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ABSTRACT  
 

A physical tornado-like vortex generator is used to investigate the behaviour of non-stationary 

processes in tornado-like vortices. For this purpose, three different simulations have been 

undertaken, during which the swirl ratio, S, (i.e., the amount of rotational energy in the flow) has 

varied. These experiments have illustrated that significant vortex wandering can occur in a physical 

simulator despite the boundary conditions remaining unchanged. The influence of vortex wandering 

is decoupled from the main flow field using the technique of proper orthogonal decomposition 

(POD) and its relative effect is determined. It was found that the first three modes of the surface 

pressure POD analysis seem to be related to an intensifying/weakening of the vortex centre and a 

circular vortex movement around it. 

 
 1  INTRODUCTION 
 

Within the Wind Engineering community, increasing attention is being paid to the effects of non-

stationary, non-synoptic winds, and in particular thunderstorms. Such storms potentially generate 

strong winds from two main mechanisms; a vertical axis vortex (a tornado) on the updraft side, and 

a horizontal ring-like vortex on the downdraft side (a downburst) of a thunderstorm. A variety of 

large (>10m), medium (~2-5m) and small (<1m) scale physical simulations of tornadoes have been 

undertaken, most of which are based on the principles of [1], i.e., a tornado-like wind is created by 

generating a circulation in the presence of a suction updraft.   

 

The main focus of most physical simulations concerns the generation of appropriate vortex-like 

flow fields, generally expressed in terms of mean flow velocities and mean surface pressure 

distributions  (e.g. [1], [2] [3], [4], [5], [6], [7]). Surprisingly, there is as yet, little understanding 

about the effect and relative importance of non-stationary processes (e.g., the spatial movement of 

the vortex centre with time) on the tornado flow and surface pressure field (e.g. [8]). In an attempt 

to investigate such non-stationary processes, a series of experiments has been undertaken in a small 

scale (1m x 1m) tornado generator for three different swirl ratios, S, (i.e., amounts of rotational 

energy in the flow) (Eq. 1).  
 

             (1) 

 

where a is the aspect ratio of the tornado simulator (a = H1/ ½D1) and α is the guide vane angle 

(both defined in section 2.1). In the current research outlined below, proper orthogonal 

decomposition (POD) is used to analyse time dependent surface pressure data obtained from a 

series of physical measurements (section 2). The results of this analysis are presented in section 3 

with concluding remarks given in section 4.  

 
 2  METHODOLOGY 
 

 2.1  Experimental set-up 
 

In the current work, a tornado-like vortex generator based on the design by [1] is used (Figure 1a). 

The generator consists of two chambers, a convection chamber and a convergence chamber. 
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Angular momentum is introduced by guide vanes around the convergence chamber, which can be 

set to different angles. By changing the guide vane angle (α) the vorticity in the flow can be altered 

and different vortex structures can be generated. The geometric configuration adopted in the current 

research results in an aspect ratio of a = 2. The pressure distribution on the ground plane is 

measured for three different swirl ratios (S = 0.14, S = 0.30 and S = 0.69) with the pressure taps in a 

circular arrangement as shown in Figure 1b. The orientation of x and y- axis is shown in Figure 1a. 

Surface pressures are measured simultaneously at all pressure taps every 0.01s for sampling period 

of 60 seconds.  

a)                                                                                                                b)  
 

Fig. 1: Illustration of the tornado-like vortex generator (a) and surface pressure tap arrangements (b). 

 

 2.2  Proper orthogonal decomposition 
 

The technique of POD of surface pressures assumes that the fluctuating surface pressure (p’) can be 

given by the following equation [9]: 
 

p’ = p1t1 + p2t2 + p3t3 + …      (2) 
 

where pi are functions of spatial position and ti are functions of time, i.e. the surface pressure 

fluctuation can be expressed as a series of spatial and temporal functions. Now, by making the 

assumptions that: 

 

a) the functions pi are orthogonal (i.e. the scalar product of any pair of these functions is zero), 

and 

b) the functions ti are uncorrelated in time, 

 

then it is possible to show that the functions pi are the eigenvectors of the pressure fluctuation 

covariance matrix, and the mean square values of the functions ti are the eigenvalues of that matrix 

[9]. 

 

The main utility of this method is that it is found in practice that only the lowest few modes 

(orthogonal principal axes in N component phase space) contain significant energy, and thus in 

principle the entire fluctuating flow/surface pressure field can be represented by a relatively short 

series of spatial and temporal functions [9]. However, it is worth noting that the assumptions of 

orthogonality and non-correlation outlined above, effectively assume that the modes are both 

spatially and temporally independent. If the modes actually represent distinct physical phenomena 

that together produce the fluctuating surface pressure, then this implies that these phenomena 

should also be spatially and temporally independent. This means that the most energetic (lower) 

modes might each reflect (to some degree) a specific physical mechanism, but any particular mode 

might also contain some component due to other physical causes. The less energetic (higher) modes 

are likely to be influenced by a number of physical causes. Hence, it does not seem unreasonable to 

assume that the lower three or four modes are related to distinct physical phenomena, although 

some degree of interaction should be expected in all modes obtained [9]. 
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 3  NON-STATIONARY PROCESSES  

In the current experimental arrangement, the POD analysis yields 41 modes (due to the 41 

experimental measurement positions illustrated in Figure 1b). Figure 2 shows the cumulative 

‘energy’ within the modes for S = 0.14, S = 0.30 and S = 0.69 (as given by the sum of the 

eigenvalues up to that mode). It can be seen that the eigenvalues for the lower modes contribute 

significantly more to the total ‘energy’ in the flow than the higher modes. In particular, the first 

three modes are responsible for 50% or more of the total ‘energy’ regardless of swirl ratios. For S = 

0.14, ~90% of the total ‘energy’ is given within the first three modes. In what follows, the first three 

modes are analysed in more detail as these are the modes which independently contain a significant 

amount of ‘energy’ of at least around 20% of the total ‘energy’ and might be expected to 

correspond to physical flow mechanisms (Figure 2). The contribution of higher modes is relatively 

small and for that reason, it is unlikely that, for modes > 3, these modes represent coherent physical 

phenomena.  

 
 

Fig. 2: Normalised accumulated Eigenvalue for different modes and swirl ratios. 

 

Figure 3 shows the Eigenvectors for S = 0.14 (3a), S = 0.30 (3b) and S = 0.69 (3c) for the first (1), 

second (2) and third (3) mode. The core radius, R, (i.e., the radial distance from the vortex centre at 

which the maximum circumferential velocity throughout the entire sampling period occurs) has 

been used to normalise radial distances in the x- and y-direction. A further degree of normalisation 

has been undertaken to aid visual comparisons, i.e., each distance has been normalised by the 

corresponding maximum of x/R and y/R for each swirl ratio – the actual maxima used are given in 

the Figure 3 caption. 

 

The Eigenvector of the first mode for the lowest (S = 0.14) and highest (S = 0.69) swirl ratios shows 

a strong gradient in ‘energy’ towards the centre. A similar behaviour can be found for the 

Eigenvector of the third mode for S = 0.30. Figure 3 also shows relatively strong regions of positive 

and negative eigenvalues, suggesting an oscillation in the energy for modes 2 and 3 (S = 0.14), 

modes 1 and 2 (S = 0.30) and modes 2 and 3 (S = 0.69).  It is perhaps worth noting that Figure 3 

represents the average ‘energy’ over the sampling period and instantaneous distributions support the 

notion of oscillation since the areas of localise maximum/minimum change sign throughout the 

sampling period (instantaneous distributions accessible via the following link: 

https://instantaneousdistributions.neocities.org/). It is hypothesised that this oscillation might be 

indicative of a circular vortex movement which could in turn be indicative of vortex wandering.   

 

From Figure 3, the radial distance (r(x,y)) of the localised maximum/minimum (or potentially the 

region of vortex wandering) appears to increase with increasing swirl ratio from r/R / (r/R)max ~ 

0.25 for S = 0.14 to r/R / (r/R)max ~ 1  for S = 0.69. This corresponds to about 0.2 
 
R for S = 0.14 and 

0.4 
 
R for S = 0.69. 

 

Defining the vortex centre as the position at which the lowest surface pressure is located, i.e., 

r(x,y)Pmin, it is possible to calculate the potential normalised vortex wandering velocity from: 
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uvortex wandering (x,y,t)= Δr(x,y,t)Pmin  f / uθ,max     (3) 

 

where Δr(x,y,t) = r(x,y,t+1)Pmin - r(x,y,t)Pmin,  f is the sampling frequency of surface pressure 

measurements ( = 100Hz) and uθ,max is maximum circumferential velocity throughout the entire 

sampling period. Figure 4 illustrates the results of this analysis expressed in terms of a frequency 

distribution.  For S = 0.14, the position at which the minimum surface pressure occurs remains 

constant for ~ 75% of the entire measurement time, which is not surprising given the results shown 

in Figure 3a.. For the remaining ~25% the vortex centre moves with a speed of ~25% and ~40% of 

the corresponding uθ,max. For the second largest swirl ratio, the vortex centre typically moves at 

velocities of ~20% - 30% of uθ,max,(S=0.30). For the largest swirl ratio (S = 0.69), the vortex appears to 

be continuingly moving with a velocity of ~10% - 80% of its uθ,max. 
 

a1) a2) a3)  

b1) b2) b3)  

c1) c2) c3)  
 

Fig. 3: Normalised Eigenvectors for the first (1), second (2) and third (3) mode and for S = 0.14 (a), S = 0.30 (b) and S 

= 0.69 (c), respectively. For the normalisation of distances, maximum values of x/R and y/R are identical for the same 

swirl ratio. For S = 0.14, S = 0.30 and S = 0.69 (x/R)max = (y/R)max = 0.83, 0.53 and 0.40, respectively. 
 

 
 

Fig. 4: Vortex wandering velocities for all swirl ratios. 
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Figure 5 illustrates the power spectral density of surface pressure at five radial distances measured 

along the x-axis (r/R / (r/R)max = 0, 0.25, 0.50, 0.75 and 1) for S = 0.14 (a1), S = 0.30 (b1) and S = 

0.69 (c1). In addition, the corresponding mode spectra for the lowest three modes are shown in 

Figure 5a2, Figure 5b2 and Figure 5c2 for S = 0.14, S = 0.30 and S = 0.69, respectively. To cut off 

frequencies, which show aliasing, a low-pass filter is applied to the power spectral density at a 

frequency of 25Hz. 

 

The spectra of the first mode for S = 0.14 (Figure 5a2) and S = 0.69 (Figure 5c2) and the third mode 

for S = 0.30 (Figure 5b2) shows an energy distribution (over the frequencies analysed), which is 

similar to the surface pressure spectra obtained at the centre position (r/R / (r/R)max = 0) of the 

corresponding vortices (Figure 5a). This is not surprising, taking the findings of the POD analysis 

into account, as these are the modes affecting the surface pressure fluctuation at the vortex centre 

(compare Figure 3).  

 

The second and third mode of the lowest swirl ratio (Figure 5a2) show relatively high energies at 

around 2-5Hz. A potentially similar pattern can be found in the surface pressure spectra for the 

corresponding vortex at radial distances between r/R / (r/R)max = 0.25 – 0.75 (Figure 5a1). This 

might suggest that a combination of these modes can replicate (to some extent) the low frequency 

surface pressure fluctuations at these positions.  

 

Figure 5b2 shows that surface pressure fluctuations, which are causing a vortex 

strengthening/weakening around the vortex core (mode 3), occur at frequencies, which are 

relatively higher (~ 20Hz) compared to those fluctuations, which are possibly causing a circular 

vortex movement around the vortex core (~3-4Hz, mode 1 and 2). The surface pressure spectra for 

S = 0.30 (Figure 5b1) shows that the energy content of the dominant frequency of the third mode 

decreases with increasing radial distance and a possible connection between dominant frequencies 

of first and second mode (Figure 5b2) and the corresponding surface pressure spectra for larger 

radial distances (r/R / (r/R)max = 0.75) can be suggested.  

 

A relation between modes and the corresponding surface pressure spectra is not that obvious for the 

highest swirl ratio. It general, it is not surprising that the mode spectra for the lowest swirl ratio 

show a better representation of the actual surface pressure spectra as for this swirl ratio the lowest 

three modes contain about 90% of the entire energy in the flow, whereas for S = 0.30, only about 

45% of the entire energy is contained in mode 1 to 3 and only 60% for S = 0.69 (c.f. Figure 2).  

Nevertheless, it seems likely that the circular vortex movement illustrated in Figure 3 causes these 

low frequency peaks in the surface pressure spectra. However, the surface pressure fluctuations for 

the three vortices analysed seem to be far more complex and cannot only be described by the lowest 

three modes. 
 

 

 

a1) a2) 
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b1) b2) 

c1)  c2) 
 

Fig. 5: Surface pressure energy spectra at 5 different positions (r/R / (r/R)max = 0, 0.25, 0.50, 0.75 and 1) for S = 0.14 

(a1), S = 0.30 (b1) and S = 0.69 (c1), respectively. Additionally, the energy spectra of the POD coefficients of the first 

three modes is shown in (a2), (b2) and (c2) for S = 0.14, S = 0.30 and S = 0.69, respectively.  

 
 4  CONCLUSION 

 

Based on this analysis the following tentative conclusions can be drawn: 

 The flow and surface pressure field of the generated vortices appears to be highly complex and 

unstable.  

 The first three modes of the surface pressure POD analysis seem to be related to an 

intensifying/weakening of the vortex centre and a circular vortex movement around it. 

However, the surface pressure fluctuations for the three vortices analysed seem to be far more 

complex and cannot only be described by the lowest three modes.  

 Vortex wandering velocities and radial positions affected by the unsteady vortex movement 

increase with increasing swirl ratio. 
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ABSTRACT: In the present work a boundary layer developing over a cube roughened-wall is 
studied within the wind tunnel using Particle Image Velocimetry to investigate the Turbulent 
Kinetic Energy (TKE) budget. To access the full TKE budget an estimation of the dissipation 
using both the transport equation of the resolved-scale kinetic energy and a Large-Eddy 
Particle Image Velocimetry (LE-PIV) model are employed. The presence of the roughness 
elements has a significant influence on the TKE budget due to the layer of strong shear that 
develops over the cubes and the recirculation region within the wake.  
 

 1  INTRODUCTION 

Turbulent coherent structures in the lower part of the boundary layer developing over urban 
terrain are well understood qualitatively, but their quantitative relationships, particularly 
with regard to energy transfer and production between turbulent structures, are still 
unknown [1]. Due to experimental restraints, very few experimental studies in the urban 
boundary layer have included significant analysis of the turbulent kinetic energy (TKE or k) 
[2]. Typically, the spatial resolution of experimental methods is too coarse to resolve the 
dissipative scale at which the gradients of dissipation (ε) must be calculated preventing the 
direct calculation of this term and thereby the full TKE budget. In previous work the average 
dissipation has been estimated using analysis of temporal velocity spectra [2], but other 
methods for quantifying ε have been proposed including the transport equation of the 
resolved-scale kinetic energy [3] and Large-Eddy Particle Image Velocimetry (LE-PIV) models 
based on the use of a sub-grid-scale model following the methodology used in Large-Eddy 
Simulations [4].  
Examining the intermittent energy transfer between scales is of specific importance to 
understanding the flow dynamics and has recently been demonstrated to occur within the 
smooth-wall boundary layer not only in the direction of large-scales to small-scales (forward 
scatter), but also from small-scales to larger-scales (backscatter) [3]. Furthermore, localized 
regions of forward and backscatter have been linked to the occurence of hairpin vortices. 
However, this relationship, to the authors’ knowledge, has not yet been demonstrated in the 
rough-wall or urban boundary layer [3].  
In the present work the influence of the roughness elements in an urban boundary layer on 
energy transfer and production will be investigated through quantification of ε and thereby, 
all the TKE budget terms. The quantification of ε will be performed using both the LE-PIV 
method proposed by Sheng et al. [4] and the energy transfer equation [3].  

 2  EXPERIMENTAL DETAILS 

The experiments were conducted in the low-speed, suction-type boundary layer wind tunnel 
in the Laboratoire de recherche en Hydrodynamique, Énergétique et Environnement 
Atmosphérique (LHEEA) at École Centrale de Nantes. To initiate the boundary layer 
development five 800 mm vertical tapered spires were used immediately downstream of the 
contraction followed by a 200 mm solid fence located 750 mm downstream of the spires. The 
roughness elements, which consisted of staggered cubes of height h = 50 mm with a plan area 
packing density, λp, of 25%, then followed. The flow measurements were conducted 19.5 m 
downstream of the inlet in a vertical plane aligned with the streamwise flow direction (Fig. 1). 
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The experiment was performed with a free-stream velocity Ue = 5.8 ms-1 measured with a 
pitot-static tube located 15 m downstream of the inlet at y = 0 m and z = 1.5 m, giving a 
Reynolds number, based on cube height, of Reh = 1.9x104. 
The flow measurements were conducted using a Dantec Particle Image Velocimetry (PIV) 
system set up in stereoscopic configuration to measure all three components of velocity. A 
frequency of 5 Hz was used between pairs of pulses of the laser and a time-step of 400 μs was 
set between two images of the same pair. In total 4000 pairs of images were recorded which 
corresponds to approximately 9.5 min of measurements. The multi-pass cross-correlation PIV 
processing resulted in a final interrogation window size of 32 x 32 pixels with an overlap of 
50% and a final spatial resolution of 1.7 mm in the streamwise and 2.2 mm in the vertical 
directions.  

 

Fig. 1: Wind tunnel stereoscopic PIV set-up showing streamwise aligned PIV measurement region (
____

). 

 3  RESULTS 

 3.1  Dissipation Estimation 

The spatial resolution of the present PIV measurements is too coarse to resolve the 
dissipative scales at which the gradients in  must be calculated. We therefore calculate the 
dissipation using two methods, direct calculation of the energy transfer in the inertial range of 
the velocity spectrum [3] and LE-PIV [4] following the LES formalism that assumes the energy 
transfer rate in the inertial range from the large to the small-scales is equal to the dissipation. 
In the present work the gradient model as outlined by Clark et al. [5] is used to estimate ε of 
the sub-grid scales (SGS) within the LE-PIV method.  
The dissipation was determined using Equation 1 where Sij is the resolved strain rate tensor 
calculated using Equation 2. τij is the SGS stress tensor and is calculated differently depending 
on which method either the LE-PIV gradient model (τijLE-PIV, Equation 3) or direct energy 

transfer (τijET, Equation 4) is used. In these equations  denotes temporal averaging, 

denotes spatial filtering and Δ is the size of the spatial filter used. In the present work the 
PIV measurements have been performed in one plane making it impossible to compute the 
spatial gradient of the instantaneous velocity in the three directions of space but allows for 
computation in the plane of measurement (x-z). 

      (1) 

     (2) 

    (3) 

     (4) 
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Estimation of the dissipation using these two methods requires special treatment of the data. 
A low-pass filter must be applied to the data prior to the computation of the velocity 
gradients, using a cut-off wavelength larger than the Taylor micro-scale (λ). This ensures a 
clear cut-off in the inertial range where the equivalence between the scale energy transfer and 
the dissipation holds [4]. In the present work at heights z/h < 1 a filter of size Δ1(x, z) = (28.9 
mm, 6.6 mm) is applied while at heights z/h ≥ 1 a filter of size Δ2(x, z) = (22.1 mm, 6.6 mm) is 
sufficient. In the present work the same low-pass filter was applied for both the LE-PIV and 
direct energy transfer estimations.  
Fig. 2 shows ε calculated using both the LE-PIV method and the direct energy transfer method 
at A and B. At B, the two estimations agree well, to within 10%, however, close to the 
upstream cube at A there is a significant discrepancy, up to 40%, between the two models 
within the shear layer and the canopy. This large discrepancy is a result of the low PIV spatial 
resolution neglecting small-scale structures important to the dissipation in the wake of the 
cube. Those structures are not taken into account by the direct energy transfer method, but 
their influence is modelled by the LE-PIV model, therefore, the LE-PIV model will be used in 
the remaining analysis of the present work.  
a) 

 

b) 

 

Fig. 2: Mean dissipation at a) A; b) B calculated using direct energy transfer, ET (o) and LE-PIV gradient model (*) with all 

terms normalized by h/u*
3
. 

 3.2  Turbulent Kinetic Energy Budget 

The general form of the TKE budget for a stationary flow is described in Equation 5, where 
Adv is advection, P is production, T is turbulent transport, Ψ is pressure transport,  is 
viscous transport and ε is dissipation.  

 (5) 

                      

Fig. 3 shows the TKE budget at A and B behind a cube obstacle. The production of energy is 
balanced by the dissipation above the height of z/h > 2, while all other terms are negligible. 
Close to the obstacles (Fig. 3a), the strong shear layer induced by the presence of the 
roughness elements causes energy production, which decreases in magnitude as the shear 
layer develops over the canopy (Fig. 3b). There is also dissipation of energy within the shear 
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layer and transportation of energy by the shear layer to the canopy and overlying boundary 
layer through advection, turbulent transport and pressure. Finally, pressure transport is 
balanced by production and turbulent transport within the canopy where it is an energy sink 
(Fig. 3b) except close to the upstream cube where pressure transport becomes an energy 
source (Fig. 3a). This region, which contains a recirculation region, also exhibits high 
magnitudes of dissipation and weakly positive production.  
a)  

 

b) 

 

Fig. 3: Turbulent Kinetic Energy Budget with εLE-PIV at a) A; b) B all terms normalized by h/u*
3
. 

Fig. 4 shows the mean contours of production, dissipation and pressure transport. Energy is 

produced within the shear layer with the magnitude decreasing as the shear layer grows. Near the 

downstream cube at  1.25 there is strong energy production from the formation of a shear 

layer and separation of the flow. Dissipation is highest in regions where small-scale structures 

control the flow dynamics, such as the shear layer and the wake of the upstream cube (Fig. 4b). As 

the shear layer grows the size of the structures within increase and less energy is produced and 

dissipated. The recirculation region forms an area of positive pressure transport, whereas the shear 

layer, the flow separation on the downstream cube and the vortical structures occurring at the edges 

of the cube cause negative pressure transport (Fig. 4c). 

a)  

 

b)  

 

c)  

 

Fig. 4: TKE budget terms a) production; b) dissipation; c) pressure transport, all terms normalized by  

 3.3  Backscatter and coherent structures 

Recent work has demonstrated that instantaneous dissipation occurs not only in the direction 
of large-scales to small-scales (forward scatter), but also from small-scales to larger-scales 
(backscatter) [3]. Within the overlying boundary layer backscatter events have been linked to 
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coherent hairpin vortices which have been shown to be qualitatively similar to those found in 
the rough-wall boundary layer [3]. Conditional averages will be used to determine the nature 
of the flow structures related to these backscatter events in the present rough-wall boundary 
layer. 
A threshold based on the mean forward scatter ( ) and backscatter ( ) at each grid location 
is imposed to ensure only significant forward scatter ( ) and backscatter ( ) events are 
included in this analysis thereby minimizing any decorrelation caused by weak or 
insignificant dissipation events [3]. Thus, the instantaneous dissipation at each grid location is
  

       (7) 

Conditional averages using Stochastic Estimation (SE) are used to determine whether these 
instantaneous forward and backscatter events occur consistently with individual vortical 
structures in the boundary layer. The conditional average of the forward scatter or 
backscatter event associated with a vortical structure is therefore, 

     (8) 

where  is the chosen reference location and  is the swirling strength, which is the 
imaginary part of the complex eigenvalues of the velocity gradient tensor.  
The average velocity field associated with the swirling event can also be estimated as 

    (9) 

where  is the jth fluctuating velocity component.  

