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This study is concerned with the development of a new technique for quantifying fluxes from 

a traditional unit of urban morphology, a 2-dimensional street canyon with both flat and 

pitched roofs. CoBoT (which stands for Copper circuit Board Technique) uses heat as a 

passive scalar, provided by an etched copper circuit board representing the street surface of 

the canyon, in contrast with techniques such as the naphthalene sublimation technique, which 

uses mass as a proxy for heat fluxes. 

1 INTRODUCTION 

Thermal modelling of urban surfaces and buildings is a very important tool for engineers, 

planners and meteorologists. Understanding the transfer of heat, pollution and other scalars 

from the surface layer to the air aloft is crucial to improving the design of the built 

environment, but its dependence on urban morphology is still not very well understood. 

The CoBoT is a novel method to study fluxes from different urban surfaces, using heat as a 

passive scalar. A similar method was previously used by Haverd et al. (2010) and Bohm 

(2000) on the study of forest canopies in order to estimate fluxes from the surface and trees. 

Previous studies by Barlow and Belcher (2002) and Barlow et al. (2004), using the 

naphthalene sublimation technique, show that fluxes from the street surface and how it 

changes within different flow regimes: the skimming flow regime, where the wake generated 

by the upstream building completely interacts with the downstream building and no evident 

ventilated region is present; the wake interference regime, where the wake of the upstream 

building interacts with the downstream building, and the isolated roughness regime, where 

the wake is fully formed and a clear recirculation and ventilated regions can be treated 

independently (Oke, 1987). A peak in the flux appears at an aspect ratio h/w of 0.6, where h 

is the height of the building and w is the width of the street.  

The naphthalene sublimation technique became an unviable technique to use for this study 

due to the new guidelines of the University’s Health and Safety, so a new technique needed 

to be developed to carry out this study. 
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2 THEORY 

A passive scalar is a diffusive contaminant in a fluid that is present in such low concentration 

that it has no dynamical effect on the fluid motion itself (Warhaft (2000)). In the CoBoT, heat 

is used as the passive scalar. If free convection acts alone in an environment with no wind 

speed, buoyancy is the dominant effect on the flux of heat. This applies even for the slight 

change in the bulk average surface temperature, Ts, in relation to the ambient temperature, Ta. 

In a regime of mixed convection, where the surface is in the presence of a moving fluid (e.g. 

air), the dominant mechanism of scalar transfer, i.e. buoyancy and turbulence, will depend on 

the properties of the underlying surface (temperature) and the flow (wind speed). For this 

study, turbulent transfer of scalar is of interest.  

2.1 The Surface Energy Balance  

The surface energy balance equation for the CoBoT writes, based on Figure 1 
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where elP , L


, L , L


, G  and H the terms represent the electrical power input to the circuit 

board; the longwave radiation from the air downward, the longwave interaction between the 

surface and the walls of the building and the upward longwave from the surface, the ground 

heat flux and the sensible heat flux, respectively. 

 

Each term of equation 1.1 can be written explicitly and be directly measured and the term of 

most interest here is H, which can be written as 

 

 
   T p s aH w c T T                                                  (1.2) 

           
 
                                                       
where pc  and   are the specific heat capacity of air and density of air, respectively and Tw  
is the transfer velocity, measured in ms

-1
. The transfer velocity is the only unknown in the 

equation, so it can be found by rearranging equation 1. 

3 EXPERIMENTAL SET-UP 

The experimental runs were performed in the wind tunnel at the University of Reading, UK. 

The working section of the Reading Tunnel is 1.5m long, with a cross section of 0.234m wide 

by 0.234m deep. The boundary layer was generated by placing four quasi-triangular spires at 

the entrance of the tunnel in order to slow down the incoming flow, with the largest flow 

blockage occurring at the bottom. The floor of the tunnel was covered with a staggered array 

of Lego
TM

 (Barlow and Belcher (2002)) and the properties of the boundary layer generated as 

described in Pascheke (2005), at the scale 1:2000. The wind speeds of the tunnel ranges from 

0-18ms
-1

 and is measured using a pitot-tube and logged by a FCO520 Digital Manometer. 
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The upstream wall of the first building of the canyon is located at position x = 1040mm 

downstream of the entrance, where x is the distance along the length of the tunnel. The 

buildings of the canyon, made of insulating material acetal co-polymer, span the entire width 

of the tunnel and are oriented perpendicular to the direction of the flow. The street of the 

canyon is made up of two different materials: the top part, which is exposed to the flow, is 

made up of an etched copper circuit board on a fiber glass substrate 1.6mm thick. The etched 

copper surface follows a zig-zag pattern and the wire’s cross-sectional area is kept to a 

minimum in order to maximize the resistance of the circuit board and heating achieved. In 

order for the emission to approach that of a blackbody (minimize heat loses), the copper 

circuit board is painted with black thermal paint and is lifted by its corners with four small 

pieces of fiberglass in order to add a layer of air and increase the insulation.  

