban
canopy is likely to be dominated by streamwise, rather than lateral, vorticity, the
present test arrangement was used since it presented a convenient and valid method
for introducing large-scale, periodic perturbations for model validation purposes.

The backward-facing step flow regime has been the subject of numerous
investigations and is a standard test case for numerical modelling. In the case of
smooth-wall flows, with a turbulent boundary layer at separation, a number of
authors have studied the effects of Reynolds number on the reattachment length
(Eaton et al, 1979, Durst and Tropea, 1982, Adams et al, 1984), whilst others have
ascertained the influence of boundary layer thickness (Bradshaw and Wong, 1972,
Adams and Johnston, 1988) and turbulence intensity at separation (Isomoto and
Homani, 1989) on the subsequent reattachment. The flow downstream of a step with
a rough-wall boundary layer has received relatively little attention, notably the
research reported in (Badri Kusuma, 1993) and the present research is a continuation
of that study. The next section of this paper briefly outlines the facilities and
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provided to allow the model to be set at the desired height above the ground. The
cylinder position for the initial measurements was chosen so that at the step the
eddies shed by the cylinder had a diameter approximately the same as the thickness
of the separating boundary layer and occupied the upper quarter of the boundary
layer.

2.2. HOT-WIRE ANEMOMETRY

The measurements were carried out using a single hot-wire anemometer system, with
the probe mounted in an aerofoil section, together with a pitot-static tube, which was
itself attached to the end of a cylindrical rod vertical traversing mechanism. The hot-
wire was operated with an overheat ratio of 0.5 and a freestream calibration against
the pitot-static tube was carried out prior to each vertical traverse in order to
minimise drift due to ambient temperature changes. Although data obtained from
such an instrument in regions of high turbulence intensity or flow recirculation are
grossly in error the results do permit an assessment of the effects of cylinder model
location on the backward-facing step shear layer development.

2.3 FLOW REATTACHMENT PROBE

It is not possible to use a single hot-wire anemometer probe to determine the location
of reattachment downstream of a step since such a device is not capable of resolving
flow direction. A number of flush surface-mounted devices have been developed for
determining flow direction and reattachment, such as a thermal tuft (Eaton et al,
1979). However, many of these instruments are not readily suited for use in rough-
wall boundary layers and so a new probe was constructed for such a purpose (Savory
et al, 1997a). Briefly, the reattachment probe consists of a conventional single hot-
wire anemometer operated in constant temperature mode. At right angles to and
approximately 1mm equidistant from the wire are the two junctions of a
copper/constantan thermocouple. The principle of operation is simple and works on
the basis that in a flow field there will be a positive or negative potential difference
between the junctions if there is a net flow velocity in either of the two normal flow
directions, which results in a net temperature difference at the junctions. In a
reattachment zone the mean velocity near the surface tends towards zero and so the
thermocouple e.m.f. also tends toward zero. However, in practice, it was necessary
to develop an appropriate methodology in order to ensure that the probe gave
reliable and repeatable results (Savory et al, 1997a).

2.4 SCOPE OF THE MEASUREMENTS

At the nominal freestream reference velocity of 6.4m/s the Reynolds number for the
step was ReH=3.88x104 and the Reynolds number for the cylinder was
ReD=1.32x104. The frequency of the periodic vortex shedding from the cylinder was
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4.  Concluding Remarks

Clearly, the presence of the cylinder greatly alters the mean flow since it generates
a large wake which mixes with the separated boundary layer. The effect of this is to
increase the mean velocity beneath the wake and through the step shear layer. The
turbulence intensities in the outer shear layer do not appear to be effected by the
cylinder wake but the peak intensities in the centre of the shear layer are greater with
the cylinder present. The presence of the cylinder, located at a height of Y/H=1.59
reduces the reattachment length from 6.3H to 6.0H. With the cylinder set at
increasingly lower levels the reattachment length is reduced still further, to 4.8H
when Y/H=1.02. It would appear that the increased turbulence intensities in the shear
layer, coupled with the increased velocities, has the effect of causing earlier
reattachment through a small shear layer thickening. The effect on reattachment of
the step height turbulence intensity increase at separation is similar to that found in
earlier work.
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