Fig. 6 shows the conditionally averaged forward and back scatter contours along with the 
streamwise and vertical velocity fluctuations associated with a swirling event at z/h = 4 
within the boundary layer. To improve the estimate the conditional average was computed 
using a reference location ( ) at each  grid location and then spatially averaged in the x-
direction so that . Within the shear layer forward and backscatter occur in front of 
and behind the swirling event due to the shape of the shear layer (Fig. 5a,b). However, within 
the boundary layer localized peaks of forward scatter are shown to occur in front of and 
behind the swirling event, while strong backscatter occurs above and upstream of the swirling 
event and below and downstream of the vortex core (Fig. 5c,d). This agrees with results from 
the smooth-wall boundary layer, which linked these forward and backscatter events to 
coherent hairpin vortices [3].  

 4  CONCLUSION 

In the present work experimental evidence from an urban-type boundary layer consisting 
of a staggered cube array was used to analyze the Turbulent Kinetic Energy Budget and the 

following conclusions found. Two methods were used to estimate , an LE-PIV gradient model 
[4] and a direct energy transfer calculation [3]. To ensure that the separation between the 
large-scales and the small-scales occurs within the inertial range of the velocity spectra both 

methods estimate  using a low-pass spatial filter with a cut-off wavelength larger than the 
Taylor microscale [4]. The other budget terms were calculated directly from the PIV 
measurements with pressure transport as the residual of the budget. The budget terms were 
found to be significantly influenced by the presence of the roughness elements. Within the 
wake of the upstream cube a recirculation region is formed through interaction of the shear 
layer and the canopy layer which results in a rapid increase of the streamwise velocity 
component in the longitudinal direction thereby generating negative production. Finally, 
through stochastic estimation of the conditional average it was shown, similar to the smooth-
wall boundary layer, that localized regions of forward scatter occur in front of and behind a 
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hairpin head, whereas, backscatter occurs above and upstream and below and downstream of 
a hairpin head. However, the presence of the roughness elements induces a strong shear layer 
that contains small-scale vortical structures that contribute significantly to both forward and 
backscatter events within the shear layer.  
a)              

 

b)              

 
c)              

 

d)          

 
Fig. 6: Conditional average of dissipation a) forward scatter and b) backscatter based on swirling event at z/h = 4 and x/h = 0. 
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ABSTRACT: Wind tunnel measurement was conducted in the present study to investigate the flow 

and pollution dispersion characteristics of air pollution plume around consecutive two same ridged 

hills with mild slope in the atmospheric boundary layer. Effects of the slope angle of ridged hill on 

the dispersion characteristics of pollution plume are investigated. 

 1  INTRODUCTION 

Flow over complex terrain and pollution dispersion around such kind topography is an interesting 

and key topic for environmental wind engineering problems. In the past decades, literature studies 

on flow or/and dispersion around complex terrain, like: Shiau and Hsu (2003) measured the flow 

turbulence structure of flow above a two-dimensional trapezoidal shape of hill. Cao and Tamura 

(2006, 2007) had studied flow over steep hill and low hill. Tsai and Shiau (2011) measured flow 

characteristics above the two-dimensional upwind slope escarpment. Gaills and Hill (2010) 

measured the plume dispersion within a large array of obstacles in wind tunnel. Kikkert (2010) had 

investigated the three-dimensional trajectories of buoyant jets. Liao and Cowen (2010) studied 

relative dispersion of a scalar plume in a turbulent boundary layer. Shiau and Wang (2013) measure 

the dispersion around two square prisms in tandem. Tsai and Shiau (2011) studied the flow and 

dispersion of pollution in the hilly terrain. There are scarce investigations on flow and dispersion 

around consecutive two ridged hills. 

To bridge the gap of studies on flow and dispersion around complex terrain of consecutive two 

same ridged hills with mild slope angle, we made wind tunnel measurements and investigated the 

slope angle of hill on the flow and dispersion characteristics of pollution plume. 

 2  EXPERIMENTAL WORK 

The experimental measurements were carried out in the National Taiwan Ocean University’s 

Environmental Wind Tunnel Laboratory. The wind tunnel test section has a cross section of 2 m 

wide by 1.4 m height, and 12.5 m long. The tunnel is an open suction type and it contracts to the 

test section with an area ratio of 4:1. The turbulence intensity of empty tunnel in test section is less 

than 0.5 % at the mean velocity of 5 m/s.  

Four spires of 100 cm height are equally spaced and properly arranged at the entrance of test section, 

and roughness elements succeeded to be arranged 9 m long to ensure generation of a fully 

developed turbulent boundary layer which was used as the approaching flow. A model scale 1:400 

was used to simulate the neutral atmospheric turbulent boundary layer flow. The boundary layer 

thickness generated in the wind tunnel is about 100 cm. The free stream velocity is about 5.06 m/s. 

The Reynolds number of the approaching flow is therefore ~ 10
5
, which is greater than the critical 

Reynolds number ~10
4
. The threshold Reynolds number assured the flow similarity between wind 

tunnel model and atmospheric prototype according to the Reynolds number independence or 

Reynolds number similarity. 

Two same ridged hills models were arranged contiguously. The ridged hill model height is H=5cm. 

The upwind slope angle of ridged hill equaled that of the downwind slope angle. The slope angle in 

the present study was θ=7.5
o
 and θ=15

o
. Elevated source with height Hs=H was located at L=2H 

upstream of the hill. Fig.1 is the schematic diagram of the experimental arrangement of two same 

ridged hill models and elevated source. 

Tracer gas was applied to use as the concentration indicator. The tracer gas was a mixture of volume 

ratio of 1:9 for methane and standard gas. So tracer gas was slightly lighter than the ambient 
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environment of air. The momentum buoyant plume of discharge is controlled by the densimetric 

Froude number, Fr, and it is defined as:  

]/)[( sas

s

gD

U
Fr

 
                                                          (1) 

where Us is the discharged velocity of tracer gas; g is the gravity; g is the gravitational acceleration; 

D is the diameter of stack; s is the density of tracer gas; a  is the density of ambient air. In 

present study, the discharging condition for tracer gas emitted from the stack in all runs of 

experiment was Fr=100; where Us =4.29m/s, g=9.81m/s
2
, D=0.0042m, s =1.151kg/m

3
, a =1.205 

kg/m
3
. 
U

x
source

H

z

L

Hs
Θ

 
Fig.1 schematic diagram of the contiguous two ridged hill models arrangement 

The designed rake of sampling tubes was employed to take tracer gas samples. The rake was 

composed of many tubes. A cam system was applied to accomplish the work of pumping tracer gas. 

The system was performed to suck simultaneously the tracer gas through many tubes mounted on 

the rake, and the sampled tracer gas for each tube was connected to a corresponding airbag with 

volume of three liters. The sucking time was three minutes in each run. The collected tracer gas in 

airbag was treated with FID (Flame Ionization Detector). The methane contained in the sampled 

tracer gas was quickly burned and detected by the FID, and the concentration of the sample was 

yielded. 

 3  RESULTS 

Measurements on the flow and concentration around the contiguous two ridged hills were carried 

out in the wind tunnel.  

 3.1  Approaching flow 
A thick turbulent boundary layer flow was generated as the approaching flow. Fig.2 is the mean 

velocity profile of the simulated approaching flow. The boundary layer thickness Zref is about 100 

cm, and free stream velocity Uref=5.06 m/s.  
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Fig.2 The mean velocity profile of approaching flow 
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Fig.2 shows the mean velocity profile of the turbulent boundary layer flow which is fitted as the 

power law form shown as equation (2) with an exponent n=0.226. 

n

refzef Z

Z

U

ZU
)(

)(
                                                                   (2) 

Where U(Z) is the mean velocity at the height of Z. 

The value of power exponent of mean velocity profile falls in the range of 0.21≦n≦0.23 which is 

the field measurement result of suburban terrain of neutral atmospheric turbulent boundary layer 

proposed by Counihan (1975). 

 

 3.2  Flow around the contiguous two ridged hills 
The mean velocity contours around the contiguous two ridged hills for hill slope angle 7.5

o
 is 

shown in Fig.3. The mean velocity is in dimensionless form which is scaled by the upstream 

undisturbed velocity at the hill height H, UH. Fig.4 is the mean velocity contours around the 

contiguous two ridged hills for hill slope angle 15
o
. As comparing Fig.3 and Fig.4, it is found that 

mean velocity around the region between two hills decreases when the hill slope angle increases 

from 7.5
o
 to 15

o
. This shows that the hill with larger slope angle, the wind flow velocity decreased 

around the valley region. 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

X/H

0

1

2

3

4

5

6

7

8

9

10

11

12

Z/H

 
Fig.3 The mean velocity contours around the contiguous two ridged hills; hill slope angle 7.5

o
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Fig.4 The mean velocity contours around the contiguous two ridged hills; hill slope angle 15

o
 

 

 3.3  Concentration distribution 
The measured concentration C is normalized and expressed in dimensionless form K as follows: 

*

2

Q

UCH
K H

                                                                   (3) 

Where H is the height of hill; UH is the mean wind speed at the height of H upstream of source; Q
*
 

is the mass flow rate of source. 

Fig.5 shows the vertical plane concentration distributions along the centerline of downstream 
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distance for 15 , Hs = H，L = 2H. Results indicate that concentrations are higher around the 

region of the first hill upstream slope. The pollution dispersed along the downstream distances of 

source. The horizontal plane concentration distribution at heights Z=H, and Z=2H for 15 , Hs 

= H，L = 2H are shown in Fig.6 and Fig.7, respectively. The horizontal plane concentration 

distributions exhibit that the maximum concentration are found about at X/H~3 at height Z=2H 

which is around the middle location of the first hill upstream slope side. 
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Fig. 5 Concentration contours of vertical plane along the centerline of downstream distance of source; 15 ，Hs = 

H，L = 2H 
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Fig.6 Concentration contours of horizontal plane along the downstream distance of source at the height of Z=H ; 

15 ，Hs = H，L = 2H 
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Fig.7 Concentration contours of horizontal plane along the downstream distance of source at the height of Z=2H ; 

15 ，Hs = H，L = 2H 

The maximum value of horizontal concentration profile as functions of the downstream distance for 

different hill slope angles are shown in Fig.8. Results exhibit that the maximum value of each 

horizontal concentration profile decreases along the downstream distance from the first hill top 

(cross section 4). Fig.8 also reveals that the maximum values around the contiguous two hills 

become higher when the slope angle of the hills increases from 7.5
o
 to 15

o
. For hill slope angle 7.5

o
 

or 15
o
, the maximum value of horizontal profile reaches the peak at the middle location of first hill 

upstream slope (location 3). 

Fig.9 is the maximum value of vertical concentration profile along the downstream distance for 

various hill slope angles. The maximum value of vertical concentration profile decreased along the 

downstream distance for both of cases of hill slope angle 7.5
o
 and 15

o
. It is shown that the 

maximum value of vertical concentration profile increased as the hill slope angle increases from 
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7.5
o
 to 15

o
. This implies that in the topography with higher hill slope angle, the pollution 

concentration is also higher around the region of contiguous two hills. So topography of contiguous 

two hills with higher slope angle is disadvantage for pollution dispersion. 

0 1 2 3 4 5 6 7 8 9 10 11

Cross Section

0.1

1

10

100

1000

(Kmax)H

Z=2H   Hs=H   L=2H
15

7.5

 (Side View)

x

z

1 2 3 1110987654

 
Fig.8 The maximum concentration of horizontal profiles as functions of the downstream distance at height Z=2H for 

different hill slope angles 
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Fig.9 The maximum concentration of vertical profiles along the centerline of downstream distance for different hill 

slope angles 

 

 3.4  Dispersion parameter analysis 
The dispersion parameters (or called dispersion length scale), σy and σz are calculated as the 

standard deviation of the concentration distributions in horizontal and vertical directions, 

respectively. The parameters are indicators for the extent of concentration spread in the horizontal 

and vertical directions. They are derived as:  

2

1

22 ])/()/)[(   
















 CdyyCdyCdyCdyyy                                          (4) 

2
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000 0

2 ])/()/[(  
 

 CdzzCdzCdzCdzzz                                              (5) 

where yc is the plume averaged width, and zc is the plume averaged height.  

Fig.10 shows the dispersion parameters (horizontal direction and vertical direction) variation along 

the downstream distance. Evidently, horizontal direction and vertical direction dispersion 

parameters all increase as the downstream distance increase. Dispersion parameters grow larger 
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when the hill slope angle decreases from 15
o
 to 7.5

o
. 
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Fig.10 Dispersion parameters as functions of downstream distance 

 

 4  CONCLUSION 

Wind tunnel measurements on flow and pollution dispersion characteristics of pollution plume 

around contiguous two same ridged hills are made. Results show that hills with higher slope angle, 

the wind flow velocity decreased around the valley region between two hills, and it is disadvantage 

for pollution dispersion. Dispersion parameters around the hills are found to grow larger when the 

hill slope angle decreases from 15
o
 to 7.5

o
.  
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ABSTRACT: Gaussian dispersion models have been well received in the industry for decades but 

its accuracy for urban setting is questionable because their dispersion coefficients were largely 

determined empirically based on open-terrain configurations. We report in this paper our laboratory 

wind tunnels experiments that characterize tracer plume dispersion over hypothetical urban areas in 

isothermal conditions. It is shown that the vertical dispersion coefficient σz is tightly affected by the 

friction factor f, distance after the source x and thickness of turbulent boundary layer δ in the form 

σz  x
1/2

×δ
1/2

×f
1/4

, suggesting a new handy parameterization of plume dispersion over urban areas. 

  

 1  INTRODUCTION 

Cities might facilitate energy efficiency in the expense of diversified air-pollutant sources in dense 

built environment [1]. Solutions to city-scale air quality problems are technically challenging 

mainly because of the wide range of length and time scales [2]. Our conventional understanding 

suggests that the transport processes in the vicinity to rough surfaces are governing by the 

turbulence generated by mechanical shear rather than atmospheric stability [3]. In this paper, we 

focus on (rough) surface layers over ribs in cross flows in attempt to characterize pollutant plume 

dispersion over hypothetical urban areas. 

 

Gaussian models are commonly adopted in practice to assess air pollutant distribution because of 

their cost-effectiveness [4]. A major component in the Gaussian models is (vertical) dispersion 

coefficient σz which is mainly determined empirically according to atmospheric stability [5]. 

However, the turbulence over urban areas is largely generated by surface roughness [6] so the 

conventional formulation of dispersion coefficient must be applied cautiously. 

 

Laboratory studies, including wind-tunnel [7] and water-channel [8] experiments, have been 

conducted to elucidate plume dispersion over urban areas. Generally, it was found that plume 

dispersion is closely related to rough-surface configuration [9,10,11]. Whereas, our understanding 

of the quantitative relation between transport and surface drag is rather limited. This study is thus 

conceived to derive the analytical formulation of dispersion coefficient over urban areas and 

propose a new parametrization of dispersion coefficient to Gaussian models for urban application.             

 2  THEORETICAL BACKGROUND 

In the Gaussian model framework, dispersion coefficient σz, which is a function of atmospheric 

boundary layer (ABL) turbulence, surface roughness and the distance after the pollutant source 

(Turner, 1994), can be described by the classic K-theory, anti-gradient diffusion model 

UxKtK zzz  222  (1) 

where Kz is the eddy diffusivity in the wall-normal direction z and t (= x/U) the pollutant traveling 

time from the source to the receptor in the streamwise direction x [12]. In the theoretical analysis, it 

is assumed that the flows are uniform so the wind speed U is a constant. Isothermal conditions are 

considered in this paper so the eddy diffusivity can be approximated by the mixing length theory 

**ulK z  . (2) 

Here, l* and u* are the characteristic scales of length and velocity of the flows, respectively. For 

ground-level release into an isothermal turbulent boundary layer (TBL), without loss of generality, 
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the TBL thickness δ and the friction velocity uτ are the reasonable approximations to l* and u*, 

respectively. Equation (1) is then simplified to 

  21
Uuxz   . (3) 

The friction-velocity-to-mean-speed ratio uτ/U is a measure of drag over rough surfaces in the form 

of friction factor f (= 2uτ
2
/U

2
). We take the freestream velocity U∞ to represent the uniform wind 

speed U so Equation (3) arrives the following dimensionless form 

  4121
fxz    (4) 

that proposes the basic analytical formulation of vertical dispersion coefficient over urban areas. 

Equation (4) is then verified by our wind tunnel experiments and mathematical modeling results. 

 

 3  METHODOLOGY 

The experiments are carried out in the open-circuit, isothermal wind tunnel in the Department of 

Mechanical Engineering, The University of Hong Kong (Fig. 1a). Its test section is made of acrylic 

whose size is 6 m (length) × 0.56 m (width) × 0.56 m (height). The flows are driven by a three-

phase electric blower and the wind speed is controlled by a damper in the range of 0.5 m sec
-1

 ≤ U∞ 

≤ 10 m sec
-1

. A honeycomb is installed upstream to straighten the flows and to reduce the turbulence 

intensity. The Reynolds number Re∞ (= U∞δ/ν), which is based on the freestream wind speed and 

TBL thickness, is in the range of 80,000 ≤ Re∞ ≤ 200,000 that is sufficiently high to neglect 

molecular viscosity effect (Table 1). The roughness Reynolds number Reτ (= uτh/ν; where h is the 

roughness-element size) is well over unity so the flows are fully developed. Water vapor, which is 

generated by an atomizer, is employed as the tracer for plume dispersion (Fig. 1b). A mini fan of 

small wind speed (0.2 m sec
-1

) is used to drive the water vapor from the reservoir via the line source 

into the wind tunnel. The water level in the reservoir is kept constant throughout the experiments. 

 

 

Fig. 1: Schematic of wind-tunnel setup, rough-surface configuration and source design. 
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Table 1: Schematic of wind-tunnel setup and rib-type rough-surface configuration. 

Case U∞ ≈ 3.3 m sec
-1

 U∞ ≈ 6.6 m sec
-1

 

L1 L2 L3 L4 H1 H2 H3 H4 

AR (= h/b) 1/2 1/4 1/8 1/12 1/2 1/4 1/8 1/12 

δ (×10
-3

 m) 240 260 285 265 245 265 285 260 

U∞  (m sec
-1

) 3.28 3.31 3.28 3.29 6.66 6.61 6.70 6.60 

uτ (×10
-3

 m sec
-1

) 184 215 222 224 382 449 474 468 

f (×10
-3

) 7.96 10.4 12.2 11.9 8.35 11.4 12.0 12.8 

Re∞ (×10
3
) 79 86 93 84 163 175 191 168 

Reτ 350 409 422 410 726 853 900 872 

 

Hypothetical urban areas are fabricated by aligning square aluminum tubes of size h (= 0.019 m) in 

crossflow spanning the full width of the test section so the drag of rough surfaces is simply adjusted 

by the rib separation b. Four building-height-to-street-width (aspect) ratios AR (= h/b), which are 

equal to 1/2, 1/4, 1/8 and 1/12, are tested (Fig. 1c). The test-section height H is 0.56 m so the 

blockage ratio h/H is less than 1/28. As a preliminary study, ribs, which might over simplify urban 

areas, are used because the drag can be easily controlled by their separation apart. After fully 

developed flows, the TBL thickness is in the range of 0.24 m ≤ δ ≤ 0.285 m (12.6h to 15h; Table 1). 

 

The flows are measured by our in-house hot-wire anemometry (HWA; Fig. 1d). The diameter of the 

copper-electroplating tungsten wire is 5×10
-6

 m whose effective sensing length is 2×10
-3

 m. A pair 

of X wires with include angle 100
o
 is used to sample the streamwise u and vertical w velocity 

components simultaneously at 2,000 Hz. The HWA probe is positioned by a computer-controlled 

traversing system (1-mm spatial resolution) and flow measurements are sampled on the vertical x-z 

(center) plane of the wind tunnel. Its analog signal is digitalized by a National Instrument (NI) 

compactDAQ unit (NI cDAQ-9188) before connecting to a desktop computer. The data acquisition 

is then managed by LabVIEW software. Two levels of wind speed, say low (≈ 3.3 m sec
-1

) and high 

(≈ 6.6 m sec
-1

), are adopted to test the scale independence of the laboratory setup (Table 1). The 

corresponding friction velocity achieved is in the range of 184×10
-3

 m sec
-1

 ≤ uτ ≤ 474×10
-3

 m sec
-1

 

and the friction factor 7.96×10
-3

 ≤ f ≤ 12.8×10
-3

. 

 

The tracer concentrations are measured by a relative humidity (RH) sensor SHT75 (SENSIRION 

AG Switzerland). Another SHT75 is placed upstream the water vapor source (Fig. 1e) to monitor 

the background RH. The temperature inside the wind-tunnel test section is being monitored during 

the experiments. The absolute humidity is then calculated by the RH and air temperature. The 

source strength is calculated by the water consumption in the reservoir that is about 2 liters an hour.     

    

 4  RESULTS AND DISCUSSION 

We look into the flow data measured in the wind tunnel experiments to characterize the TBL 

structure and the plume dispersion after a ground-level line source in crossflows. Several vertical 

transects are used to sample the flows over the rough surfaces. Hence, angle brackets   and 

overbar   represent spatial and temporal average of statistical flow properties, respectively. 

Double primes denote the deviation from the spatio-temporal average  '' . Tracer 

concentration is the temporal average on the vertical x-z plane.   
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Fig. 2: Dimensionless vertical profiles of flow variables: (a) mean wind speed Uu , (b) streamwise fluctuating 

velocity Uuu
21

'''' , (c) vertical fluctuating velocity Uww
21

''''  and (d) momentum flux 
2'''' Uwu  

plotted as function of wall-normal distance z/δ. 

 

 4.1  Flows and turbulence 

The dimensionless vertical profiles of spatio-temporal averaged wind speed Uu  over different 

rib-type rough surfaces do not show major difference though two levels of wind speed are 

compared (Fig. 1a). It is in turn suggested that the flows are asymptotically approaching 

independence from molecular viscosity. Minor differences are observed in the turbulence 

measurements. The dimensionless vertical profiles of spatio-temporal averaged streamwise 

fluctuating velocity Uuu
21

''''  is peaked at the bottom that decrease almost linearly with 

increasing wall-normal distance (Fig. 2b). Only a mild difference, less than 10%, is observed in the 

near-wall region right over the roughness elements. The dimensionless vertical profiles of spatio-

temporal averaged vertical fluctuating velocity Uww
21

'''' , on the other hand, show a broad 

maximum in 0 ≤ z ≤ 0.4δ (Fig. 2c). Their maximum levels generally increase with increasing 

friction factor f. The dimensionless vertical profiles of spatio-temporal averaged momentum flux 
2'''' Uwu  are similar to those of vertical fluctuating velocity (Fig. 2d). The streamwise and 

vertical fluctuating velocities are negatively correlated. The drag effect on momentum transport is 

noticeable in 0 ≤ z ≤ 0.4δ such that surface roughness enhances streamwise momentum entrainment.     