The temperature of the surface Ts is measured using a FLUKE Ti9 thermal imager. The 

camera is mounted on the top of the wind tunnel at a height of approximately 260mm and the 

field of view at this height is 110mm wide by 80mm long. The air temperature Ta using high 

precision thermocouples placed at the free stream, above the canyon. Another thermocouple 

is placed within the acrylic substrate of the tunnel, directly below the street. Figure 2 shows a 

cross section of the experimental set-up. 

                                                      

  

                                      Figure 1: The surface energy balance of the CoBoT.  

 

                                               

Figure 2: A cross-section of the experimental set-up. 1) The acetal co-polymer buildings 

that span the width of the tunnel; 2) Etched copper circuit board; 3) Fiber glass substrate; 

4) Air gap under the substrate; 5) Acrylic base of the wind tunnel; 6) Thermocouples; 7) 

Thermal imager; 8) Approximate depth of the tunnel. 
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4 RESULTS 

For each height to width ratio h/w, the transfer velocity was found for several wind speeds for 

a single canyon. Figure 3 shows the transfer velocity plotted against free stream wind speed 

for the height to width ratio of 1.47 (narrow canyon). The slope of the best fit gives the non-

dimensional transfer coefficient wT/U. 

 

                                          

 

Figure 3: Plot of transfer velocity against free stream wind speed for height to width ratio 

of 1.47 (narrow street canyon). The stabilization of the transfer velocity indicates the 

transfer velocity from the surface is no longer dependent on the wind speed. 

High wind speeds were taken into consideration, with all runs ranging between 4 – 17ms
-1

. 

This ensured that all data collected was in the regime where turbulent transfer was dominant. 

For lower height to width ratios (i.e. wide streets), a more linear relationship was observed 

between the transfer velocity and the free stream wind speed for all runs. This suggests that 

the air is able to impinge on the surface and turbulence is able to transfer heat more 

efficiently, so the higher the wind speed, the more heat is transferred. These height to width 

ratios correspond to the isolated roughness regime, where high momentum air impinges on 

the surface. According to Harman et al. (2004), where a resistance network was used to 

estimate the transfer of scalars from street canyons, the resistance to transport of scalars 

decrease with higher wind speeds. This argument is consistent with the experimental results 

of Barlow et al. (2004) and the results here presented. The results for lower aspect ratios 

show to be reproducible and a lower spread in the observations was observed. 

For aspect ratios higher than approximately 1.2 (narrow streets), there was less agreement in 

the reproducibility of the results. Figure 3 shows the non-linearity of the relationship between 

transfer velocity and wind speed. For higher wind speeds, the transfer velocity starts to 

stabilize and the flow becomes Reynolds Number independent, i.e. wind speed is no longer 

playing a role in the transfer of heat from the surface. Figure 4 shows the transfer coefficient 

for different height to width ratios. It shows the reproducibility at low h/w and the wider 

spread at high h/w. 

Numerical works by Sini et al. (1996) and Solazzo and Britter (2007) suggest the 

development of double, staked vortices at these aspect ratios, with the strongest vortex at the 



PHYSMOD 2013 – International Workshop on Physical Modeling of Flow and Dispersion Phenomena 
EnFlo Laboratory, University of Surrey, UK, 16th – 18th September 2013 

top of the canyon, so that it works as to inhibit the transfer between the surface and the air 

above. Surface energy models such as the one described by Martilli et al. (2002) show the 

representation of multiple vortices for narrow street configurations and Masson (2000) 

indicated that at higher height to width ratios, the interaction between the air and the surface 

becomes less significant and the interaction between the surface and the building and 

between buildings dominates the transfer of heat from the surface.  

 

Figure 4: A summary of the transfer coefficients for different height to width ratios. This 

graph demonstrates that there is a clear peak in the transfer coefficient around 0.5 and 

reproducibility up to around 1.2. 

 

5 CONCLUSION 

 

The CoBoT, a novel technique to quantify both bulk and local fluxes from the street surface 

of street canyon was used. The technique, unlike naphthalene, complies with all health and 

safety requirements and no chemicals need to be used. 

Heat is used as a passive scalar and a very careful assessment of all losses was taken into 

account in order to quantify the scalar transfer velocity. Unlike the naphthalene and other 

mass transfer techniques, heat interacts with the surrounding surfaces and at high height to 

width ratios, the scalar transfer showed to tend towards Reynolds number independence. This 

means that other effects other than turbulence could be ruling the scalar transfer. Since the 

canyon is narrow, the sky-view factor is much smaller and the street surface is not exposed to 

the flow. From the literature, it is deduced that the flow is only turbulent at the top of the 

canyon, near the roof, and the flow near the surface is more laminar.  

Due to the scale of the experiment, higher height to width ratios can be too small to be able to 

capture the true characteristics of turbulent flow. The smaller scale eddies are now resolved 

by the model and, therefore, can’t act in the turbulent transfer. 
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