Physmod 2017 – International Workshop on Physical Modelling of Flow and Dispersion Phenomena 
Dynamics of Urban and Coastal Atmosphere – LHEEA - École Centrale de Nantes - France 
23 - 25 August 2017 

 

Fig. 3: Comparison of vertical dispersion coefficient σz over hypothetical urban areas in the form of arrays of street 

canyons in crossflows determined by wind tunnel measurements, Reynolds-averaged Navier-Stokes (RANS) turbulence 

model and large-eddy simulation (LES). Here, AR is the aspect ratio of street canyons, f the friction factor, U∞ the 

freestream speed, x the distance after the pollutant source and δ the turbulent boundary layer thickness. 

 

 4.2  Dispersion coefficients 

The spatial concentrations of tracer are processed to compare the plume dispersion coefficient σz 

over different rib-type rough surfaces (Fig. 3). Also shown are the results calculated by Reynolds-

averaged Navier-Stokes (RANS) turbulence model [13] and large-eddy simulation (LES; [14]). The 

results from different approaches agree reasonably well with each other, collectively demonstrate 

the validity of the analytical solution Equation (4). In particular, the effect of surface roughness is 

integrated into the dimensionless streamwise distance. 

 

The streamwise extent in the wind tunnel experiments is rather limited that is caused by the 

(limited) operation range of our sampling probe and traversing system. Nonetheless, the wind 

tunnel measurements of dimensionless dispersion coefficient σz/δ increases linearly with increasing 

dimensionless streamwise distance (x/δ)
1/2

×f
1/4

 in which the effects of streanmwise distance, TBL 

thickness and drag are included. They are higher than the modeling results that are attributed to the 

unavoidable background turbulence in the wind tunnel. It also explains the nonzero y-intercept 

which signifies the dispersion coefficients over perfectly smooth bottom surfaces in the wind-tunnel 

measurements. Although two different levels of wind speed are tested, the wind-tunnel data points 

do not show obvious difference, implying that the turbulent transport processes fulfill well the 

independence from molecular mass diffusivity in addition to the flows.  
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The configuration of RANS and LES is reported elsewhere [13,14] so do not repeat here. The 

modeling results from RANS and LES, though show smaller values of dimensionless dispersion 

coefficient compared with the wind tunnel measurements, increase almost linearly with increasing 

dimensionless streamwise distance after the ground-level line source. The turbulence in the LES 

and RANS is solely generated by the mechanical shear on the bottom surfaces that is lower than the 

background one in the wind tunnel experiments. Nevertheless, the difference is mild so the wind 

tunnel measurements and modeling results are able to complement each other. The streamwise 

extent of RANS modeling results is long. Because of the rather shallow domain height H (or TBL 

thickness δ), the RANS-calculated plume dispersion tends to be well mixed so the dispersion 

coefficients decreases slightly toward the streamwise extent. The results from different approaches 

agree well in a dimensionless sense, suggesting a new parameterization of (vertical) dispersion 

coefficient for plume dispersion after a ground-level line source in crossflows over urban areas.  

 

 5  CONCLUSION 

Analytical solution is sought to derive the functional form of vertical dispersion coefficient σz in 

terms of streamwise distance x, TBL thickness δ and friction factor f (Equation 4) in attempt to 

renovate the conventional Gaussian dispersion models for urban plume application. A series of wind 

tunnel experiments, using ribs in crossflows, are conducted to verify the newly derived 

parameterization of vertical dispersion coefficient over hypothetical urban areas in isothermal 

conditions. Modeling results, including RANS and LES, are employed to complement the wind 

tunnel measurements. The results are consistent that collectively verify the newly proposed 

parameterization of dispersion coefficient for urban setting. Future work will evaluate the 

functionality of the parameterization for plume dispersion over realistic urban morphology.   
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ABSTRACT: This study aims to investigate the pollutant dispersion driven by a condensed-

phase explosion in an urban environment. A gram-scale explosion, leading to the dispersion of solid 

particles, is experimentally simulated in free field under a controlled urban atmospheric boundary 

layer. The effect of the powder on the blast and the symmetry of the explosion are investigated 

using pressure sensors. The dispersion is analyzed through flow visualizations and large scale 

particle-image-velocimetry.  

 

 1  INTRODUCTION 
 

Explosion, whether accidental or not, is a major concern in the security and safety fields. Examples 

of tragedies caused by explosions along with dangerous chemical dispersion are numerous. 

Improvement of security and safety is driven by a better understanding of the phenomenon. An 

explosion generates a pressure wave, called blast wave. If a pollutant is released together with the 

explosion, both the dispersion of the pollutant and the blast wave will be affected. To predict the 

pollutant dispersion after an explosion in a complex environment, it is necessary to understand the 

propagation of the blast wave and its effect on the plume dispersion. 

 

Numerical models have been developed in attempt to simulate the plume dispersion after an 

explosion. A model based on the Large Eddy simulations (LES) approach has been used to simulate 

the Oslo bombing in 2011 [1]. The dispersion and deposition of particles following the detonation 

have been calculated using both an Eulerian and a Lagrangian model, based on the spherical particle 

sizes smaller than 20 µm with a high density (1000kg.m
-3

), assuming a no particle-particle 

interaction. To couple the cloud dynamics and chemical transformations, the numerical model 

called ADORA has been recently developed by N. Moussa et al. [2]. This model provides the time 

evolution of toxic emissions and their dispersion in the atmosphere after a fire or an explosion by 

solving the conservation of mass, momentum, energy and species equations in an integral 

formulation. 

  

To ensure an accurate and reliable prediction of the plume dispersion after an explosion, it is 

necessary to couple the modeling with strong empirical data. The rapid dispersion of inert spherical 

steel particles [3][4], glass bubbles [5] or liquid [6] after a detonation has been investigated using a 

high speed camera coupled with pressure sensors. The dispersion turned out to depend on the 

pollutant characteristics (solid or liquid) and the geometry of the explosive charge. The particle 

image velocimetry technique (PIV) has been applied to obtain the velocity field of the metallic 

particles after the detonation [7]. 

 

However, the existing studies focus on the near-field effects of the explosion, few milliseconds after 

the detonation. An effort still has to be made to improve the experimental data base about the 

dispersion of the plume under an atmospheric boundary layer (ABL). Moreover, explosions in 

laboratory scale with controlled atmospheric conditions are not familiar. This knowledge is essential 

to develop accurate tools to simulate the dispersion after an explosion inside a complex 

environment. 

The global objective of the present research project is to study the pollutant dispersion after a 

detonation under a controlled ABL. To achieve this goal, a condensed phase explosion surrounded 

by a pollutant (solid particles) is experimentally simulated in free-field under an urban ABL through 
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a scale of 1:200. Flows visualizations and large scale particle image velocimetry (LS-PIV) are 

conducted to investigate the displacement of the plume and the velocity field inside it. 

 

 2  MATERIALS AND METHODS 
 

The experimental set-up has been designed to conduct non-destructive studies of air blast in free 

field under a controlled urban ABL. Experiments have been performed inside a wind tunnel 2 m 

high, 3 m wide and 20 m long with a roughened floor to allow the growth of a turbulent boundary 

layer similar in nature to the lower part of the neutral ABL. The test section ceiling is flexible and 

continuously adjustable to achieve control of the longitudinal pressure gradient.  Flow velocity can 

be varied between 2 and 50 m/s. An urban ABL is developed inside the wind tunnel through plastic 

cups fixed on the floor. The dimensions of the roughness elements have been defined by B. Conan 

[8] for different reduced scales and boundary layer characteristics. Tests are conducted on a 2.8 m 

diameter circular wood table. Figure 1 left illustrates the test table inside the wind tunnel. A metal 

plate of 55 x 55 cm replaces the wood in the center of the table to protect it against the explosion. 

The test table is perforated with 1 cm diameter holes to mount PCB 116 pressure sensors flush to 

the surface to investigate the pressure wave generated by the explosion. The pressure signals are 

acquired at 8 MHz with a NI PXI express 7962R system and a NI5751 acquisition module. 

 

The effect of the explosive source is investigated through two exploding-bridge-wire (EBW) 

detonators: RP80 and RP83, distributed by RISI [9].The detonators are metallic cylinders of 7 mm 

diameter and 21 mm or 40 mm length, respectively for the RP80 and RP83. They are filled with 

0.08g of Pentaerythritol tetranitrate (PETN) as initiating explosive and 0.123g or 1.031g of 

cyclotrimethylenetrinitramine (RDX) as output explosive, respectively for the RP80 and RP83. The 

explosive charges are stored in an aluminum cup with a plastic molded head. Detonators are set 

inside a solid foam block of 5 x 5 cm in the center of the test table, standing out from a given height 

(i.e.9 mm for the RP80, 25 mm for the RP83) such as only the secondary explosive (RDX) is 

outside of the test table. A picture of a RP83 detonator inside the foam support is given in Figure 1, 

middle. The detonators are activated using a FM150 firing module and a FD201 firing system. 

 

 

Fig. 1: Left: Experimental wood test table, 2.8 m diameter, inside a wind tunnel. The roughness elements create 

turbulences in order to develop an urban boundary layer at a 1:200 reduced scale. Middle: Solid foam support with a 

RP83 detonator. A groove has been performed to place properly the paper cylinder around the explosive. Right: Paper 

cylinder instated and filled with talc powder.  

The dispersion is simulated using two diameters talc powder, distributed by Imerys. The talc is an 

inert powder that will not react after the explosion. The first powder, called JetFine 1, or light 

powder, has a diameter of 1 µm and a density of 0.15 g/cm
3
. The second powder, called Mistron 

200, or heavy powder has a diameter of 7.8 µm and a density of 0.42 g/cm
3
. The powder is 

maintained around the explosive by a paper cylinder. A circular groove is performed on the solid 

foam support to maintain the cylinder and assure that the talc is homogeneously distributed around 

the explosive. Figure 1 right shows the detonator inside the talc powder kept by a paper cylinder. 

 

Metal plate to 

support the 
explosive 

Roughness 

elements 

2.8 m diameter 

wood test table 
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The dispersion of the solid particles is investigated through Flow Visualization (FV) and Large 

Scale Particle Image Velocimetry (LS-PIV) [10]. A Phantom V7.1 high speed camera (HSC), is 

used to visualize the flow and acquires at fs = 10869 Hz with an exposure of te = 60 µs. For the FV, 

the flow is illuminated with powerful spots to observe the global evolution of the dispersion. For the 

LS-PIV acquisition, the flow is illuminated by a 10 W continuous laser sheet, produced by an 

optical set-up coupling divergent, convergent and cylindrical lenses. Three wind speeds are 

investigated: no wind, 3 m/s and 5 m/s, two talc powders: light and heavy, and two detonators: 

RP80 and RP83. 

 

 3  RESULTS AND DISCUSSION 

 

 3.1  Blast characteristics 

The pressure wave generated by a detonation, called blast wave, is characteristic to the explosive. 

Tests have been conducted without and with talc around the detonators to investigate the effect of 

the powder on the energy released by the system. Figure 2 gives the blast pressure signals obtained 

with a RP80 detonator, measured at 350 mm from the center of the explosion without powder 

around the explosive, with the light powder and with the heavy powder. An equal volume of powder 

(67 cm3) is used, which represents 10 g for the light powder and 28 g for the heavy powder. It has 

been estimated that 28 g of heavy powder was reducing the total energy of the detonation by 70 %; 

while 10 g of light powder reduces the energy by 30 %. For an equal mass of powder (then a 

different volume), the two powders have the same effect on the blast. Therefore, the reduction of the 

detonation energy depends only on the mass of powder surrounding the explosive. 

As the powder affects the blast characteristics, the homogeneity of the distribution of the powder 

around the explosive before the explosion can be investigated using the pressure sensors: if the 

powder is equally distributed, the blast propagation should be hemispherical, as it is without 

powder. The geometry of the explosion is controlled systematically in this way to assure the 

repeatability between tests. 

 

Fig. 2: Effect of the talc powder on the blast wave generated by the explosion of a RP80. Signal at 350 mm from the 

explosion, 200 kHz filtered. 

 

 3.2  Flow Visualizations 

Two talc powders (light and heavy) and two detonators (RP80 and RP83) have been tested inside a 

wind tunnel under three wind speeds (no wind, 3 m/s and 5 m/s). Figure 3 gives frames of 

dispersion of the heavy powder following the explosion of a RP80 detonator under a wind of 5 m/s. 

Two masses are investigated: 28 g (top frames) and 10 g (down frames). Two dispersion patterns are 

observed: one spreading at the ground level and one dispersing in the air. Amount the different tests 

conducted, several conclusions could be drawn. The dispersion is symmetrical after the explosion 

and starts to be affected by the wind after around 3 ms of dispersion for the heavy powder and 1 ms 

for the light powder, whatever the wind speed and the detonator used. The mass of the powder 

around the explosive has an impact on the plume dispersion: a higher mass of powder will generate 

a plume that propagates higher in the air. 
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Fig. 3: Dispersion of heavy powder (top part dispersion: 28 g; down part dispersion: 10 g) driven by the explosion of a 

RP80 detonator. The grey dashed lines represent the centre of the explosion. 

 

Figure 4 gives the variation of the plume height with the time after the explosion of a RP80 

detonator surrounded by 10 g of light powder. The difference of the vertical propagation between 

the three wind speeds is visible from 1 ms after the explosion. From that time, the plume under a 

wind of 5 m/s propagates slower in the vertical direction and faster in the horizontal direction 

compared to the plume under 3m/s. 

 
Fig. 4: Variation of the plume height with the time for a RP80 with 10g of light powder. 

 

 3.3  Particle-Image-Velocimetry 

PIV analysis has been conducted with the RP80 detonator surrounded by 10 g of heavy powder 

under an urban ABL. A LS-PIV frame taken 19 ms after the explosion is given in Figure 5.  

   
Fig. 5: Dispersion of 10g of heavy powder with a RP80 detonator under a 5 m/s urban ABL (19 ms after the explosion) 

LS-PIV frame 

 

The LASER light comes from the left of the plume and is absorbed by it. As a consequence, the 

right part of the cloud cannot be analyzed. 

Figure 6 gives the results of the LS-PIV analysis on the dispersion. Three moments are studied: 4 

ms, 16 ms and 46 ms after the explosion. The streamlines and the velocity magnitude field are 
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given. At 4 ms after the explosion, the particles are propagating away from the centre of the 

explosion, creating a hemispherical dispersion. Propagation speeds of up than 60 m/s can be 

observed. After 16 ms, the wind impacts the dispersion. The propagation against the wind is slowed 

down and the plume continues to rise up. After 46 ms, the particles are following the wind. 

 

 
Fig. 6: LS-PIV analysis of the dispersion of 10 g of heavy powder with a RP80 detonator at 4 ms, 16 ms and 46 ms 

after the explosion under an urban ABL of 5 m/s (black circle: centre of the explosion). 

 

 

 4  CONCLUSION 

The dispersion by explosive under an atmospheric boundary layer is investigated inside a subsonic 

wind tunnel. The analysis of the blast generated by the explosion highlights the effect of the 

particles around the explosive on the energy released by the detonation: an increase of the powder 

mass decreases the energy. As a consequence, the homogeneity of the powder around the explosive 

is controlled by the investigation of the blast propagation. The effect of the explosive, the diameter 

of the powder and the speed of wind is investigated through flow visualization and large scale PIV.  

The light powder is impacted faster by the wind than the heavy powder. The plume height increases 

with the mass of powder and decreases when the wind speed increases. Future works will be 

conducted to investigate the dispersion inside an urban configuration such as a straight street or a T 

junction. 
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ABSTRACT: For validating results of numerical models regarding gas dispersion of accidentally 

released biogas on a fermentation plant, physical modelling is consulted. In a boundary layer wind 

tunnel, systematic flow and dispersion reference data are measured. The importance of carefully 

controlling and matching momentum ratios is outlined. Further, the relevance of an exact 

orientation of a jet release is highlighted. It was found from measurements that even slightest 

angular variations can cause a strong deflection of plumes, leading to substantially different 

dispersion patterns.  

 

 1  INTRODUCTION 

In the context of renewable energy discussion, the importance of biogas plants increased 

significantly in the last decade. However, the general acceptance of fermentation plants is 

accompanied by safety concerns regarding possible accidental biogas releases. Due to the 

flammability of the gas and the possibility to form explosive mixtures if released biogas is diluted 

by surrounding air, safe distances need to be defined carefully.  

The reference release scenario as defined in the German guideline for production facility safety 

KAS-32 [1] assumes a punctual rupture of the fermenter membrane roof, resulting in a jet-like 

release of flammable gas. For licensing of fermentation plants, safe distances must be specified, 

depending on the type and size of the individual facility. In Germany, the calculation of the safety 

zones is almost exclusively based on relatively simple numerical modelling of a jet release. Most of 

these models neither account for obstacles in the surrounding area nor consider any complex wind 

flow conditions at the release site. Hence, severe doubts regarding the reliability of such simulation 

results have been raised.  

For the validation of numerically calculated safe distances, data from physical modelling is intended 

to be used. Thereby emphasis was put on two main research questions. First the impact of the 

surrounding buildings of the biogas plant on the gas dispersion in comparison to a float open terrain 

jet release is quantified. Since most numerical models provide results for an open jet release, it is of 

vital interest to see how significant the difference between this largely simplified scenario without 

any obstacles and the more realistic case with buildings of the fermentation plant is. Secondly, the 

effect of varying wind directions on the dispersion is evaluated. Different plume directions result 

from different configurations of the buildings with respect to the approach flow wind direction.  

 

 2  METHODOLOGY 

In the experimental study an atmospheric boundary layer flow is approximated in a wind tunnel. 

High quality reference data are measured and systematically analyzed.  

 

 2.1  Experimental Set-up 
The measurements presented here were performed in the wind tunnel “BLASIUS” in the 

Meteorological Institute of the University of Hamburg. “BLASIUS” is a conventional boundary 

layer wind tunnel for modelling neutrally stratified atmospheric flows. 

The wind tunnel extends to 1.5 meters in width, 1 meter in height and 16 m in total length. The 

model test section is approx. 4 meters long in the given test case [2]. The dimensions of the wind 

tunnel determine the model scale to be in the range of 1:400 – 1:1000. Wind speeds between 0 and 

20 m/s can be realized. 

Turbulence generators and roughness elements are mounted upwind of the model test section to 
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generate a scale boundary layer flow in agreement with full-scale conditions. The model test section 

includes a turntable also equipped with roughness elements to model realistic atmospheric boundary 

layer conditions next to the model fermentation plant. The fermentation plant itself is placed at the 

center of the turntable to allow modelling of different wind directions. The artificially thickened 

boundary layer flow was successfully tested for lateral homogeneity over a range of 1.5 times the 

maximum width of the fermentation plant. The wind tunnel is driven by a suction type ventilator 

located at the end of the wind tunnel facility. This ensures possible flow disturbances generated by 

the ventilator not affecting the measurements taken in the testing section [2]. 

 

 2.2  Measurement Technology 
Upstream of the model, a reference wind speed is measured with a pneumatic probe (Prandtl-tube). 

The probe is sensing the static and total pressure in the flow. The dynamic pressure and the 

corresponding flow speed can be calculated by subtracting the measured static pressure from the 

measured total pressure [3]. 

For concentration measurements, two different types of flame-ionization-detectors (FID) are used. 

The Fast-FID measures the concentration of a tracer in the model area, whereas the Standard-FID 

determines the background concentration measured upstream of the model.  

The main component of an FID is the burning chamber with a flame fed by hydrogen and oxygen. 

Due to a vacuum pressure in the burning chamber, a gas flow is sampled. If the sampled gas 

contains the hydro carbon tracer gas ethane, an electrical signal, proportional to the burned amount 

of ethane, is produced [3]. By calibrating the signal, the amount of ethane can be determined.  

The Fast-FID is fixed to a traverse system which enables the user to pilot every spot in the wind 

tunnel with an accuracy of 0.1 millimeter. At least once a day the traverse is moved to a reference 

position to verify the precision of the traverse system and position accuracy of the measurements.  

 

 2.3  Model 
The used model reproduces a typical fermentation plant in the scale of 1:200. A bird’s eye view of 

the fermentation plant layout as well as the dimensions of all buildings can be found in Fig 1.  

 
Fig. 1: Bird’s eye view of buildings of the modeled fermentation plant and the corresponding dimensions 

 

The “leakage” is located at 6 meters height at “Fermenter 1”. In the model, a horizontal or a 

vertically inclined jet release can be realized. The position of the source on the fermenter building is 

adjustable, so the orientation of the released jet is can be changed with respect to the wind direction. 

In full scale the assumed leakage has an area of 0.6 m
2
, resulting in a diameter of 4.37 mm in the 
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model according to the model scale of 1:200. The full-scale mass flow is specified as 18.6 kg/s in 

the KAS-32 safety guideline. For a jet-like release the momentum ratio, defined as the jet exhaust 

speed divided by the approach wind speed at 10 meters height, is calculated. The ratio is kept 

identical for the full-scale scenario and the model in the wind tunnel. This results in a specific mass 

or volume flow rate depending on the actual wind speed. The required exhaust flow is modeled by a 

mixture of nitrogen and a small amount of ethane (tracer), which are both controlled and measured 

by electronic mass flow controllers. The flow rates have to be adjusted carefully for each 

measurement depending on wind speed and location of the measurement in order to optimize the 

signal range while maintaining the exhaust momentum ratio. The release and measurement location 

affects the required amount of ethane, and therefore the amount of released nitrogen has to be 

adapted as well. If the mass flow is not adapted to the individual wind speed, misleading dispersion 

scenarios are modeled (as represented in Fig. 2). For both pictures the surrounding conditions (wind 

direction 300 °, 180 ° orientation of the source, mass flow rate and the vertically inclined release) 

are identical. The only difference is the wind speed, resulting in different momentum ratios. In Fig. 

2.a) the exhaust flow speed is exceeding the wind speed. Hence the plume shoots up. However, in 

Fig. 2.b) the plume stays closer to the ground due to the relatively lower exhaust momentum.  

In this study biogas is assumed to have nearly the same density as air. Possible effects resulting 

from gravity or buoyancy are not taken into account.  

 
Fig. 2: Laserlight-sheet visualization of plumes with different exhaust momentum ratios released from identical 

locations 

 

 
Fig. 3: a) Fermentation plant with marked locations of source measured in a), measurement position (black cross) and 

wind direction (big arrow)  

b) Fraction of measured ethane concentration to released ethane concentration over the reference wind speed for same 

horizontal source type for three different source orientations (170 °, 180 °, 190 °); scatter bars indicate measurement 

uncertainty 
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It was found that specific attention has to be paid to the orientation of the source. Fig. 3.b) shows 

the relative concentrations of ethane as a function of a possible tilt of source location of 10 ° within 

a horizontal plane. The measurement position is displayed as a black cross in Fig. 3a).  

 

 2.4  Measurement strategy 
Before starting systematic concentration measurements, convergence of derived statistical quantities 

and Reynoldsnumber independence of measured concentrations were tested and documented. A 

measurement/sampling time of 220 seconds at a reference wind speed of 3.8 m/s was found 

adequate for achieving a statistical representativeness of ± 4 % for mean concentration values. 

Based on the above mentioned visualization experiments with a true to scale momentum ratio, a 

rough estimate of the lateral and vertical extent of the plume(s) can be made. This is used to draft a 

layout of measurements.  

The measurement plan considers vertical profiles measured at different downwind distances as well 

as measurements in horizontal planes. For the plain jet release without surrounding obstacles 

(reference case) seven vertical profiles with 10 measurement points each were performed, see Fig. 

4.b). Six of them are located within the first 55 m behind the source. The seventh vertical profile is 

recorded at a further distance of 100 m downwind from the source. Additionally, lateral profiles 

were measured at a height of 2 and 6 meters. The lower height of 2 meters was chosen as 

representative for “ground level” concentrations. The dispersion at this height is of particular 

interest regarding human impact and safety. The scatter of the measurement locations at 2 m height 

is shown in Fig. 4.a). A less dense grid of measurement points is chosen for a height of 6 meters, not 

shown here.  

To investigate the impact of the fermentation plant buildings on plume dispersion, similar 

measurements with the model placed on the turntable are performed. For a number of wind 

directions, vertical and lateral profiles are measured at the same positions like in the reference case.  

 

 
Fig. 4: Measurement locations for the plain source a) at 2 m Height b) vertical profiles  

gray points: concentration measured, red points: no concentration measured 

 

In Fig. 5 the measured medium concentrations of the vertical profiles are shown for the reference 

case and for the horizontal jet release. In case of the plain jet release, the highest concentrations 

occur close to the source. Further away from the source, measurements show a thinning of 

concentration (Fig. 5a)). A significantly different dispersion was measured for the horizontal jet 

release with obstacles close to the source (Fig. 5b)). The impact by the building located in the 

direction of propagation becomes clear. Due to turbulence in front of the final disposal, the gas is 

transported downwards, where it gathers. Therefore, 15 m away from the source, the measured 

medium concentrations have a larger vertical spread and are slightly higher for the release scenario 
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with buildings in close distance to the source compared to the reference case. Consequentially, the 

related areas of an explosive gas mixture (6 Vol.- % - 18 Vol.- % biogas) also change. For the plain 

jet release (Fig. 5.c)) no area of an explosive gas mixture is found below 4 m. This is considerably 

different for the horizontal jet release with buildings close to the source (Fig. 5.d)). At a distance of 

15 m to the source, even the lowest measurement location (1 m above ground) shows a 

concentration in the magnitude of the threshold which has a substantial impact regarding human 

safety.  

 
Fig. 5: Measured average concentrations [%] of the vertical profiles  

a) for the plain source (reference case)  

b) for horizontal jet release with fermentation plant buildings  

c) for the plain source, only areas with explosive mixture are displayed  

d) for the horizontal jet release, only areas with explosive mixture are displayed 

 

 3  CONCLUSION 

For the used boundary layer wind tunnel the model scale is supposed to be in the range of 1:400 – 

1:1000 as mentioned in chapter 2.1. Modelling the gas dispersion in the near field of a fermentation 

plant in the scale of 1:400 would have let to a poor spatial resolution of the results. Since impact on 

humans and particularly the concentrations close to the ground are of major interest, the scale was 

increased to be 1:200. At this scale, the spatial resolution of concentration measurements allows for 

reliable results in the whole model area. However, the scale of 1:200 sure is at the edge of what is 

possible in the small boundary layer wind tunnel facility “BLASIUS”. Hence, some limitations 

concerning the approach flow had to be accepted. Since the focus was on measurements close to the 

release and as the effect of the obstacles close to the source outweighs the influence of the approach 

flow in this specific case, this was assumed to be tolerable.  

Furthermore, Fig. 2 illustrates the importance of modelling the correct exhaust momentum ratio for 

momentum affected releases. For a high release momentum, the plumes disperse above the 

surrounding buildings (Fig. 2a)) and thus lead to relatively low concentrations close to the ground. 

Significantly different results are obtained for a comparatively low momentum ratio (Fig. 2b)), 

which leads to considerably higher concentration levels close to the ground.  

Apart from this, the exact orientation of a momentum affected source plays an important role. 

Measured concentrations can easily differ by a factor of two due to a tilt of the source by 10 ° in a 

horizontal plane. This causes a different dispersion around the obstacles and therefore the measured 

concentrations at the same location vary. For keeping the same horizontal orientation of the source 

the repeatability is quite high (5.1 % maximum deviation).  

Finally, a significant difference on the gas dispersion for a release scenario with surrounding 

buildings of a biogas plant to the plain jet release (reference case) is found. The buildings strongly 

influence the concentrations close to the ground and hence also the areas with an explosive gas 

mixture present. 
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ABSTRACT:  
  
At EWTL, a series of wind tunnel experiments was carried out in order to identify the restrictions 

fluid modeling of dense gas dispersion has when using state-of-the-art boundary layer modeling and 

measurement instrumentation. The main purpose of the tests was to identify problems and possibly 

extend limits in preparation for larger experimental campaigns in the large boundary layer wind 

tunnel facility. Hence, the presented study focuses on a number of problems encountered when 

simulating heavy gas dispersion with SF6 and measuring ethane tracer concentrations with flame 

ionization detectors or when trying to quantify the disturbance of flow patterns when excessive flow 

rates of a less dense model gas is released.  

 

 1  INTRODUCTION 

Dispersion of airborne hazardous materials is gaining interest again in both, fundamental and 

applied research. During the last decade, the number of related publications was more than 

doubling. Drivers for this development are for instance the increasing interest in Carbon Capture 

and Storage (CCS) technology or new, demanding safety measures for hazmat processing facilities. 

Also in the context of deliberate releases of toxic materials in populated areas, the risks related to 

dense gas releases are discussed. Most of the knowledge available on dense gas dispersion and its 

modeling reach back to the 1970s and 1980s where large field trials (see e.g. [1]) and systematic 

laboratory experiments (see e.g. [2]) were carried out. However, with the recently observed shift in 

the focus of dense gas dispersion modeling from very large release scenarios in mostly open terrain 

to relatively small releases in built environments, the established dispersion models and our 

understanding of driving phenomena is reaching limits. In addition, with the increasing of CFD for 

heavy gas dispersion modelling (e.g. [3]), an increasing need for reliable and realistic reference data 

for model validation is observed. Physical modeling is again found to be a valuable tool for 

providing deeper scientific insight and desired data on dispersion of dense gas in complex terrain.   

  

 2  METHODOLOGY 
 

In the framework of two master studies the influence of selected parameters to the dense gas effect 

was tested by systematic wind tunnel measurements. It was analyzed which wind speeds and release 

rates are needed to model a dense gas dispersion process similar to full scale conditions. Two 

different gases and releases from sources with different release diameters were tested. Additionally 

the influence of different urban geometries to the dispersion process was analyzed. Figure 1 show 

two of the three idealized urban geometries used in the presented study.  

All measurements were carried out in the EWTL boundary layer wind tunnel facility 'Blasius'. The 

16 m long wind tunnel provides a 10.7 m long test section equipped with a turn table and an 

adjustable ceiling. The cross section of the tunnel measures 1.5 m in width and 1.1 m in height. For 

each wind tunnel campaign a neutrally stratified model boundary layer flow was generated by a 

carefully optimized combination of turbulence generators at the inlet of the test section, and a 

compatible floor roughness. A 2D Laser-Doppler-Anemometry (LDA) System was used to measure 

component-resolved flow data at sampling rates of 100 – 500 Hz (model scale), resolving even 

small-scale turbulence in time. Reference wind speed was permanently monitored close to the 

tunnel inlet through Prandtl tube measurements.  
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Figure 1: Idealized urban geometries in the EWTL boundary layer wind tunnel facility 'Blasius' 

used to test the dispersion of dense gas. 

For concentration measurements Ethane was used as tracer gas and emitted from ground-level point 

sources. To generate a dense gas effect the tracer was mixed with selected dense gases before the 

release. A Fast Flame Ionization Detector (FID) measured concentration time series with 140 Hz 

resolution (model scale) at selected measurement locations. The background concentration was 

constantly monitored with an additional FID. Measurement devices were checked and calibrated 

frequently to maintain a high accuracy of measured data. 

  

 2.1  The selected dense gas 
  

For dense gas modeling a gas is needed with a density ρ0 higher than the density ρa of the ambient 

air. The VDI-Guideline (see e.g. [4]) defines a gas as “heavy“ when the relative density excess of 

the gas at the place of release ∆ρa/ρ0 amounts to more than 0.16 and the source volume flow rate V0 

is larger than 1•10
-3 

m
3
/s for a continuous release. With Sulfur hexafluoride (SF6) a colorless, non-

flammable, nontoxic gas was selected which has a density of 6.17 kg/m
3
. The density of SF6 is 

about five times higher than the density of the ambient air. 

Unfortunately unexpected problems occurred during the measurements while using SF6. The Fast-

FID System stopped working after the first set of measurements. It turned out that under high 

temperatures SF6 decomposes into substances which generates corrosive debris. Within hours the 

tube to the vacuum pump inside the burning chamber was fully blocked and the Fast-FID system 

(HFR400) stopped working. 

As a consequence carbon dioxide (CO2) was selected as dense gas for all following measurements. 

The density of CO2 is with 1.98 kg/m
3
 about 1.5 times higher than the density of the ambient air. 

The disadvantage of using CO2 instead of SF6 is that significant higher release rates are required to 

model similar dense gas effects. 

  

 2.2  Influence of wind speeds and release rates  

 

A basic requirement of wind tunnel modelling is the verification, that the characteristics of the 

modelled boundary layer flow are independent of the selected wind speed. This independence of 

wind speed is observed for fully turbulent flows with a sufficiently high Reynolds-number. The 

Reynolds number Re = (uref∙Lref)/ν describes the relation of inertial and friction forces, where uref is 

the reference velocity, Lref a characteristic reference length and ν the kinematic viscosity. Depending 

on the roughness of the model a certain minimum wind speed is needed to generate a fully turbulent 

flow. Modeling with buoyant sources, in addition, the densimertic Froude number Frd = 

uref/(V0(g•ρ0-ρa/ρa)
2
)
1/5

 has to be considered. The densimetric Froude number describes the relation 
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of inertial to buoyancy forces. If Frd is between 2 and 10, the dense gas effect is insignificant. Only 

for relative small Froude numbers between 0 and 1 the density of the released gas is influencing the 

dispersion process. Hence, relative high source volume flows and low wind speeds are needed to 

model dense gas dispersion processes. 

Fulfilling the Reynolds number and densimetric Froude number criteria is a challenge for dense gas 

modeling. A wind speed high enough to generate a fully turbulent flow and low enough to keep 

dense gas effects needs to be found. Systematic tests at various positions for all used models 

showed that a minimum wind speed of at least 1.3 m/s is required to generate a Reynolds number 

independent flow. Hence, all measurements were carried out for wind speeds higher than 1.3 m/s. 

Figure 2 (left) shows the influence of the reference wind speed uref to the dense gas effect for one 

selected scenario. The top view sketch in Figure 2 indicates the location of the source (Yellow 

Square), the measurement location (blue circle), the location of nearby buildings and the mean wind 

direction. The measurement location is located 17.5 m downstream of the source in a height of 1.75 

m above ground. Identical measurements were carried out for dense gas releases and neutral 

releases. For both measurements the gas was released continuously with a release rate of 191 m
3
/s 

(full scale). The red circles indicate the measured non dimensional concentrations c* of the dense 

gas release and the grey circles of the neutral release for different wind speeds. The plot shows that 

the dense gas effect is reduced for higher wind speeds. The measured concentrations of the dense 

and neutral release are almost identical for wind speeds higher than 3 m/s.   

Figure 2 (right) indicates the influence of the release rate V0 to the dense gas effect. The 

measurement location is located 26.5 m downstream of the source in a height of 1.75 m above 

ground. A wind speed of 2.2 m/s and release rates between 50 m
3
/s and 200 m

3
/s (full scale) were 

chosen for these measurements. The figure shows that the dense gas effect is only observed for 

release rates higher than 50 m
3
/s for the given scenario.   

 

Figure 2: Measured non dimensional concentration c* for dense gas releases (red circles) and 

neutral releases (grey circles) at different wind speeds (left figure) and different release rates (right 

figure). 

   

As expected, the dense gas effect can be increased by higher release rates. But it needs to be 

considered, that increased release rates could lead to other limitations. High flow rates generate 

significant initial plume sizes. Depending on the source diameter and the design of the source 

vertical jets could be formed which increase the vertical extension of the plume and minimize the 

dense gas effect (see chapter 2.3). Additionally it needs to be considered that gas releases influence 
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the local flow field. In order to model dispersion processes similar to full scale scenarios, the 

selected model release rates should not exceed release rates observed in full scale scenarios 

significantly. Turner [5] and Ballenweg [6] describing various field scenarios where relative large 

amounts of dense gas were released during accidents. The typical release rates they observe in these 

scenarios is between 1 kg/s and 33 kg/s.  

 

 2.3  Influence of the source diameter 
 

One aim of the presented study was to find a source design which minimizes the vertical extend of 

the initial plume size for a wide range of release rates in order to keep the released dense gas close 

to the ground and maximize the dense gas effect. Pre-tests indicated that relative large release rates 

of more than 50 m
3
/s (full scale) are needed to observe a dense gas effects for distances bigger than 

20 m from the source location. In maximum release rates of 200 m
3
/s (full scale) were selected in 

the presented study to limit the influence of the release to the local flow field and keep release rates 

comparable to typical full scale scenarios. It has to be noted that a release rate of 200 m
3
/s already 

exceeds the maximal release rates of full scale scenarios observed by Turner and Ballenweg by a 

factor of 10. 

Sources with different diameters between 5 mm and 30 mm which correspond to 1.75 m and 10.5 m 

in full scale were tested. It was found that a source diameter of at least 7 m was needed for flow 

rates of up to 200 m
3
/s to limit the vertical extension of the initial plume size to less than 10 m 

above ground. Figure 3 shows the final source design with a release diameter of 10.5 m. The figure 

also illustrates a chamber with 4 inlets below the release point. The chamber is filled continuously 

during a measurement with pre-mixed Ethane and CO2. Four inlets were used to ensure a full 

mixing of the gas. Deflecting plates inside the chamber prevent from a swirling flow.           

The downside of using a relative big source diameter is that air could enter the source chamber from 

outside. This was observed for relative low release rates and high wind speeds and leads to a non-

constant release rate. This problem was solved by covering the source with a mat of fleece (see 

Figure 3).  

 

   

Figure 3: Design of the source with a release diameter of 30 mm in model scale. 

 

 2.4  Influence of the model area 
 

Using CO2 as dense gas and release rates below 200 m
3
/s (full scale) showed only a relative weak 

dense gas effect for most of the measurements carried out. In most scenarios a difference between 

dense gas releases and neutral releases was only observed at distances of less than 50 m downwind 

the source location. It was also found that dense gas effects are sensible to the nearby building 

configurations. Figure 4 shows the results of two similar release scenarios. In both scenarios the 

ground source was located at a three-way junction, as indicated by the yellow square. 
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Concentrations were measured in a height of 1.75 m above ground at distances from 15 m to 50 m 

downwind of the release (blue line in Figure 4). Identical release rates of 191 m
3
/s (full scale) and 

the same wind direction was chosen for neutral and dense gas releases. The only difference between 

the two scenarios is that in one scenario the street canyon perpendicular to the wind direction and 

next to the source location was blocked on both sides (indicated by black squares in Figure 4).  

Figure 4 shows that for both scenarios the measured dimensionless concentrations c* reduces for 

increasing distances. As expected this is true for dense gas releases and the neutral releases. Figure 

4 also illustrates that differences in c* between dense gas releases (red circles) and neutral releases 

(grey circles) are only detected for distances of less than 30 m to the source location. When the 

streets next to the source are blocked, higher concentrations were measured. This was observed for 

neutral and dense gas releases, but the increase is more significant for the dense gas releases. This 

example shows that dense gas effects are strongly influenced by building configurations. 

 

Figure 4: Measured non dimensional concentration c* for dense gas releases (red circles) and 

neutral releases (grey circles) at distances from 15 m to 50 m downwind of the source. 

Measurements were carried out for two scenarios were a cross road next to the source was not 

blocked (left figure) and blocked (right figure).  

 

 3  Summary 

 

Systematic tests carried out at the EWTL boundary layer wind tunnel facility 'Blasius' show that 

dense gas dispersion processes can be modeled in a boundary layer wind tunnel. The results of the 

measurements also show that modeling dense gas dispersion processes is more demanding than 

modeling neutral dispersion processes. A dense gas effect was only observed for distances of less 

than 50 m to the source location. The dense gas effect is strongly influenced by wind speed, release 

rates and the density of the released gas. In order to model dense gas effects relative low wind 

speeds are needed, but the wind speed needs to be high enough to keep a Reynolds number 

independent flow. No significant differences between dense gas releases and neutral releases were 

observed for identical measurements carried out for wind speeds higher than 3 m/s. Hence, the 

range of wind speeds qualified to model dense gas effects was limited to wind speeds between 1.3 

m/s and 3 m/s in the presented study.  

As expected, dense gas effects are also influenced by the release rate. A higher release rate leads to 

a stronger dense gas effect in most of the tested scenarios. If the release rate was below a certain 

threshold no dense gas effect was detected. A minimum threshold of 20 m
3
/s (full scale) was needed 



Physmod 2017 – International Workshop on Physical Modelling of Flow and Dispersion Phenomena 
Dynamics of Urban and Coastal Atmosphere – LHEEA - École Centrale de Nantes - France 
23 - 25 August 2017 

in the presented study. The conducted measurements also indicated disadvantages in using too high 

release rates. High release rates influence the local flow field. Flow measurements carried out with 

a Laser Doppler Anemometer show that release rates of 200 m
3
/s influence the flow field to 

distances of more than 70 m downwind from the source location. Real case scenarios show typically 

lower flow rates (see e.g. [5] and [6]). In order to model processes similar to full scale scenarios 

releases rates of 200 m
3
/s were not exceeded in the presented study.  

Using ground sources with relative high release rates could also lead to significant extensions of the 

initial plume size. Adapting the size of the release diameter can limit the vertical extension of a 

dense gas release. In the presented study a source diameter of 10.5 m full scale was used. 

The conducted measurements show that the dense gas effect is influenced by the configuration of 

nearby buildings. Densely build up environments have the potential to increase the dense gas effect.  

Sulfur hexafluoride (SF6) and carbon dioxide (CO2) were used as dense gases in the presented 

study.  

Since the SF6 gas led to a breakdown of the Fast-FID system all measurements were conducted with 

CO2.  

In order to minimize the illustrated limitations in upcoming wind tunnel campaigns a dense gas with 

a higher density than CO2 is needed. Additionally the use of a bigger scale is recommended. For a 

bigger scale higher amounts of gas could be released, which increase the dense gas effect.  
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ABSTRACT: The dispersion of continuous and transient releases of a passive tracer from an area-

source placed in an urban topography is simulated, both experimentally in a wind tunnel and 

numerically using a CFD software. The scenario covers a circular area of 1 km diameter. Wind 

tunnel experiments were conducted using a 1:500 scaled model; velocity was measured by Laser 

Doppler Velocimetry and concentrations by a fast Flame Ionization Detector. Numerical simulations 

were performed using the FLUIDYN’s module PANACHE. The quality of agreement between 

experiments and the numerical model is presented. The spatial distribution of pollutants 

concentration has been tracked and safety-oriented metrics are presented. 

  

 1  INTRODUCTION 
This study focuses on the release of toxic substances in the atmosphere over an urban area; the 

concern is the accidental emission and dispersion of pollutants from a pool fire accidentally ignited 

in a containment basin from an industrial area located on the east outskirts of a village. The 

exposure probability of inhabitants has to be considered and should be taken into account to 

generate laws that assure the safety and life quality of the inhabitants. From this study, the 

consequences of pollutants release in the near residential environment can be evaluated.  

Early in [1] has been marked the importance of the study of air-pollution meteorology in complex 

terrains, to estimate the impact of sources in the distance, and highlighted the necessity of 

experimental data for validation of the starting available models. Dispersion on the immediacy of an 

inhabited zone can be addressed through experiments (in field or in a wind tunnel) or through 

predictive methods [2]; there are studies in industrial sites where the height, density and geometry 

of the arrangement of buildings is highly variable [3, 4, 5 and 6]; most of them describe the results 

in a time average sense, however it has been shown that in a situation of high risk, as in the case of 

an accidental release in the proximity of complex urbanized areas, the time-averaged concentration 

is not enough for estimate the real risk, the fluctuations in concentration must be taken into account 

[7, 8 9, 10, 11]. Furthermore, even if CFD is known as a very useful tool to provide whole flow and 

dispersion field data, and presents the advantage of cover many configurations, reliable 

experimental data are indispensable for validation [11, 2, 3]. 

In this work the atmospheric dispersion characteristics of an accidental release in an industrial area 

is investigated. The release can be attributed to the pollutants from a pool fire or to the leakage of 

reserved products from an area source located at ground level. Neutral atmospheric stability 

conditions and two different wind directions were considered; special attention has been put on the 

wind coming from east, the worst scenario for the village. First, the experimental work in a wind 

tunnel and how the CFD simulation is fed with the wind data is described. After, the procedure for 

analysis is presented, followed by a concentration results comparison. Time series of passive tracer 

have also been analysed. 

 2  EXPERIMENTAL AND NUMERICAL SET UP 
The experiments were performed in the “atmospheric boundary layer” test section of the 

recirculating wind tunnel “Lucien Malavard” of the PRISME Laboratory (Fig. 1, left). The 

boundary layer in the wind tunnel reproduces the characteristics of the atmospheric boundary layer 

over a terrain moderately rough at scale 1:500 up to 160 m high. The vertical wind profile is 

measured at the position of the source by means of 2-component Laser Doppler Velocimetry (LDV) 

and with 3-component Hot Wire Anemometry (HW). The measured vertical profile of velocity can 

be approximated by the exponential function: U(z)/Uref =(z/zref)
α
 where U is the mean longitudinal 

velocity at the altitude z, Uref = 4.81 m/s, at zref = 10 m (full scale) and α=0.135.The extrapolation of 



the velocity profile results in a roughness length of z0=0.0134 m (in full scale), lying in the typical 

values for moderately rough terrains according to [13], The ratio between the standard deviations 

and; the friction velocity was u*= 0.29 m/s. The spectra of the longitudinal velocity fluctuations in 

the wind tunnel at different heights (from 3-component HW) are in good agreement with the model 

proposed by Kaimal and Finnigan [12]. LDV is also used for characterize the velocity field 

downstream of the source at different positions in order to compare with the velocity field from the 

simulation. The repeatability of the measures and the uniformity of the mean velocity profiles over 

the entire test section (without the model) were verified.  

The reference height (H) that at full scale is Hfs=15 m, has been chosen according to the height of 

the buildings in the industrial area (closer to the source) even if the main part of the buildings in the 

residential area are 10 m height; the velocity at this reference height is UH=5.1 m/s. The Reynolds 

number, Re=UH H/ν and the minimum Reynolds number, Re*=u*z0/ν are 10203 and 259, 

respectively. The dimensionless averaging time is obtained from t
*
= t UH/H, and the time scales: 

t*wt=t*fs are necessary to assure the similarity. Human’s breath period (hbp) is taken into account for 

the posterior analysis, being a hbp between 3 and 5 s and the inhalation between 1 and 2 s.  

Fluidyn-PANACHE is a diagnostic computer model that simulates atmospheric processes related to 

pollution and hazards; it uses 3D computational fluid dynamics methods for computing wind field 

over complex terrains and pollutants dispersion; it is based on RANS for the CFD simulations. This 

model solves the Navier-Stokes equations governing air motion using 3D finite volume techniques. 

A fully implicit NT-unsteady CFD solver is used for wind field computations with unstructured 

mesh. The k-ε turbulence profiles were modelled according to the Han-Arya semi-empirical model 

for neutral regime. Specific models to planetary boundary layer are also considered. Dispersion of 

gases is modelled by solving the full conservation equation governing the transport species of 

concentration [14]. Full scale lengths are used for the simulation (Re= UH Hfs/ν = 5.1×10
6
) within a 

domain sized 850 × 650 ×160 m; the mesh is composed by 1.9×10
6
 cells (Fig. 1, right). Input 

parameters were: site location, surface meteorological data, Monin-Obukhov length, temperature 

scaling temperature ϴ*, wind direction (based on meteorological observation of the zone) and time 

parameters, added to the experimental inputs: wind vertical profile, z0, u*, and source data. This 

later include the flux rate mean value for the steady release and the profile of concentration with 

time for the unsteady release.  

       

Fig. 1: Left, Model placed in the wind tunnel; Right, numerical simulation’s domain and velocity vectors at ground.  

 

The dimensionless reference frame is used for comparison: x*=x/H (downwind), y*=y/H 

(crosswind), z*=z/H (vertical). A large number of monitor points (MP) are situated at different 

downwind distances from the source; even if concentration was measured at various heights from 

floor, this work focuses in results at nose human height (NHH), i.e. 1.5 m at full scale and z*=0.1.  

The emission source is located at the interior of the industrial park, into the zone of containers; this 

is the centre of the model, at ground level (x*=y*=z*=0). The source circular area Afs=100.28 m
2
 

was modelled in the wind tunnel by a circular source 2.26×10
-2

 m diameter located below the test 

section’s floor, where it was connected to the flow control and measurement. Flow rate is controlled 



by a Brooks flow meter and a digital card. Flow rate for the simulation is calculated by 

Qfs/Afs=Qwt/Awt where Qwt=1.6×10
-5

 m
3
/s for the steady releases and a maximum Qwt=4.1×10

-5
 m

3
/s 

for the transient releases. Ethane, C2H6, has been chosen due to the necessary content of carbon for 

the FID measurements and because it is a density-neutral gas. The velocity of ejection was below 

the friction velocity at ground level; hence, there is no excessive flux moment over the source, but it 

is enough to be detected by the FID at the faraway measuring distances. The uniformity of the 

emission on the source was verified by a map of concentrations on the exit cross plane; the 

maximum intensity of fluctuations (σ/cmean) at 1×10
-3

 m of distance of the source plane is 3% within 

the flow range used in the experiments. For the measurements of concentration, the dimensionless 

concentration coefficient is: c*=c∙UH/(Q/A) where c is the mean concentration volume ratio [ppm], 

and c*wt=c*fs should be verified. 

Steady releases have been measured at a sampling frequency of 1 kHz during 66 seconds 

(t*=11220), long enough to reach the mean convergence. For unsteady cases, a release of 4 seconds 

was used (this means above 30 min at full scale and t*=680) followed by a time without release, at 

least 3 seconds long (t*=510); in order to obtain a reliable statistical description of the time 

dependent concentration, each point measure was repeated 120 times. Time dependent ensemble 

averages are used to compare with the numerical results.  

 

 3  RESULTS 

 3.1  Velocity field 
 

Fig. 2: Experimental (markers) and numerical (lines) 

longitudinal velocity at different longitudinal positions. 
 

Four experimental vertical profiles of mean 

longitudinal velocity are presented for 

comparison with its correspondent from CFD 

(Fig. 2) being R the correlation coefficient 

between two profiles at the same x* position. 

It is obtained: Rx*=0=0.994, Rx*=16.7=0.969 and 

Rx*=33=0.997. For the other two components 

of velocity, differences are minimal but more 

noticeable in vertical direction. The velocity 

profiles are quantitatively and qualitatively 

similar before any influence of the buildings 

and even at the position of the source, 

however, downwind the source and once the 

urban buildings are present, it is clear that the 

simulation tends to underestimate the mean 

velocity in the range 1<z*<5 and overestimate 

it in z*<1 despite the high R. The biggest 

difference presents in x*=33, at the 

(experimental) measure point closest to the 

floor, z*=0.2, and is UCFD–Uwt= -1.18 m/s. 

 

 3.2  Concentration field in continuous release 
When WD is SE–E (see Fig. 3) the concentration comparison shows a good agreement, but 

underestimating the concentration (with exception of the MP closest to the source, where is slightly 

overestimated); also, a lower agreement can be observed at farther distances from the source (last 

third of the urban area). In Fig. 3 right, four crosswind lines of MP are compared; the better 

performance of the simulation occurs in the middle zone (11<x*≤22) of the urban area. Differences 

are more important at wind coming from East, which means, a geometrical angle of about 19.5° 

between most of the buildings’ side and the wind direction.    

The correlation coefficient, R, the fractional bias, FB, the normal mean square error, NMSE, and the 

fraction of observations within a factor 2 of prediction, FAC2, are presented for the monitor points, 

which are categorized according to its position in Table 1. The recommendations for a “good” 
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agreement from [15] have been considered. When WD is SE-E and z*=1 the simulation shows a 

very good agreement with wt measures, with only a light overestimation on the mean concentration. 

   
Fig. 3: Case continuous release at WD SE-E; Left, top view of the model on a horizontal plane at z*=0.1. Colorbar is 

the concentration in ppm; maximum value is 1000 ppm. Dot markers are the monitor points. Right, comparison between 

wind tunnel measures (dots) and numerical prediction (continuous lines) for four horizontal crosswind profiles. 

 

For the same WD, at all the other heights, the concentration is underestimated, mainly when 

longitudinal and vertical distances from the source are higher. When WD comes from East, in 

general, the correlation is lower than the other WD; it is found again, the values at higher distances 

are the most affected. Also at this WD, is notable the high random scatter showed by the NMSE in 

the MP closest to the source (x*≤11), where also, most of the concentration values are 

overestimated. The lower agreement between numerical and experimental values at this angle could 

be attributed to the geometrical angle between the buildings and the WD.  

 
Table 1: Model performance in continuous release for the two wind directions. Statistical indices refer to the monitor 

points range specified in the first column. Values exceeding threshold are in bold. 

  WD East (90°) WD South-East East (109.5°) 

Position range No MP 
NMSE 
(<1.5) 

FB 
(<0.3) 

FAC2 
(>0.5) R No MP 

NMSE 
(<1.5) 

FB 
(<0.3) 

FAC2 
(>0.5) R 

All 256 1.242 0.067 0.527 0.780 254 0.303 -0.272 0.564 0.878 

NHH 88 0.256 -0.045 0.546 0.828 93 0.303 -0.272 0.564 0.878 

z* = 0.5 56 0.821 0.059 0.518 0.822 60 0.199 -0.099 0.467 0.938 

z* = 1 64 1.399 0.263 0.484 0.769 27 0.179 0.144 1.000 0.976 

z* > 1 48 1.286 -0.423 0.563 0.675 74 0.508 -0.504 0.730 0.956 

y* = 0 80 1.431 0.106 0.675 0.741 106 0.216 -0.213 0.811 0.934 

3 ≤ x* ≤ 11 98 1.740 0.280 0.225 0.762 99 0.368 -0.035 0.550 0.919 

11 < x* ≤ 22 86 0.074 -0.082 0.709 0.946 100 0.135 -0.301 0.590 0.975 

22 < x* ≤ 33 72 0.260 -0.321 0.722 0.847 55 0.154 -0.353 0.873 0.941 

 

 3.3  Concentration field in a transient release 
In this section, the concentration field for an unsteady release is presented for MP located at NHH. 

For the analysis, the beginning and end of a release are defined by the pressure in the source plenum. 

From the last quarter of duration of the release, the “steady” mean values of pressure (ps) and 

concentration (cs) are taken as reference for further analysis. In Fig. 4 the characteristics’ definition 

of the concentration results are presented.  

Characteristic delta times are defined as: Δt*asc=t*4 - t*3 after the start of the release, the time where 

the concentration is ascending, and Δt*des=t*6 - t*5 after the end of the release, with the concentration 

decreasing. Also, t*3 is related to the distances x* and y* from the source to the MP.  
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Fig. 4: Experimental pressure and concentration signals divided by its steady value. The 5% and 95% of the steady 

values are in dotted lines; the instant where signals cross these 5 and 95 values are marked in squares. The 

dimensionless times studied are: t*1 = pstart > 5% ps ; t*2 = pend < 5% ps ; t*3 = cstart > 5% cs ; t*4 = cstart > 95% cs ; t*5 = 

cend < 95% cs; t*6 = cend < 5% cs  (red lines for pressure and blue ones for concentration). In CFD only t*3 to t*6 exist. 

 

When comparing this characteristic times from the simulation and the experimental, important 

differences are present on Δt*asc, being always longer in the experimental measures by ~3. For 

Δt*des there is a good agreement in the magnitude and low scatter, as reflected in Table 2. About the 

levels of concentration, the reference values (“steady” part) are in good agreement between 

experimental and numerical. 
 

Table 2: Model performance in transient release for the two wind directions. Values exceeding threshold are in bold. 

  WD East (90°) WD South-East East (109.5°) 

Position range No MP 
NMSE 
(<1.5) 

FB 
(<0.3) 

FAC2 
(>0.5) R No MP 

NMSE 
(<1.5) 

FB 
(<0.3) 

FAC2 
(>0.5) R 

Δt*des 48 0.185 0.373 0.833 0.541 46 0.067 0.121 0.978 0.587 

C*ref 51 0.133 0.098 0.804 0.879 47 0.079 -0.164 0.830 0.945 

 

Concentration time series were analysed to obtain information about peak concentrations, their 

duration and strength by means of three parameters, as defined in [7]: a) Intermittency factor [%], 

that is the percentage of the samples during which the concentration is higher than a certain 

threshold, here defined as 0.1% of the concentration in the source; b) Persistence [s], the duration’s 

average of burst (defined as the consecutive time, at least 3 s, during which concentration is higher 

than 0.1% of conc. in the source; and c) 90-percentile, concentration level exceeded in 10% of the 

time. These values consider all the repetitions at each point, on the base of a total time equivalent to 

1.25 times the release’s duration (total time is t*=1020×n repetitions). In Fig. 5 these results are 

shown from a) to c) for the two wind directions at y*=0. a) and b) show how frequent and how long 

can be the exposure to high levels of concentration, out of the sight of the mean values, and c) 

corroborates this, showing that by 10% of the time, instantaneous values can report a maximum that 

doubles or triples the reference value ( 90-perc/cs max=2.94 found in WD SE-E, x*=9, y*=4).  

 
Fig. 5: a) to c) Exp. values of the temporal series concerning the unsteady behaviour of the concentration at y*=0 and 

z*=0.1. d) Cumulated concentration on the averaged cycle. Red lines correspond to WD SE-E, and black ones to WD E. 
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Finally, the cumulative concentration [s] of the experimental averaged concentration cycle is 

defined at each MP. This parameter reflects the time at which a person has been exposed to a 

threshold cumulated concentration, defined here as the 10% of the concentration in the source. For 

this, the concentration cycle is divided in hbp of 5 s (t*=1.7) and only the first middle of the cycle 

(t*=0.85), where the inhalation is possible, is taken into account as sampling time. The average 

concentration is obtained at every sampling time, and is integrated on time, until the defined 

threshold concentration is reached. From this analysis, the positions presenting the shortest times to 

reach the cumulative concentration value are considered the most dangerous. In the profile y*=0 

(see Fig.5) there a simply tendency is seen: the closer to the source, the more dangerous situation. 

However, there are also some locations, as x*=6 where the concentration is highly altered by the 

wind direction, due to the position of the buildings and the shelter they can provide. In Fig. 5 a) and 

b) the difference between the two curves are a good example of that. This situation is not 

appreciable in c) since the threshold value was never reached at WD E over the defined total time.  
 

 4  CONCLUSION 
The dispersion characteristics of steady and unsteady releases have been studied in a wind tunnel 

and compared with prediction from a CDF software. Fluidyn-PANACHE dispersion model has been 

satisfactory used to estimate the dispersion of a passive tracer from an area source over the urban 

area, even if it showed different levels of agreement, depending on the wind direction. From the 

study of the unsteady behaviour of concentration, data about the exposure to peaks of concentration 

at human height were exposed. The ratio between the 90 percentile and the reference value showed 

to be higher, up to a factor of 3 for this wind conditions and area source. 
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ABSTRACT: Deciding on an adequate model scale is a fundamental task of every wind tunnel 

project. If the scale is selected and the corresponding approach flow conditions have not been 

modeled in the wind tunnel yet, a sufficiently accurate boundary layer flow must be developed 

following at least the quality standards defined in the VDI 3783/12 guideline. What was expected to 

be a relatively simple task, at the end required more than two months of extensive testing of more 

than 100 different combinations of spires and floor roughness elements. Along the testing, new 

ideas for tuning the shape of spires or arranging existing roughness elements were developed.  

  

 1  INTRODUCTION 
Wind tunnel data are used in a wide range of applications. On the one hand, experimental results are 

used as reference in order to validate numerical models (Hertwig et al (2012), Janssen et al (2017)). 

On the other hand, they allow dispersion processes, for instance of individual gas clouds to be 

characterized (Harms (2010)). Furthermore, wind tunnel data are utilized to analyse pedestrian wind 

comfort (Watanabe et al (2016)). Last but not least wind tunnel data are combined with field 

measurements (Lui et al (2009)) in order to get a deeper insight in complex flow and dispersion 

phenomena within the lower atmospheric boundary layer. For all these cases it is necessary to 

model an atmospheric boundary layer flow in reasonable agreement with conditions found in the 

real atmosphere. In the VDI guideline 3783/12 references are provided how a modeled boundary 

layer flow should look like. 

For the BMBF-Project “Urban Climate under Change” ([UC]²-3DO (2016)) a tunnel model for 

Hamburg in a scale of 1:500 had to be investigated. Since a similar urban boundary layer flow at 

this specific scale was not modeled in the Wotan facility before, a new boundary layer setup had to 

be created.  

Firstly, a very short description of the overall research project will be given. Then the reference 

standards as defined in the VDI 3783/12 guideline will be presented. Afterwards the influence of 

changing turbulence generators and floor roughness elements for boundary layer generation will be 

illustrated. The paper is concluding with a brief summary of results and an outlook for further 

investigations.  

 

 2  METHODOLOGY 

 2.1  BMBF-Project “Urban Climate under Change” 
In the BMBF project “Urban Climate under Change” ([UC]²-3DO (2016)) a comprehensive LES-

based urban climate model is intended to be developed, which is supposed to resolve parts of a city 

at resolutions of meters rather than decameters. For the validation of this model, high resolution 

reference data are necessary. Therefore, extensive field measurement campaigns will take place in 

the cities of Hamburg, Berlin and Stuttgart. Furthermore four physical models will be created. For 

the first wind tunnel model an area in the Hamburg HafenCity was chosen. It was decided to use a 

scale of 1:500 in order to cover a sufficiently large area of the HafenCity surrounding the location 

of corresponding field measurements. Since at this scale no urban structures have been modeled yet 

in the Wotan wind tunnel facility of the University of Hamburg, it was necessary to develop a new 

boundary layer setup. 

  

 2.2  Reference parameters from VDI 3783/12 Guideline 
The VDI guideline defines four different classes for the roughness of a boundary layer flow, 

representing four classes of surface conditions. The range covers flow above smooth ice or snow up 

to very rough class flow conditions above inner-city structures. For this project the suburban and 



Physmod 2017 – International Workshop on Physical Modelling of Flow and Dispersion Phenomena 
Dynamics of Urban and Coastal Atmosphere – LHEEA - École Centrale de Nantes - France 
23 - 25 August 2017 

urban areas are relevant, correspondingly the rough to very rough flow conditions are relevant. The 

power law exponent α of the wind profile and    are used to characterise the surface flow 

conditions. The roughness length is derived from the logarithmic wind profile, defined as: 

 

The power exponent is defined as: 

 
While       is the mean velocity at a given height z,    denominates the friction velocity,   is 

representing the von Karman constant and    specifies a possible zero plane displacement.      is a 

chosen reference wind speed measured at a reference height      (VDI ( 2000)). 

In VDI 3783/12 the range for α for suburban terrain is specified as 0.18-0.24 and the corresponding 

   0.1 … 0.5 m. Inner city is characterized by α = 0.24 … 0.4 and a    = 0.5 … 2 m. 

Another parameter defining the roughness class of an atmospheric boundary layer flow is the 

turbulence intensity. Turbulence intensity I is the quotient of the standard deviation    and the mean 

velocity      : 

  
In addition to the described very basic wind flow characteristics, VDI 3783/12 specifies additional 

reference parameters to be replicated sufficiently accurate in order to ensure model results to be 

transferred to full-scale conditions. 

 

 3  RESULTS 

Peeck (2011) analyzed data from the Hamburg Wettermast. The Hamburg Wettermast (2017) is 

located approx. 7km southeast of the HafenCity area and provides vertical wind profile data up to 

height of 280 m above ground. It was found, that the predominant wind direction in Hamburg is 270 

degrees. For the Prandtl-Layer an α of 0.27 – 0.3 is calculated for this wind direction. For all wind 

directions α is varying between 0.22 and 0.37. This is indicating that the boundary layer flow above 

the city of Hamburg is in between the rough and the very rough VDI class. 

Consequently a boundary layer set 

up for a rough or very rough VDI 

class was intended to be modeled. 

 

 3.1  First attempt  
As a starting point the model 

boundary layer applied by Harms 

(2010) at a scale of 1:300 tested. 

Because the scale of the HafenCity 

model differs slightly only (1:500), 

the existing spires/roughness 

configuration was intended to be just 

optimized. For instance the spacing 

between the roughness elements was 

reduced and smaller roughness 

elements were chosen intuitively. 

After an additional change of the 

turbulence generators, a boundary  

layer with α = 0.22 and turbulence 

intensitys for    and    within one 
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Fig. 1: Turbulence intensity    and    for the second attempt. 
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roughness class was achieved. shows 

corresponding turbulence intensity 

profiles. The height is given in full-

scale dimensions. A confidence 

interval of ±2% was calculated from 

30 repetetive measurements and is 

indicated by the scatter bars. The plots 

indicate the roughness classes as 

defined in the VDI guideline. A solid 

line indicates the lower bound of the 

slightly rough area, a dashed line 

marks the moderately rough range 

bound and a dashed-point line forms 

the lower bound of the rough range. A 

dotted line is indicating the lower 

bound of the very rough class. 

Apparently,  a suitable boundary layer 

was found. 

Unfortunately the corresponding    of 

0.69 was to large and some potential  

for improving the ratio of turbulence 

intensities was found. So, the decision 

was to apply ‘just one more change’ of 

the boundary layer setup. 

 

 3.2  Influence of the 

turbulence generators/ spires  

In order to reduce the   , smaller 

‘feet’ of the spires were tested. 

Surprisingly, no substantial influence 

on    was observed but the change 

reduced the turbulence intensity levels 

   and   . Hence, it was decided to 

systematically test the influence of 

turbulence generators on the flow 

characteristics in general. In  

Fig. 2 just one exemplary turbulence 

generator is drafted. The shape of a 

turbulence generator can be varied by 

changing the height, the width or 

respectively the angle of the spire. 

Furthermore the number of spires can 

be changed. Increasing the number of 

spires without changing their shape 

increases the blockage the inflow is 

exposed to. This may affect mean 

wind speed as well as turbulence of 

the modelled flow. In the left graph of 

Fig. 3 9 spires were utilized whereas 

in the right plot 10 spires of the same 

shape were tested. Results indicate 

that in the lower region of the flow the 

 
Fig. 2: Example of a turbulence generator 

 
Fig. 3: The left figure shows the turbulence intensity    for 9 spires and the 

left one for 10 spires 

 
Fig. 4: The left figure shows the turbulence intensity    for turbulence 

generators with 9.5 degree angle and the left one for a 4 degree angle 



Physmod 2017 – International Workshop on Physical Modelling of Flow and Dispersion Phenomena 
Dynamics of Urban and Coastal Atmosphere – LHEEA - École Centrale de Nantes - France 
23 - 25 August 2017 

 

Fig. 5: Step-shaped feet in front and slope 

feet behind 

 

Fig. 6: Second pair for comparison between 

step-shaped feet and slope feet 

 

change of spires does not have a substantial impact, but above 50m height above ground the 

turbulence intensity    is increasing as result of the additional blockage. In contrast to the 

increasing       is decreasing from 0.27+/-0.017 to 0.145+/-0.018 m. However, this effect can also 

depend on the ‘relative roughness change’ between the floor roughness and the ‘roughness’ 

introduced by turbulence generators. 

Fig. 4 shows a comparison measured turbulence intensities for turbulence generators with an angle 

of 9.5° and a height of 149mm (model scale, left plot) and spires with a smaller angle of 4° and a 

height of 180mm (model scale, right plot). It becomes apparent that the w component of the 

turbulence intensity is very sensitive to the tip angle of the spires. At higher elevations the flow is 

significantly more turbulent for spires with a larger angle. Furthermore a distinct change in flow 

roughness can be seen in the    plot with the larger angle in the height range between 50 and 100m 

above ground full-scale. This is indicating a mismatch of the floor roughness and the corresponding 

turbulence generators. In this case, a meaningful    could not be calculated.  

 

 3.3  Developing an improved spires feet design  
After recognizing the big influence the angle had on the turbulence intensity, the spire design was 

modified. In order to reduce turbulence intensity triggered at the feet of the spires, a step-shaped 

contour was introduced to the feet. The intention was to break up large scale turbulent structures, 

while maintaining sufficient blockage at the inflow area to achieve the desired roughness length. In 

Fig. 5 the different step-shaped turbulence generator feet are illustrated. The red spire feet in the 

back provide the common slope whereas the front ones are designed with steps. Both are starting 

with the same width on the floor reach nearly the same height. Fig. 7 shows the results for the two 

different feet configurations. In the left diagram the turbulence for the slope-feet is plotted, the right 

plot shows results for the stepped design. In the middle range of heights results look nearly the 

same, but at heights above 150m full scale the conventional feet seem to develop higher turbulence 

intensities. The differences found in the lower part depend on the floor roughness configuration. 

  

The next logical step then was to look how big the differences are, if the step size changes. As it can 

be seen from Fig. 6 both feet are fairly similar. Thus, the results presented in Fig. 8 show very small 

differences only, which are within the range of measurement uncertainty and repeatability of results. 

Also, no major differences were found for other boundary layer flow parameters. Further systematic 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: The right figure shows the turbulence intensity    for the slope-

feet and the left one for step-feet 
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investigations are needed to justify 

the effect of the step size in the 

improved spires design. 

 

 3.4  Further improvement 

and the final boundary layer 

configuration 

While improving the model 

boundary layer characteristics, also 

the floor roughness was changed. In 

the Wotan facility L-shaped 

aluminium profiles are attached to 

the floor by means of magnetic tape. 

This enables the roughness elements 

to be placed freely in any desired 

distance. The available roughness 

elements provide width to height 

ratios (W/H) of 1:1, 1:2 and 3:5. 

After several changes it was found 

out that the tall roughness elements 

are too big for modelling a boundary 

layer flow at the scale of 1:500. In 

order to reduce the along-wind 

blockage through the big roughness 

elements while keeping tall 

roughness elements the elements 

were turned by 90 degree. This 

reduced the W/H ratio to 1:20. The 

first test configuration already led to 

a big improvement of turbulence 

characteristics near the ground. The 

relation between the standard 

deviation of velocity variances and 

corresponding    and    dropped 

significantly, approaching realistic 

ratios. Further improvement of the 

turbulence intensity ratio was 

achieved by systematic tuning of the 

floor roughness configuration. An 

example of a floor roughness setup 

with both ‘turned’ and ‘normal’ 

roughness elements can be seen in 

Fig. 9. 
 

After two month and more than 100 

tested configurations the boundary 

layer setup which is shown in Fig. 9 
was chosen. In Fig. 10, as one of the 

major target quantities the final 

turbulence intensities are shown. 

Compared to the first attempt Fig. 2 

 

Fig. 8 The right figure shows the turbulence intensity    for the slope 

feet and the left one for step-feet 

 

 

Fig. 9: Final setup of floor roughness and turbulence generators 

 

 

Fig. 10: Final turbulence intensity    and   . 
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the measured turbulence intensities are consistently closer to the lower bound of the rough boundary 

layer classification of the VDI Guideline. The power lay exponent is 0.21 corresponding to a rough 

boundary layer flow. For the corresponding roughness length   , a value of 0.56 m is calculated, 

which is slightly above the expected value. Furthermore the lowest value for the relation between 

the standard deviation of    and    is 0.59. In the new boundary layer setup not all parameters are in 

perfect agreement with full-scale values, but parameters consistently belong to rough to very rough 

class of boundary layer flows. Compared to the data from Hamburg Wettermast with the power law 

exponent is slightly smaller than expected, but suitable for a boundary layer for the HafenCity 

model area.  
  
 4  SUMMARY AND CONCLUSION 
As widely known, there are (too) many ways to change a boundary layer flow characteristics in 

order to match a certain model scale. Even two months of preparational measurements was not 

enough time to systematically test all possible spires/roughness configurations. Nonetheless, it 

could be shown that the angle of the spires and the spire feet have a major impact on the turbulence 

intensity in the modelled boundary layer flow. 

In addition the blockage of the inflow was found to be a very important factor. Increasing blockage 

can result in higher turbulence but too much blockage acts converse by reducing levels of 

turbulence intensity again.  

 

Two new ideas for a more delicate tuning of boundary layer flows were introduced: 

1. Step-shaped feet: The intention was to get turbulence intensities where    and    are both 

close to the some bound of the VDI classification. After realizing that a smaller tip angle of 

spires is decreasing the gap between    and   , spire feet with steps were introduced.  

2. Turned roughness elements: The idea was to reduce the blockage in the wind direction but 

not reducing the height of the elements, by simply turning the roughness elements by 90 

degree. A measurable improvement of boundary layer characteristics was found as well.  
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Abstract: This paper presents some ongoing activities performed at ONERA Lille to study 

atmospheric flows, using both experimental and numerical approaches. Their applications for 

practical end-user needs are shown through three examples. The first one deals with the 

experimental modelling of atmospheric boundary layer in a large low-speed windtunnel. Then, the 

experimental methodology to study the dispersion of pollutant and plume from an exhaust is 

presented. Finally, the simulation results of the complex flow field in and around an urban area are 

shown.  

 

 

 1  INTRODUCTION 

Atmospheric flows are encountered in a wide variety of situations, and from an engineering point of 

view their modelling is of great interest. Since the 50’s, ONERA Lille has a great tradition of study 

in atmospheric flows, ranging from naval to building aerodynamics. This historical activity has 

strongly evolved, the needs being different; the physical approaches and tools used to answer them 

have therefore evolved accordingly. For instance in naval aerodynamics, one can observe an 

increase of the impact of the ship environment on its operability. Indeed, while pollution of decks 

stays a concern, the “pedestrian comfort” of passengers during their moving on board is a more 

recent concern, along with the potential interaction with ship instrumentation and emerging 

electronics. In terms of flow characterization, this requires finer and more quantitative probes in 

windtunnel activities [1]. In the area of new architectural landscapes in growing cities, the demand 

evolves similarly, as for the characterization of the flow field influenced by large avenues and new 

construction sites. Likewise, the impact of plumes from a chimney or stack on a building is getting 

more and more interest in the community due to greater environmental concern. Finally, the 

emerging use of UAV requires a particular attention for modelling the atmospheric flow where they 

are evolving. For instance, new controllers for UAV must take into account the turbulent nature of 

atmospheric boundary layers to help their autonomous navigation system. In this domain, more 

physical investigations are currently studied for such flow within the scope of UAV guidance [2]. 

This paper presents an overview of the ongoing activities performed at ONERA Lille center to 

study atmospheric flows. The approach uses both numerical and experimental tools. Their 

applications for practical end-user needs are shown via three examples. The first one deals with 

experimentally reproducing marine boundary layer profile in windtunnel. A second example 

proposes the current experimental methodology used for studying plume dispersion. Lastly, a 

numerical study using Lattice Boltzman Method (LBM) [3] is shown to simulate complex flow 

field in and around an urban area for UAV guidance purposes. 

 

 2  Test facilities to study atmospheric boundary layer flows 

The ONERA Lille center has several research-based facilities, along with two low-speed 

windtunnels, namely L1 and L2. The L1 windtunnel is the historical facility of the center. It has 

been built in 1934 and upgraded in 1980 (Fig. 1). It’s a low speed wind tunnel of Eiffel type with a 

return corridor. The test section is circular and has a diameter of 2.4 m and a length of 2.4 m too. 

It’s powered by a 650 kW electric motor operating at variable speed using a frequency converter. 

The maximum flow velocity is 75 m/s. The turbulence level is about 1.3 % on the 0 to 1,000 Hz 

bandwidth in open test section. The critical Reynolds number of the sphere (100 mm diameter) is 

287,000. The low part of the test section can be equipped with a floor simulating the free surface of 
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a sea or ground. The second large low-speed windtunnel of the center, L2, was put into service in 

1968, enlarged and completely renovated in 2002 and 2014 and continuously upgraded ever since 

(Fig. 2). The L2 wind tunnel is located in an industrial hall of 725 m² which forms the return 

corridors of the facility. The test section is closed and rectangular, 6 m width and 2.4 m height, 13 

m long. Upstream of the test section, the wind tunnel is equipped with a collector based on a quarter 

of ellipse of 2.5 m of length and 1.5 m of height conferring a total coefficient of shrinkage of 9. 

Downstream, a diffuser makes the junction to fans. The flow is driven by 18 electric engines, 

individually controlled, for a total power of 125 kW. Flow velocity is continuously adjustable up to 

19 m/s. A turntable setup of 5.96 m in diameter allows the azimuthal adjustment of models mounted 

on the floor. Hung up to the ceiling, a 3 axis computer controlled traverse kinematics is used to 

move probes. 

 

  

Fig. 1: Aircraft carrier model in L1 windtunnel, featuring 

a naval boundary layer grid. 
Fig. 2: Flow around building in L2 windtunnel. 

 

 3  Experimental boundary layer modelling 

In this section, a specific apparatus is presented to experimentally simulate an atmospheric 

boundary layer in L1 or L2 ONERA windtunnel. For either the wind ashore or over the ocean, the 

wind sweeps over the ground in a thick boundary layer. This boundary layer creates a velocity 

distribution (1) with respect to height above the surface that obeys the approximate relationship [4]: 

 
𝑈𝑧

𝑈ref
= (

𝑧

𝐻ref
)

𝑛

 (1) 

where Uz is the wind velocity at height z above the surface, Uref is the wind velocity at height Href 

above the surface - Href is usually taken equal to 10 m, and n is a constant that varies between 

0.118 and 0.150 depending on the local wind characteristics.  

 

 

Fig. 3: Experimental atmospheric velocity profile (squares) compared to the theoretical profile. 

To take into account this velocity distribution in a windtunnel experiment, the most common 

solution is to introduce blockage in the airstream upstream of the model, which will create a similar 

velocity distribution in the test section. To do so, the apparatus consists in a tubular grid non-
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uniformly distributed between the floor and roof of the tunnel completed with a roughness 

distribution on the floor if needed. The distance between the slats is set to simulate the appropriate 

boundary layer growth with respect to the classical law (1). The distributions of velocity and 

turbulence levels in the vicinity of the model are measured prior to testing to ensure that they match 

the full scale atmospheric boundary layer to the extent required for the objectives of the 

experiments. 

 

 4  Plume measurement in windtunnel 

In this second end-user application, the dispersion of pollutant and plume is experimentally studied. 

The final application shown here is that of a ship exhaust but the methodology can be directly 

related to plume from a chimney or stack on a building. Indeed, in each case the dispersion is 

influenced by the location of the pollutant source with respect to surrounding obstacles. The exhaust 

gases are usually at high temperature (especially for gas turbine) and can contain corrosive 

combustion by-products that need to be dispersed far from the ship. The plume can affect operation 

of the ship by obscuring vision, asphyxiating the crew, creating high temperature area around 

electronic antenna, recycling into fresh air intakes. A useful review of the smoke nuisance problem 

on ships has been compiled for references up to 2005 by Kulkarni et al [5]. Today, the simulated 

exhaust needs to obey certain scaling laws for the test to be meaningful [6]-[9].  

For windtunnel experiment, the design of the ship model is done so that its geometry is similar to 

the full scale ship. As a direct result, the angle of exhaust gas velocity is conserved between the 

model and full scales. If a relative insensitivity to Reynolds number is assuming for the wind 

velocities usually encountered in atmospheric boundary layers, the following dynamic similarity 

parameters should be conserved: 

 Initial plume momentum:  𝜌exhaust𝑉exhaust
2 𝜌air𝑉ship

2⁄  (2) 

 Plume mass flow rate: 𝜌exhaust𝑉exhaust𝐷
2 𝜌air𝑉ship𝑆ref-ship⁄  (3) 

 Plume buoyancy:  (𝜌air − 𝜌exhaust)𝑔𝐷 𝜌air𝑉exhaust
2⁄  (4) 

 

In practice, it is difficult to simultaneously respect the conservation of the 3 groups. However, 

according to the test conditions, initial plume momentum (2) is the most significant one. Indeed, 

assuming the similarity of densities and the geometric representativeness, the initial plume 

momentum (2) and the plume mass flow rates (3) are respected if: 

 
𝑉wind tunnel

𝑉model exhaust
=

𝑉ship relative wind

𝑉ship exhaust
 (5) 

 

Assuming the similarity of densities, the respect of the plume buoyancy (4) leads to the Froude 

similarity: 

 𝐹𝑟 = √
𝑉2

𝑙𝑔
 (6) 

where V is the exhaust velocity, l is the diameter of the chimney, and g is the acceleration of 

gravity. Note that the Froude number can be related to the Richardson number since 𝑅𝑖 = 𝐹𝑟−2. 

For practical consideration, it should be pointed out that the buoyancy forces are small with respect 

to the momentum forces and thus will have a minimal effect on the near field dynamics of the 

plume/ship flow interaction, although buoyancy will have a significant effect on the plume motion 

far from the ship. 

As for the pollutant dispersion, it is the turbulence embedded in the lower layers of the atmospheric 

boundary layer that is responsible of the dispersion mechanism. Considering the mixing of the 



Physmod 2017 – International Workshop on Physical Modelling of Flow and dispersion Phenomena 
Dynamics of Urban and Coastal Atmosphere – LHEEA - École Centrale de Nantes - France 
23 - 25 August 2017 

gaseous pollutants, one must first focus on the “carrier gas”, which is essentially considered through 

its mass. The other gaseous polluting products follow in principle the carrier gas in its motion. This 

holds for solid pollutants that have typical diameter lower or equal to 20 μm; bigger particles settle 

prematurely on the ground.  

The determining physical parameters to take into account in an experiment are the temperature of 

the gaseous effluents and the ratio of the smoke ejection velocity Vf to the meteorological wind 

velocity Vs. This ratio will dictate empirical rules for chimney design. Depending on this 

parameters, extra plume heights from several meters to several tens meters can be reached. 

Moreover, the presence of obstacles near chimney can have a considerable influence on the 

dispersal of effluents. Since the wake of the chimney constitutes itself an area of low pressure and 

vortex dominated flow which catches effluents, this phenomenon are responsible for instance in the 

blackening and the corrosion of the sides of the chimney. Therefore, several empirical laws set the 

rules to recommend a ratio Vf/Vs from 2 to 2.5. This means that the ejection velocity of gases must 

be superior to 20 m/s to be able to escape from the turbulent wake of the chimney.  

Once the similitude is respected, experimental measurements usually consists in studying the flow 

field behavior and the plume dispersion characteristics. This can be performed using smoke with 

laser sheet and recorded pictures for qualitative results, while concentration and temperature 

measurements are collected at specific points for more quantitative results. 

 

 

Fig. 4: Visualisation of exhaust plume from aircraft carrier test model. 

 

 5  Numerical simulation of an urban flow field 

Finally, some numerical tools are presented in the paper to simulate complex flow field in and 

around an urban area. The methodology presented is based on Lattice Boltzmann Method [3]. This 

technique is receiving more and more attention in the community due to some of its key features: 

handling of complex geometry using immersed boundary condition method, unsteady nature of the 

scheme giving ride of time convergence and providing time-variant response of the flow field. Here, 

the flow field in a village is simulated for one wind condition. The urban site considered is the 

Caylus village in the South West of France. It is comprised of 10 houses of approximately 3.5 x 4.5 
x 10 m

3
. The dominated wind comes from the N/N-O, over a large field without vegetation. This 

facilitates the numerical setup by imposing a constant atmospheric boundary layer of low rugosity 

at the inlet of the domain. The reference velocity is set to 3 m/s. The vegetation around the 

buildings is here considered as non-porous, although a sensitivity analysis on this parameter will be 

done in the future. The simulation domain is cut into successive refinement volumes. The smallest 

size is set to 0.05 m and the time step is equal to 8.41334e-5 s. At the end, results are averaged over 

the last 100000 time steps, corresponding to 8.5 s of physical time.  

The results show the different flow topology that can be encountered in such confined urban areas: 

detached flows and separated regions behind houses, longitudinal vortices from front angles, wake 

mixing between houses, accelerated regions along streets and so on (see Fig. 5). The analysis of 

such complex flow field is of great interest for small UAV navigation for instance [2]. Fig. 6 
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presents isosurfaces of mean vertical velocity equal to -1 m/s and +1 m/s. Such representation 

shows the potential dangerous zones for a small UAV where it can face large ascendant or 

descendant winds it will not be able to sustain. Similarly, the numerical results can show the regions 

of large fluctuation velocities (hence turbulent activity) that small UAV must avoid.  

In the near future, these numerical results will be compared to experimental results, coming from a 

test campaign that will be conducted in the L2 windtunnel presented above.  

 

  
Averaged velocity contour map at mid-height of the buildings 

 

 
Iso-surfaces of vertical velocity 

 

 
Iso-surface of vorticity colored by the averaged velocity 

 

Fig. 5: Flow field around a village. LBM simulation results. Red arrow indicates the upstream wind direction. 

 

 

 6  CONCLUSION 

This paper presents some ongoing activities performed at ONERA Lille to study atmospheric flows, 

using both experimental and numerical approaches. Their applications for practical end-user needs 

are shown through three examples.  

The first one presents the experimental technique used to simulate an atmospheric boundary layer to 

study a vessel facing a marine boundary layer in our L2 windtunnel. A specific grid is setup at the 

beginning of the test section. The distance between the slats are set to simulate the appropriate 

boundary layer growth with respect to the classical power law.  

Next, in a second end-user application to study the dispersion of pollutant and plume from a ship 

exhaust, practical considerations are considered. In this study it is the Richardson number that is 

considered for the similitude. This number dictates the hot gas mass flow and temperature that are 
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released from the ship exhaust. The presence of the ship superstructure near the chimney can have 
noticeable influence on the pollutant dispersion. Such apparatus is easily transposable to study the 

plume from a chimney or stack on a building which is also influenced by its location on the 

building and any other surrounding obstacles. 

Finally, some numerical tools are presented in the paper to simulate complex flow field in and 

around an urban area. The methodology presented is based on Lattice Boltzmann Method. The 

results show the different flow topology that can be encountered in such confined urban areas: 

detached flows and separated regions behind houses, longitudinal vortices from front angles, wake 

mixing between houses, accelerated regions along streets and so on. The analysis of such complex 

flow field is of great interest for small UAV navigation for instance. In the near future, these 

numerical results will be compared to experimental results, coming from a test campaign that will 

be conducted in the L2 windtunnel presented above.  
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ABSTRACT: There is a demand for improved predictability of wind interactions with 

complex terrain; however investigations have been oriented to speed-up predictions. Numerical 

modelling has become the primary tool in simulating such flows but effects of orographic structures 

on flow turbulence are not fully understood and often not sufficiently resolved, thus constraining 

prediction accuracy. The current research project aims to provide an improved understanding of 

three-dimensional terrain-induced flow turbulence through extensive physical modelling 

campaigns, particular emphasis given to the analysis of the influence of individual geometric 

parameters. A detailed overview of the modeling campaigns is presented and preliminary results are 

discussed. 

     

 1  INTRODUCTION 

The Atmospheric Surface Layer (ASL) roughly corresponds to the lowest 10% of the Atmospheric 

Boundary Layer (ABL), constituting the active link for atmosphere/surface interactions, and is 

characterized by strong flow parameter gradients over short distances, resulting in significant 

uncertainties [1]. With regard to flat surfaces or urban areas, this effect is strongly amplified for 

complex terrain flows and efforts have been made in understanding ASL flow behavior over 

topography [2]. With the continuous improvement of computational capabilities, enabling larger 

study domains and higher grid resolutions, numerical modeling has become the main tool in 

providing complex terrain flow predictions and has the advantage of being the quickest and most 

cost-effective modeling approach. Different numerical modeling approaches have been applied, 

ranging from simplistic linear numerical models to more complex Computational Fluid Dynamics 

(CFD) models, the latter providing a wide variety of available turbulence closure methods which 

have been found to lead to very distinct results with no clear indication to which closure models are 

the most suited to complex terrain studies [e.g. 3, 4]. Of the available Literature, numerical 

modelers report good agreement with the experimental data from field or wind tunnel measurement 

campaigns but model performances have been found to decrease at heights closer to the surface 

[e.g. 5].   

Motivated primarily by wind energy applications, the large majority of complex terrain flow 

investigations have been predominantly focused on modeling the effects of topography on the wind 

speed-up over crests, however very little attention has been given to quantifying terrain effects on 

the individual three-dimensional (3D) components of flow turbulence [6]. Quantifying the accuracy 

of numerical predictions is hindered by a lack of qualified validation data from field measurements, 

which have been scarce due to high costs and logistical issues that are common in field campaigns 

and limit them to very short periods. Among the most relevant and extensively studied field 

campaigns were those performed at the hills in Askervein (Scotland) and, more recently, Bolund 

(Denmark), again more focused on providing speed-up predictions rather than in-depth analyses of 

individual components of turbulence [7,8]. The scarcity of validation data from field measurements 

has been tackled through the physical modeling of idealized terrain features, which date back to 

when before meaningful field campaigns were possible and theoretical predictions required 

experimental backing. However, the large majority of these were focused on two-dimensional (2D) 

single hills with high levels of symmetry [e.g. 9]. 

With the main aim of providing more detailed analyses of how complex terrain influences 

atmospheric flow turbulence in the ASL, the current research project involves extensive physical 
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modeling campaigns in the Environmental Wind Tunnel Laboratory (EWTL) of the University of 

Hamburg. The research aims to deliver an improved understanding of how different ridge and 

valley structures, transitions and aerodynamic roughness affect local flow turbulence, not only in 

terms of turbulence intensity but also turbulent fluxes, scales and corresponding spectra. When 

relevant, this will include systematic parameter variation of the geometric parameters that are 

expected to be most influential on the flow, such as terrain feature slopes, lengths (L) or 

heights/depths (H). The limits of upwind and downwind terrain influence on turbulence will also be 

evaluated. With a view to bridging the gap between experimental and numerical complex terrain 

flow modeling procedures and results, the feasibility of classifying characteristic orographic 

structures according to flow turbulence will be analyzed. Additionally, the obtained datasets will be 

made available to the numerical modeling community through the EWTL’s CEDVAL-LES 

database, thus providing experimental validation data for numerical complex terrain models.  

  

 2  METHODOLOGY 

The experimental work is divided into two major campaigns: A lower terrain complexity campaign 

(hereafter designated as Campaign A), which is currently underway and is focused on idealized 

single terrain features, and a higher complexity campaign (designated as Campaign B), part of 

which has been performed, is dedicated to evaluating flow turbulence parameters associated to real 

terrain regions.  

Campaign B considers real regions of grouped terrain features with high geometric complexity at a 

scale of 1:1750, the smaller scale being imposed by the dimensions of the wind tunnel, and intends 

to evaluate the effects of transitions between different terrain features on the flow turbulence as well 

as investigating how different levels of model detail or grid resolution can affect the flow. The 

desired study regions for the campaign correspond to common German landscapes and the first 

model, concentrated on an area of the northwestern Hainich National Park in western Thuringia 

(central Germany), has been modeled. The model domain, displayed in Figure 1, has a longitudinal 

extension of 3.5 km in the main flow direction (x) and comprises a primary ridge of approximately 

230 m height and a U-shaped, horizontally meandering valley located upwind from the ridge, as 

well as several descending smaller V-shaped valleys on the ridge flanks [10]. With the aim of 

evaluating the influence of the grid resolution on the resulting flow turbulence data, the region was 

modeled twice: One smoothened model with a horizontal full-scale resolution of 1147.7 x 1147.7 

m
2
 and a detailed (complex) model with a 7.5 x 7.5 m

2
 resolution [10]. From the obtained results, it 

can be concluded from preliminary findings for the modeled site, that for ridge/hill crests the mean 

flow characteristics are practically independent of the applied surface resolution but for valleys the 

different resolutions provide very different results. It can also be concluded that the terrain 

structures have a stronger effect on the flow turbulence than the surface roughness. More 

importantly, the applied geometric model scale (1:1750) is too small to allow fully resolvable 

instantaneous components of the flow turbulence due to the terrain structures, as well as an 

adequate understanding of which of the observed flow effects can be credited to each individual 

landform of the domain. 

In order to provide a better understanding of how complex terrain influences 3D turbulence, the 

findings from Campaign B demonstrated the requirement for further investigations at a larger scale 

and a lower terrain complexity. This is expected to be achieved with Campaign A, focused on the 

experimental study of flows over single idealized terrain features, establishing lower geometric 

complexity cases, at the larger scale of 1:1000. As well as addressing the issues already identified 

from Campaign B, described above, this campaign also aims to establish the limits of influence of 

individual landforms on turbulence upwind and downwind from their locations. Oppositely to the 

complex real terrain features, the idealized geometries also have the advantage of providing greater 

data transferability to similar terrain types. This approach is also expected to enable the analysis of 

the effect of specific individual terrain parameters on the flow through systematic variation, which 

can provide an improved general understanding of which geometric parameters (such as ridge 
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slopes or heights) exert larger effects on the flow turbulence components.  

  

 
Fig. 1: Model domain of the northwestern Hainich National Park region [10], highlighted in black (Left) and a 

downwind view of the detailed physical model (7.5 x 7.5 m
2
 full-scale resolution) placed in the wind tunnel (Right). 

Serving as foundation for the ridge investigations four 3D ridges, two symmetric and two non-

symmetric of identical shape (aspect ratios of L/H=3.46 and 5.94, respectively) but with varying 

heights (H=80 and 200 m) are studied. As displayed in Figure 2, the base symmetric ridge models 

have upwind/downwind slopes of 30
ᵒ
 whereas the non-symmetric counterparts are built with a 

gentle slope of 10
ᵒ
 and a steep slope of 75

ᵒ
. Depending on the outcome of the obtained data analyses 

other ridge geometries, resulting from the aforementioned individual systematic parameter 

variations, will be investigated. In order to supply adequate data to enable a comprehensive 

evaluation of which between topography and surface roughness effects are dominant on flow 

turbulence, a flat terrain model acts as a reference case. 

 

 
Fig. 2: Cross-sectional schematic views, in a vertical plane parallel to the main flow direction, of idealized symmetric 

ridge with an aspect ratio of L/H=3.46 (Left) and idealized non-symmetric ridge with an aspect ratio of L/H=5.94 

(Right). 

With a view to enable direct data comparison and consistency, the idealized 3D valleys, to be 

modeled at a later stage, are to be constructed from the assembly of the same geometries (and 

consequently aspect ratios) as the idealized ridges. This will provide data for U- and V-shaped 

valley types, for which individual parameters such as valley depths (H) and lateral widths can be 

systematically varied. 

   

 2.1  Experimental setup 

The experimental campaigns are performed in the WOTAN environmental wind tunnel facility at 

the EWTL, a closed test section/open return wind tunnel operated in suction mode with a test 

section of 18 x 4 x 2.75-3.25 m (adjustable ceiling height). The model section of the wind tunnel is 

equipped with a turntable with a diameter of 3.5 m, thus enabling flow modeling for different 

incoming wind directions. The requirement of potential wind direction variations was taken into 

account when selecting the dimensions of the models used in Campaign A, however due to the size 

of the model domains inflow wind directions cannot be varied for the models of Campaign B. A 

neutrally stratified ABL is grown through the combination of either a trip barrier or spires, 

depending on the applied model scale (or the corresponding experimental campaign), and an 

approximately 10 m long fetch of rows of metallic chains of different diameters (maximum 

H 

L L 
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diameters of 4 and 6 mm) placed on the wind tunnel floor. These are also spaced differently 

according to the applied model scale, acting as increased artificial surface roughness. A view of the 

approach flow roughness setup for Campaign B is displayed in Figure 3, for which the resulting 

turbulent flow is classified as moderately rough to rough according to the VDI 3783-12 Guideline 

[11]. 

 

 
Fig. 3: Upwind view of the rows of metallic chains used as turbulence generating roughness elements of the approach 

flow for Campaign B. 

 

 2.2  Terrain models 

For both experimental campaigns all models are milled from Styrodur 3035 plaques and attached to 

wooden base plates with a thickness of 16 mm. The milling procedure is performed separately in 

crosswise horizontal directions, creating aerodynamically rough surface tetrahedrons with a 

maximum height of 1.2 mm, thus minimizing possible laminar sublayer effects due to Reynolds 

number constraints. The models are posteriorly painted black to avoid reflective light backscatter 

which can thwart flow velocity measurements with laser measurement devices. As reference 

scenario, a flat terrain model is built up with the same surface tetrahedrons and black color as those 

used for the complex terrain features. 

In order to minimize interaction of the 3D model flow with boundary layer flows developing at the 

side walls of the tunnel test section, as well as minimizing model blockage effects, an empty 

corridor (0.4 m wide for Campaign A and 0.245 m for Campaign B) is left at both sides of the wind 

tunnel, between model edge and wall. A smoothing cosine function, applied to the terrain model 

transversal edges (horizontal axis perpendicular to the main flow direction), further reduces 

blockage effects and eliminates undesired sharp model edges. For all experiments the blockage is 

below the 5% threshold defined in the VDI Guideline [11]. 

 

 2.3  Flow measurements 

Reference flow speed measurements are carried out with a Prandtl tube (reference flow velocity), 

located at the start of the wind tunnel test section (inlet) at an intake height of 1.87 m. The probe 

output is connected to a Setra 239 differential pressure transducer with inputs being posteriorly 

converted to digital signals using a DAQ converter. The pressure transducer is calibrated, at least, 

weekly.  

Flow velocity measurements in the remaining test section are performed with a 2-component 

Dantec Laser-Doppler Velocimetry (LDV) device, which is operated in coincidence mode with the 

Prandtl tube, through a trigger signal. The LDV probe is affixed to the wind tunnel’s 3-axis traverse 

system, allowing its positioning with high accuracy and repeatability, and can be adjusted for 

vertical (UW) and horizontal (UV) 2D measurements. Flow seeding, required for LDV 

measurements, is supplied by a Smoke Factory Tour-Hazer II hazing machine which assures 

sufficiently high and homogenous measurement data rates to avoid the requirement for posterior 
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weighting applications due to statistical biases. 

For each of the experimental campaigns measurement positions above each of the terrain models 

are carried out for the same positions with regard to each model using terrain following vertical 

coordinates. This has the advantage of providing data that can be compared directly between the 

different models. When deemed relevant through qualitative flow visualizations with a laser light-

sheet and smoke approach, model-specific measurement positions are also contemplated. 

    

 3  CONCLUSION 

For a wide variety of applications, the understanding of atmospheric flow interactions with complex 

terrain has long been envisaged by the scientific community; however due to different factors, such 

as the uniqueness of each terrain feature, the complexity of such flows has stalled their 

predictability. In the context of long-term sustainability, particularly for wind energy applications, 

there is a growing requirement for accurate flow predictions. In recent years, numerical modeling 

approaches have become the main prediction tool for complex terrain flows. However, these have 

been found to be lacking in terms of accuracy, when experimental validation data is available, and 

repeatability, when different numerical models simulate the same flow conditions, especially within 

the ASL and lower levels of the ABL. The majority of numerical investigations are focused on 

quantifying the speed-up over hill crests, far less effort being given to quantifying individual 

components of flow turbulence. The importance of improved turbulence predictability is 

highlighted by the different results that have been obtained when applying different turbulence 

closure methods for the same inflow boundary conditions. This is exacerbated when taking in 

account that there is a lack of experimental validation data available to the numerical modeling 

community, be it from field measurement campaigns or physical modeling experiments.      

To help understand how complex terrain influences flow turbulence, the current research project 

experimentally investigates flow interactions within the ASL over complex terrain. The work is 

divided into two major experimental campaigns with varying degrees of terrain complexity. As well 

as studying flow turbulence parameters the higher complexity campaign, focused on real regions 

(Campaign B), aims to provide insight into how transitions between different terrain structures 

affect the flow. Part of this campaign has been performed, with the main conclusions that the sub-

mesoscale is too small for a thorough analysis of turbulence behavior and that turbulence is 

somewhat independent of the surface resolution above ridge crests but displays high dependence 

above valleys. From these findings it can be concluded that there is a requirement for further 

investigation at larger geometric scales. The study of idealized single terrain features (Campaign A) 

bridges the gap to higher levels of geometric complexity while enabling the understanding of which 

geometric parameters are more influential on flow turbulence through systematic parameter 

variation, as well as permitting higher data transferability between terrain structures of the same 

types. 
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ABSTRACT: In the heterogeneous environment of a city understanding local field wind 

measurements is a challenging task. Over-interpreting the data can become an issue. The acquired 

data has a rather limited spatial and temporal representativeness. Considering just one road, how 

much does the wind change when walking along it? What effect do different wind directions have 

on the wind patterns and their variability? In order to answer these questions a representative time 

frame has to be chosen. Compared to field measurements, wind tunnel measurements provide 

reference data with high confidence. This enables a better assessment and interpretation of 

corresponding field data. 

  

 1  INTRODUCTION 

Urban winds are of exceptional interest for urban climate. They heavily influence air pollution, heat 

stress and pedestrian wind comfort. With modern instrumentation such as ultrasonic anemometry, 

available for wind flow measurements in the field, it is possible to not only measure the mean flow 

conditions, also turbulent fluctuations can be resolved and captured. Field data form the basis of our 

understanding of urban flow and transport phenomena. The data are used to derive boundary 

conditions for numerical models and they are often used as reference data for computational 

modeling. In this context the question arises, how representative are wind measurements if carried 

out within the urban canopy layer? The measurement environment is extremely heterogeneous and 

the boundary conditions are often far from an assumed quasi-stationary condition.  Ideally, spatial 

and temporal representativeness of the desired data should be addressed already when deciding on a 

measurement location, and of course when the data is interpreted afterwards. Unfortunately, 

information on the effect of the heterogeneous environment and the constantly changing boundary 

conditions on measured field data is hard, if not impossible, to be derived from field data itself. This 

is where systematic wind tunnel modeling can substantially assist with important information on the 

reliability and generalizability of field results. 

Within the scope of a larger urban climate modeling project [UC]2-3DO (2016)[1], the EWTL 

(Environmental Wind Tunnel Laboratory) is tasked to provide information on the spatial and 

temporal representativeness of urban wind and air pollution data measured in the cities of Berlin, 

Stuttgart and Hamburg. A first field site in Hamburg has been modeled in the large boundary layer 

wind tunnel facility at the EWTL and wind tunnel data is carefully compared with corresponding 

field data. This paper illustrates the work done to accomplish the measurements and is intended to 

give examples for linking full-scale data with laboratory results at different time scales. It will be 

demonstrated how much confidence can be put into field data acquired in urban environments when 

compared to wind tunnel data. 

 2  METHODOLOGY 

 2.1  Quality Assurance 

The measurements were conducted in the WOTAN wind tunnel facility of the EWTL in Hamburg. 

A boundary layer was developed after extensive testing that met the VDI 3783/12 guideline’s 

requirements. The instrumentation used consists of an LDV (Laser-Doppler Velocimetry), for high 

resolution flow measurements within the model area, and a Prandtl tube measuring a reference wind 

speed at the wind tunnel intake. Reynolds number independence tests of flow measurements show 

that a reference wind speed of 8m/s was sufficiently large to achieve self-similarity of the measured 

flow at all relevant heights above ground. Three minutes measuring time (corresponding to 25 hours 

full-scale) is deemed sufficiently long to gain a representative dataset per measurement after 

conducting a convergence test. The wind directions modeled were chosen on the basis of long-term 
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wind measurements in Hamburg. These are characterized by a predominately strong westerly sector 

between roughly 250 and 290 degrees and a second less dominant sector between 150 and 110 

degrees (Fig. 1). Thus eight wind directions where chosen to be investigated, namely 290°, 280°, 

270°, 260°, 250°, 150°, 130°, 110°. Ten degree intervals represent the typical minimum uncertainty 

of field measurements with respect to wind direction. 

To gain comparable datasets the field data was filtered. First, all data from the months December, 

January and February was selected (see 2.2). The data was then sorted into wind direction 

categories equivalent to the reference wind directions in the wind tunnel. This was achieved using 

directional data from the Hamburg Wettermast (weather mast) at a height of 110 meters. The 

reference sectors have an angular tolerance of ±15 degrees. This means that some data was used 

twice in different wind direction categories. A lower tolerance would lead to a lack of filtered data. 

After filtering the wind directions, continuous 25 hour blocks of data were found, if this criterion 

was necessary to gain a more comparable data set to the wind tunnel data. Wind direction data was 

averaged using a vector averaging approach. By normalizing all data sets with their respective mean 

values, a dimensionless time series qualified for comparison with laboratory data was created. 

 
Fig. 1: Wind rose of data collected at Wettermast Hamburg between September 2011 and December 2016. 

 

 2.2  Experimental set-up 

Using a turn table mounted in the WOTAN wind tunnel enabled different wind directions to be 

measured. Considering the turn table diameter of 3.5 meters and a model scale of 1:500, a model 

area was chosen by comparing different center points. A part of the model area chosen for the 

measurement campaign can be seen in Fig. 2. The Hamburg model buildings were designed on the 

basis of datasets acquired from the HafenCity GmbH, the Landesamt für Geoinformationen and 

Google Earth, where no other data was available. The average height of one story in a building was 

assumed at 3 meters as no, or very limited, information about the actual heights of some buildings 

was available at the time of model construction. Elements smaller than 1 meter are not considered 

in the model as they would be within the tolerance in the building process of the models defined to 

be ± 1 mm. Trees and other greenery are also not modeled due to the limitations and uncertainties 

of modeling these elements in a physically sound way. Thus, the assumed modeled conditions 

represent a kind of 'winter case'. 

 
Fig. 2: Downwind view of the modeled area of the HafenCity in the WOTAN wind tunnel. 



Physmod 2017 – International Workshop on Physical Modelling of Flow and Dispersion Phenomena 
Dynamics of Urban and Coastal Atmosphere – LHEEA - École Centrale de Nantes - France 
23 - 25 August 2017 

 3  RESULTS 

 3.1  The Field Data 

 
Fig. 3: Wind rose of all the available data at the HUSCO station. 

In order to better understand the task at hand the field data was analyzed qualitatively using a wind 

rose (Fig. 3). Probability distribution functions of the wind speed and the wind direction were used 

to understand the effects of different temporal averaging intervals on corresponding wind patterns 

along a road in the data at hand. 
The wind rose of the field data acquired at the HUSCO (Hamburg Urban Soil Climate 

Observatory)
[2]

 station shows a strong impact of the local urban structure when compared to the 

Hamburg Wettermast data (Fig. 1). The flow is shifted to a nearly North-South pattern rather than 

the South-East and West regimes observed at the Wettermast. The mean wind speed at the street 

station is 1.02m/s with a standard deviation of 0.66m/s, with only 0.8% of the values exceeding 

2m/s. When analyzing the variability inherently present in the field data, it was found that data for 

different years vary significantly. A substantial deviation between single winters was found when 

comparing the winter periods. 

 

  
Fig. 4: Probability distribution of different averaging intervals of wind direction (left) and dimensionless wind velocity 

(right) of the field data acquired at the HUSCO station sorted by reference wind direction. The velocity data is made 

dimensionless using its own mean. 

The field data was available as 1 minute averages. This averaging interval is already too long to 

resolve turbulent structures and wind gusts at street level (according to Deutscher Wetterdienst’s 

(DWD) definition of a wind gust)
[3]

. However, the data is sufficient for analyzing the general 

behavior of wind patterns at the HUSCO measurement station. 

In a first step, the effect of different averaging intervals on the data was tested. It was found that 

while the velocity data responds robustly to averaging intervals of up to one hour, different average 

intervals of the wind direction can lead to different interpretations of the data. The velocity data 

shows a slight increase in the maximum of the probability distribution function, from 0.99m/s to 

1.03m/s, but the general shape of the probability distribution is maintained. This cannot necessarily 



Physmod 2017 – International Workshop on Physical Modelling of Flow and Dispersion Phenomena 
Dynamics of Urban and Coastal Atmosphere – LHEEA - École Centrale de Nantes - France 
23 - 25 August 2017 

be said of the directional data. The one minute averaged data shows a double peak between 150 and 

200 degrees and a minor peak between 0 and 50 degrees. This corresponds to the shape of the wind 

rose in Fig. 3. With increasing averaging intervals the double peak becomes more distinct. This 

clear double peak at an averaging interval of one hour allows a different interpretation of the data 

compared to the one minute averaged data. The one hour averaged data allows the assumption that 

there is an obstacle blocking the flow between the peaks, while the one minute averaged data does 

not necessarily allow this interpretation. 

 3.2  Temporal Representativeness 

After gaining a preliminary understanding of the effects of averaging intervals on the wind 

direction, it is advisable to take a closer look at behavior of the wind velocity. In order to maintain 

all characteristics of the time series and to gain comparability between the wind tunnel data and the 

field data, a dimensionless time was introduced in order to make measured time series independent 

from the actual wind speed. The time scale was defined as a reference wind speed divided by a 

reference length. Using this dimensionless time, different (dimensionless) averaging intervals were 

applied to the respective datasets. This method was applied to each wind direction separately in an 

attempt to avoid implicit filtering when applying other criteria. The criteria are a 1500 unit block 

filter and a velocity filter, sorting the highest and lowest 20% of each time series into separate 

categories. Only one representative reference wind direction is presented here (Fig. 5). 

 

 

Fig. 5: Dimensionless averaging intervals applied to 25 hours of full-scale dimensionless wind velocity data measured 

in the wind tunnel (left) and in the field (right) representing the highest and lowest 20% of the respective datasets. The 

shaded blue area represents 2.2% of the total mean value of the respective data set (blue line). 

Fig. 5 shows dimensionless averaging intervals applied to 1500 dimensionless time units of full 

scale field and wind tunnel data. The upper panels depict the highest 20% of the measured wind 

velocities, while the lower panels show the lowest 20%. Each point marks the average value of an 

interval with the vertical lines representing the standard deviation of the mean. This approach 

visualizes the convergence of the time series towards a mean value. The shaded blue area shows a 

2.2% range of the mean value of an average of each data set. 2.2% is the uncertainty or confidence 

of the measurements conducted in the wind tunnel data presented here. When comparing the panels 

in Fig.5 it becomes clear that the 1500 dimensionless time units of field data are not sufficient to 

gain a representative data set. The time series does not converge significantly towards its mean. The 

standard deviation is never less than the 2.2% measurement uncertainty of the wind tunnel data. The 

wind tunnel data reaches the 2.2% threshold after averaging intervals of 25 dimensionless time 
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units, for high wind velocities, and 35 for low wind velocities.  

Low wind speeds, when re-dimensionalized with a reference wind velocity, converge 1.4 times the 

ratio between the reference wind velocities slower than higher wind speeds in the wind tunnel data. 

Reference wind speeds of 0.5m/s and 5m/s with a reference length of 1 meter would yield averaging 

intervals of 70s and 5s, respectively, for comparable temporal representativeness in the wind tunnel. 

This indicates that the average wind velocity should be taken into account when averaging velocity 

data as the same averaging interval at a low velocity is less representative than the same interval at a 

higher velocity. An obvious implication is that longer measurements are necessary at low wind 

speeds to gain the same representativeness as a measurement at a given higher velocity. 

 

 

Fig. 6: Dimensionless averaging intervals applied to 25 hours of full-scale dimensionless wind velocity data measured 

in the field (left) and the complete time series (right) representing the highest and lowest 20% of the respective datasets. 

The shaded blue area represents 2.2% of the total mean value of the respective dataset. 

If 1500 dimensionless time units do not deliver a converging time series, what amount of data is 

necessary to achieve convergence? A first attempt was made using all the available field data (left 

graph in Fig. 6). The initial time series has a length of 61112 dimensionless time units. Again the 

velocity filter is applied, resulting in time series covering 12224 and 12221 dimensionless time 

units for the high and the low wind velocities, respectively. It is evident from Fig. 6 that this time 

series does converge more clearly than the 1500 unit block. The high wind velocity data reaches a 

standard deviation of about 10% of the mean value at averaging intervals of 705 units. The low 

wind velocities reach the same criterion at averaging intervals of 505 units. Low wind velocities 

converge around 1.396 times the ratio between the reference wind velocities slower than the high 

velocities. This is almost identical to the characteristics displayed by the wind tunnel data. Again 

reference wind velocities of 0.5m/s and 5m/s were chosen to re-dimensionalize the time series, 

yielding similarly representative full-scale averaging time intervals of 1010s and 141s, respectively. 

This analysis indicates that the measurements conducted in the wind tunnel have a better temporal 

representativeness than the field data used. The question arises how much field data is necessary to 

achieve similarly representative results in this case. Answering this question requires further 

analysis of the data available. 

 3.3  Spatial Representativeness 

Given the lack of further measurement stations in the field, the spatial representativeness could only 

be analyzed using wind tunnel data. The left hand panel in Fig. 7 shows the probability distribution 

of wind directions for each measurement location along the road. The stations are spaced 10 meters 
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away from each other at full-scale. The right hand panel depicts measurements captured along a 

radius of 10 meters full-scale around the single HUSCO station. 

The wind direction along the street is more variable than in a 10 meter radius around the HUSCO 

station. Though both distributions indicate a local maximum at around 150 degrees, the variability 

between the locations along the street is greater as some locations display other local maxima in 

between 270 and 50 degrees (i.e. the Northern sector). The measurement stations along the radius 

show a shift from 150 degrees to around 170 degrees in their maxima with no other maxima 

present. The probability distributions of the wind speeds are similar in shape and magnitude at all 

measurement locations. 

 

  
Fig. 7: Probability distribution of wind direction at different measurement positions near the HUSCO station in the 

wind tunnel model. The left hand panel shows the measurement locations along the road. The right hand panel shows 

the probability distribution for measurement positions in a 10 meter radius around the HUSCO station. 

 

The HUSCO station in the model can be seen as representative for an area with 10 meters radius 

around it, even though shifts in wind direction of up to 30 degrees are possible in this range. With 

regard to the road, the HUSCO station in the model can only have a limited representativeness. 

While it does share the same local maximum in wind directions with the other measurement 

locations along the road it does not display some of the significant other local maxima at other 

measurement stations. Further investigation is needed to determine what radius around the HUSCO 

station can be seen as a threshold value for the station’s spatial representativeness. 

 4  CONCLUSION 

Three main conclusions can be identified. Firstly, temporal averaging may lead to an over-

interpretation of the data at hand. Secondly, the results suggest that low wind velocities need longer 

averaging intervals to gain similarly representative mean values than higher velocity data. Thirdly, 

urban field measurements can deliver significantly varying wind directions depending on the 

location they are performed, while wind velocities behave more consistently. 
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ABSTRACT: The StratEnFlo project aims to study the role of thermal stratification on flow and 

dispersion in urban areas. Moderately stable and convective boundary layers were investigated in a 

meteorological wind tunnel with stratification capabilities. Artificial thickening was employed by 

means of spires at the inlet section together with densely arranged roughness elements. By 

comparison with lower-roughness cases, roughness does not seem to affect thermal turbulent 

quantities, at least in the investigated range of stability/instability. For the convective boundary 

layer simulation, a proper calibrated capping inversion was found to greatly enhance the lateral 

uniformity. In the next phase, the developed boundary layers will be employed as approaching 

flows to an idealised urban array in order to assess the effect on urban dispersion. 
 

 1  INTRODUCTION 

Urban areas are characterised by an elevated level of roughness which has the effect to reduce the 

level of stability of the approaching flow. Moreover, at night the heat stored during the day tends to 

produce a heat flux close to zero. These reasons have been generally used as justification to 

consider only neutral stratification in the study of urban flow and dispersion [1] and avoid the added 

layer of complexity. Nevertheless, stable and (more frequently) unstable conditions are experienced 

in urban areas [2] and, when their contribution has been considered in computational studies, 

important effects have been observed, e.g. [3] found an order of magnitude difference in the 

calculated mean concentrations under weak stratification conditions compared to neutral 

stratification. 

The StratEnFlo project will be using the stratification capabilities of the meteorological wind tunnel 

in the EnFlo laboratory, University of Surrey, to simulate stable (SBL) and convective (CBL) 

boundary layers and investigate the effect of stability on urban flow and dispersion. In the first 

phase, the attention has been focused on the BL simulation. In the literature, several wind tunnel 

experiments involving stratified BLs have been reported so far. Among them, [4], [5], [6] and [18] 

involve SBL, while [7], [8] and [9] deal with CBL. Although artificial thickening techniques for the 

BL [10] are widely employed for neutral stratification, only Hancock’s studies [5] [6] [9] attempted 

to use them to systematically simulate stratified flows. Nevertheless, their usage is advisable to 

make the boundary layer growing faster and to match the desired scale. 

A method to simulate artificially thickened SBL, at least for moderate stability levels and no 

overlying inversion, has been developed in the EnFlo thermally stratified wind tunnel [6] for 

offshore low-roughness ABLs. The method has been successfully applied in the present study for 

high-roughness urban-like conditions: results will be discussed with focus on the inlet conditions. 

An artificially thickened CBL has also been investigated. Great efforts were put on the enhancement 

of longitudinal and lateral uniformity of the temperature and velocity fields. Different inlet 

temperature gradients as well as an overlying inversion have been tested for this purpose.  

In the second phase of the project, the same idealised building array used in the DIPLOS project 

[11] [12] will be employed and the stratification effect on flow and dispersion will be investigated, 

measuring heat and pollutant fluxes, also by means of a fast flame ionisation detector, below and 

above the canopy layer.  
 

 2  METHODOLOGY 

The EnFlo meteorological wind tunnel has a test section 20 m long, 3.5 m wide and 1.5 m high. The 

x-axis was in the streamwise direction, measured from the working-section inlet; the y-axis was in 
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the lateral direction, measured from the wind tunnel centreline; the z-axis represented the vertical, 

starting from the floor. U, V and W were the component of flow velocity respect to these axes. The 

wind tunnel flow speed (UREF) could range from 0.3 to 2.5 m/s as measured by a sonic anemometer 

placed at x = 5 m, y = 1 m, z = 1 m. The wind tunnel was specifically designed to generate stratified 

flows: a series of 15 vertically piled electrical heaters at the inlet section allowed the generation of a 

vertical temperature gradient, which combined with the heating/cooling floor system created the 

different types of atmospheric stabilities. For stable stratification, the floor was cooled by means of 

recirculating water, while when CBLs had to be simulated, 2.0 kW/m
2 

electrical heater mats were 

added on the wind tunnel floor (on top of additional insulating panels). Panel temperatures were 

controlled in a closed-loop control system.  

Irwin-like spires [10] after the inlet section and rectangular-shaped roughness elements on the floor 

were employed to artificially develop the flow. For the CBL simulation five spires 1260 mm high, 

170 mm wide at the base and spaced laterally 630 mm were used. They had been extensively 

employed in previous works for generating urban neutrally stratified BLs about 1 m thick, together 

with surface roughness elements 80 mm wide, 20 mm high and 2 mm thick placed on the floor in a 

staggered arrangement with both streamwise and lateral pitches of 240 mm. For the stable 

stratification, a shallower BL was desirable. For this purpose, seven spires 986 mm high, 121 mm 

wide at the base, and 4 mm wide at the top, spaced laterally 500 mm, were designed according to 

Irwin’s procedure [10].  

Mean and fluctuating velocity measurements were performed by a two-component laser-Doppler 

anemometer (LDA). For the fluctuating temperature, a cold-wire probe was used, placed about 3.5 

mm downstream the LDA measuring volume to calculate heat fluxes. This value was chosen as 

compromise between blockage effect and correlation purposes (see [9] [13]). A thermistor was held 

about 10 mm on the side of the cold-wire to both measure the mean temperature and calibrate the 

cold-wire itself. The probes were held by a traverse system mounted on rails on the wind tunnel 

ceiling, which allowed full three-dimensional movements. Moreover, a double thermistor rake made 

up of two series of 16 sensors each was employed in the CBL study to acquire the temperature field 

in the section. The sampling rate target for the LDA was set to be around 100 Hz, 1000 Hz for the 

cold-wire (with low-pass filter at 250 Hz). The sampling time for the measurements was 3 minutes 

both in the SBL and (neutral) NBL tests, while it was increased up to 5 minutes for the CBL.  
 

 3  STABLE BOUNDARY LAYER SIMULATION 

The depth of the BL (h) is strictly related to the choice of the spires and, as it will be shown, it was 

not modified by the application of stable stratification (at least in the present study). The 

temperature difference ΔΘh between cooled floor (Θ0) and BL top (Θh), and the flow velocity are the 

two main parameters to control the level of stability and match the desired bulk Richardson number 
2/b h hRi gh U   (g gravity acceleration). Since the dependency from the velocity is squared, 

reducing the speed appears to be the easier way to increase the stability, providing that the Reynolds 

number independency is still valid. Here a rigorous verification in stratified conditions was not 

attempted due to the complication of the temperature settings. However, thanks to the high floor 

roughness, the roughness Reynolds number ( * * 0Re /u z   with *u  friction velocity, 0z  

aerodynamic roughness length and   air kinematic viscosity) for the slowest case was still greater 

than 4 (hence larger than the lower limit of 1 found in [14] to have a rough surface). During the 

experiments, the stability was varied adjusting the velocity from 1.0 to 1.5 m/s while keeping the 

ΔΘh equals to 16°C.  

Another parameter which affects the SBL development is the length of uncooled floor between the 

inlet and cooled part. [6] found a dependency of the Reynolds stresses vertical profile from this 

quantity and stressed the importance of choosing such a length accordingly to the inlet temperature 

profile. Investigating different uncooled floor lengths, the best result for a smooth development of 

the Reynolds stresses along the wind tunnel length was found with 5 m. The last important 
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temperature setting to consider is the inlet temperature profile. A uniform inlet profile was 

attempted in [6] while a linearly increasing temperature was investigated in [5] and [15]. However, 

the first was found to generate a thermal boundary layer about half the depth suggested by the uw  

profile, while the second solution leaded to a questionable temperature fluctuation profile. A 

different and more promising approach was also suggested in [6]: the idea was to impose the profile 

measured in the developed region of a naturally-growing SBL (where “naturally-growing” is 

referred to a BL created just by friction with the cooled floor, without any flow generator or 

roughness element) as inlet temperature profile, starting from an initial uniform profile. The 

acquired temperature profile was then stretched to match the desired ΔΘh and h and applied to the 

inlet section with flow generators and roughness elements in place again. However, a direct 

application of such an initial condition created a large peak in the middle region of the temperature 

fluctuation graph. Hence, the original gradient was reduced applying corrective factors until the best 

solution was found. This procedure was readily repeated in this high-roughness case and leaded to 

the generation of a reasonable SBL applying a reduction of 70% on the original gradient. Finally, 

the case of a temperature inversion which continues above the BL depth was not pursued in this 

study to limit the already high number of variables: hence only uniform inlet temperature profile 

above h was considered for the SBL. 

 

Fig. 1: Mean and turbulent profiles for UREF = 1.25 m/s at 

the centreline. Red lines in a) and c) are from [18] 

 

Fig. 2: Profiles of dimensionless mean and turbulent 

quantities for different level of stability and roughness. 

Low-roughness (LR) case is from [6]. 
* 0 *( ) /w u     

 

Fig. 1 presents stable (S) profiles with UREF = 1.25 m/s at three streamwise locations and a neutral 

(N) at a single station for comparison. The U and uw  profiles in a) and b) show an h of 

approximately 850 mm for both SBL and NBL. This allows to hypothesize that the combination of 

chosen spires and temperature profile overcomes the effect of stability to reduce h. Moreover, the 

BL is stable for the entire h, because a temperature gradient is present for all the depth in c) and the 

heat flux in d) approaches zero only on top of the BL. The reduction of turbulence due to 

stratification is evident in b) and it carries to a friction velocity value 30% lower in the SBL respect 

to NBL. The presented case is one of moderate surface condition: in fact, h/L0 ≈ 1.2 where the 

Monin-Obukhov length 3

0 0 * 0(-1/ )( / )( / ( ) )L k g u w   with von Karman constant k = 0.40, Rib = 

0.21. The aerodynamic roughness lengths z0 was calculated by means of a non-linear fitting of the 

bottom part of mean velocity profiles with  * 0 0/ ln( / ) /mU u k z z z L  , where βm is taken equal 
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to 8 (according to [18]) for a better fitting. The resulting z0 is close to the value obtained in neutral 

stratification (2.3 and 2.1 mm, respectively). The thermal roughness length z0h (similarly calculated) 

is three orders of magnitude smaller (z0h ≈ 0.002 mm). 

Fig. 2 shows a comparison between non-dimensional profiles of Reynolds stresses, temperature 

fluctuations and vertical heat flux for three velocities (UREF = 1.0, 1.25, 1.5 m/s). All of them were 

acquired with the same high-roughness (HR) and temperature settings and, despite the change in 

stability from h/L0 = 0.7 to 2.5, the shape of the turbulent profiles seems not affected too much. 

From the comparison between the low-roughness case (LR) in [6] also the roughness appears to 

have very little or no influence on the dimensionless thermal quantities (Fig. 2c and d). The 

characteristics exhibited in Fig. 2 are comparable with the field observations of [16]. 

The lateral uniformity experienced with stable stratification was generally quite good, with a mean 

velocity variation of the order of 2%. The standard error on mean U and Θ was less than ±1%, 

around 5% for the variances and 15% for the covariances. 

 

 4  CONVECTIVE BOUNDARY LAYER SIMULATION 

Similarly to the SBL, to simulate a CBL in wind tunnel the temperature difference ΔΘh and the flow 

velocity are the main ways to control the level of instability. The length of uncooled floor after the 

inlet did not show the effect noted for the SBL: only 1 and 4 m were tested and no improvements 

were observed by delaying the heating. Hence, 1 m was the length used for all the results shown. 

For the inlet temperature gradient, both a uniform profile as in [7] and [8] and the method employed 

in [9] were considered. The latter consisted in adopting as inlet setting the temperature profile 

measured in a section downstream (starting from a uniform inlet profile) and iterating until a 

matching of the shape between the two was achieved. Here, it was attempted mainly with the 

purpose to enhance the longitudinal uniformity (namely, a better similarity between profiles along 

x-axis) and reduce the wind tunnel length necessary to obtain a sufficiently developed CBL. 

 

Fig. 3: (a) Vertical profile of inlet temperature varying the 

gradient. (b) Lateral profiles of Reynolds shear stress at z 

= 300 mm (UREF = 1.0 m/s, Θ0 = 60°C, x = 13900 mm) 

 

Fig. 4: (a) Vertical profile of inlet temp. varying the 

inversion strength. (b) Lateral profiles of temp. acquired 

with thermistor rake, z = 1225 mm. Settings as in Fig. 3 
 

However, the improvements were generally difficult to appreciate and hard to separate from the 

experimental scatter. Moreover, applying a negative inlet gradient was found to worsen the lateral 

uniformity (at least in the presented case) as it is possible to see in Fig. 3, where lateral profiles of 

Reynolds shear stress are presented for different inlet gradients. Three cases were considered: 

uniform temperature, “full gradient” from the direct application of the method and half the gradient. 

The uniform inlet case appears to be the most laterally uniform.  

A capping inversion is a characteristic part of the CBL and in [7] and [8] great attention was paid to 

the inversion layer and the entrainment. However, in the present study its correct reproduction was 

not deemed important, being the focus more on the lower and middle part of the CBL, which is the 

most relevant for flow and dispersion studies in the urban environments. Weak linear inversions 

were applied above 1 m and with a maximum gradient of 30°C/m. Within this range no effects were 

experienced in the bottom half of the BL. However, a proper calibrated inversion above the BL was 

found to greatly enhance the lateral uniformity. In Fig. 4 the lateral profile of temperature in the 
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upper part with no inversion is compared with two cases with inversions. The lateral temperature 

profile appears colder in the central region respect to the sides. The opposite was found using 

20°C/m. On the other hand, employing the 10°C/m inversion resulted in a better lateral uniformity 

of the temperature profiles. This fact seems to suggest that a proper inversion can be defined to 

match the temperature on the sides with the temperature in the centre, which in turn enhances the 

lateral uniformity of all the quantities, being the velocity strictly linked to the temperature. 
 

 

Fig. 5: Mean and turbulent profiles for CBL (UREF = 1.0 

m/s and Θ0 = 60°C) and a reference neutral. Red lines in a) 

and c) are Eq. 11, 12, blue lines in b) are Eq. 23, 24 in [9] 

 

Fig. 6: Profiles of dimensionless mean and turbulent 

quantities for different level of instability and roughness 

 

A CBL case obtained with uniform inlet temperature and an inversion of about 10°C/m (adjusted to 

enhance the lateral uniformity) is presented in Fig. 5 and compared with a neutral one. The U 

profile is greatly modified by the stratification: the surface layer (SL) region readily follows the 

Monin-Obukhov similitude (Eq. 11 from [9] was used), with a sharp “knee” at z = 150 mm, while 

the mixed layer (ML) above shows constant velocity. The z0 is difficult to accurately determine due 

to the high scatter of the covariances (with a standard error up to ±25%), which affects the *u  and 

0( )w determination. However, its value ranges around 2.5 mm against the 2.2 mm of the NBL. The 

high scatter suggested that an even longer measuring time was desirable. The mean temperature 

also follows the similarity in the SL, while the inversion appears notably reduced from the value 

imposed at the inlet, likely due to mixing from below. Reynolds stresses have much larger values 

compared to the neutral case and the shape of the w
2
 profile is significantly different, showing a rise 

with z followed by a decrease, instead of a monotonic reduction. Canonical similarity functions are 

based on the free-convection hypothesis (see e.g. [16]) and do not seem to apply for this low 

instability case (h/|L0| = 2.0, Rib = -1.6). [9] proposed a modified version to consider the effect of the 

shear also in the ML. Here, their Eq. 24 is used to estimate the BL depth h by fitting with the 
2w  

profile (Fig. 5b): the value of 1.35 m provides a reasonable fitting. Otherwise, the normal criterion 

to identify h with the height for which the vertical heat flux experiences a minimum is not 

practicable in this case, due to limitation in the traverse movement range. Fig. 6 shows 

dimensionless profiles, in which 1/3

* 0 0[( / )( ) ]w g w h  and * 0 *( ) /w w   are scaling velocity 

and temperature for the ML. The high-roughness case previously presented (here called HR1) is 

compared with a second one characterised by the same roughness but weaker instability (HR2), 

obtained by changing reference speed and floor temperature (UREF = 1.25 m/s and Θ0 =45°C). The 

case U5 from [9] is also plotted and allows a comparison with an offshore low-roughness case with 
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similar instability (h/|L0| = 1.3). The two weakest cases from [8] are reported as well (E1 is 

characterised by h/|L0| =1.5, while E2 by 3.1). The velocity variances graphs show a good 

agreement between case HR2 and U5, with similar instability but different roughness. Again, in Fig. 

6a case HR1 presents lower values compared with the weaker case HR2, but the same can be said 

for cases E1 and E2 with increasing instability. As far as dimensionless temperature variance and 

vertical heat flux are concerned, a good agreement is shown between all the presented experimental 

cases. Differently, the field data from [17] differs more or less widely from the experimental 

profiles. Probable reasons are the differences in the level of instability (h/L0 = 30 in the Minnesota 

experiments) and inversion strength. 
 

 5  CONCLUSION 
The methodology presented in [6] for low-roughness cases was successfully applied to cases with 

higher-roughness, suitable for urban-like boundary layers, to reproduce a stable boundary layer in 

the wind tunnel. The higher roughness gave higher dimensionless Reynolds stresses but very little 

or no change in the thermal properties. The high-roughness case was in good or reasonable 

agreement with field measurements [16]. 

For the simulation of a convective boundary layer great attention was given to the flow uniformity 

inside the test section. The selection of a non-uniform inlet temperature profile was in this case 

found not as determinant as for the stable boundary layer to improve the longitudinal uniformity, 

while the application of a calibrated capping inversion considerably improved the lateral uniformity. 

The dimensionless vertical profiles of turbulent quantities and heat fluxes, again did not seem to be 

influenced by roughness (by a comparison with [9]). Good agreement is also shown with [8].  
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ABSTRACT: The present work is an experimental study of the cough flow fields produced by 

human subjects presenting with influenza-like illness (ILI) and again when they have recuperated, 

together with data from a reference healthy cohort. Particle Image Velocimetry (PIV) and hot-wire 

anemometry measurements were taken far downstream of the mouth within a cough chamber, 

together with droplet sampling at two locations and nasal swabs from the subjects. Preliminary 

evaluation of the data show modest differences between the coughs from the “sick” and 

“recuperated” states, with the normalized cough velocity time-histories following similar trends. 

 

1. INTRODUCTION 

Infectious disease outbreaks can have catastrophic consequences, especially in healthcare settings, 

as occurred in the 2003 Severe Acute Respiratory Syndrome (SARS) epidemic [1]. Sufficient 

scientific evidence on expelled airflow from infected humans and the dispersion of viral matter 

through air has yet to be established, such that safe separation distances (“3ft / 1m rule” and “6ft / 

2m rule”) [2] commonly adopted by healthcare practitioners to prevent person-to-person airborne 

transmission of influenza virus can be based upon sound facts. Cough strength (the time history of 

the transient “jet” velocity) and spread angle have been quantified from airflow measurements 

directly at the mouth of a healthy person coughing [3-6] and also in the near-field (x < 60 mm 

downstream) [7, 8]. However, a significant experimental study of the far field (x ≥ 1 m from the 

mouth) is still lacking, even though this is a more typical separation distance between people in a 

room.  

 

Fig.1 shows examples of previous work where the velocity has been measured, using Schlieren, 

high-speed imaging and, more commonly, Particle Image Velocimetry (PIV). Schlieren and other 

density-gradient measuring methods can only work very close to the mouth since that is the only 

region where the temperature differences between the expelled and ambient air provide measurable 

gradients. It may be seen that there is substantial variation of maximum cough velocities at or close 

to the mouth, with the average being of the order of 10 m/s. A study by some of the present authors 

[9] using 12 healthy subjects showed that the velocity 1 m away from the mouth was only of the 

order of 0.5 m/s. These small velocities, coupled with the large lateral spread of the cough at this 

distance from the mouth, make such far-field studies challenging. Based on the average mouth 

diameter of D = 21.7 mm reported by [10], this downstream distance is x = 46D and the overall jet 

width is 20D. 

 

The objectives of the present project are to (a) Test the “3 feet”/“1 metre” rule that has been 

suggested as being a safe distance between patients and healthcare workers to prevent airborne 

transmission, (b) Estimate the exposure to airborne viruses, (c) Identify host determinants of 

individuals (gender, age) who emit higher quantities of virus and (d) Develop a Computational 

Fluid Dynamics model of the cough and droplet transport, based on Large Eddy Simulation [11]. 

Over the study period the aim is to recruit 50 participants naturally-infected with influenza virus for 

laboratory experiments when they are unwell (denoted as “sick”) returning for additional 

measurements when they have recovered (denoted as “convalescent”). Up to 50 healthy volunteers 

(denoted as “healthy”) will be used as a reference cohort. The next section outlines the experimental 
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methodology and this is followed by a discussion of some of the results from the 2016-17 influenza 

season. Measurements and analysis are still in progress and will continue through to the end of 2018 

and so the present paper represents a preliminary report on the findings to date. 

2. METHODOLOGY 

Full details of the experimental facility, experimental techniques and measurement procedures may 

be found in [9]. A summary is provided here.  

2.1 Experimental facility (The FLUGIE cough chamber) 
The FLUGIE cough chamber (Fig. 2) is a 1.81 x 1.78 x 1.81 m rectangular wooden box whose 

interior is painted black. A small hole in one of the walls allows a sitting participant to cough into 

the box. One side wall is glass, for camera access, whilst a glass insert in the floor along the 

streamwise (x-direction) centre-line of the cough permits the insertion of a laser light sheet. On the 

roof of the FLUGIE is a settling chamber whereby aerosolized Titanium Dioxide (TiO2) particles 

are introduced into the interior airspace for PIV measurements. 

   

2.2 Experimental measurements 

A dual-cavity, double-pulsed Nd-Yag laser, operating at 15 Hz is used to generate a vertical light 

sheet in the cough chamber for the PIV measurements. Two CCD cameras (TSI Inc) are focused on 

the laser sheet, one above the other with a 9% overlap to give a total field of view of 358 mm height 

x 141 mm width, centred at x = 1 m. The spatial resolution is 8.5 pixels / mm and image processing 

using Insight 3G software results in a 99 x 76 vector array in each camera field. The flow is seeded 

by TiO2 particles (having a size distribution ranging from 0.15 to 0.47 μm, where 69% of the 

particles are in the 0.34-0.43 μm bin and 29% of the particles are in the 0.27-0.34 μm bin) and 75 

image pairs are captured for each cough. A single hot-wire probe (HWA), calibrated by a purpose-

built low-speed flow facility and sampled at 1 kHz, is used as a reference anemometer located at x = 

1 m and at z = 0.17 m below the cough centre-line. Two PTFE membrane filter are suspended from 

the roof of the chamber at x = 0.5 and 1.0 m. These filters are connected to separate constant flow 

rate sampling pumps (4,000 ± 40 mL/min). Expelled pathogens are collected by the membranes and 

each membrane is saved in an individual swab tube and labeled by the participant number and 

location (0.5 or 1.0 m). Finally, the tube is shaken for 10 sec by a vortex shaker and is stored at -

80
o
C. In order to identify the virus pathogen, a mid turbinate swab (MTS) specimen is self-collected 

by the participant at the end of their first visit to the laboratory and also stored at -80
o
C. Samples are 

then sent in batches, on dry ice, for analysis by the Dept of Microbiology at Sunnybrook Health 

Sciences Centre (Toronto).  

 

2.3 Procedure 

Subjects for the study are recruited from Western Student Health Services (WSHS) based on the 

university campus, in accordance with procedures approved by Western’s Research Ethics Board 

(REB approval no. 108945). The inclusion criteria are: age 18-35 and presenting with fever and 

cough and/or sore throat in the absence of another known cause of illness (e.g. allergies), whilst 

exclusion criteria are: immunocompromised, underlying cardiopulmonary disease, pregnancy and 

smoking. Upon referral to the laboratory, the subject sits at the opening to the FLUGIE and coughs 

into the chamber 3 times (30 seconds apart). The coughs are recorded by the HWA and the air is 

sampled for cough droplets by the two cassette filters which are then removed from the chamber. 

Then, the chamber is seeded with TiO2 and, after the particles have distributed through the chamber 

air volume, the subject makes 3 additional coughs which are then recorded using the PIV system. 

The participant then self-collects a MTS. After 4 weeks the subject returns to the laboratory to 

repeat the experiments (but without any cassette sampling) in order to allow an assessment of any 

differences in the coughs produced during the “sick” and “convalescent states. “Healthy” recruits 

follow a similar procedure but with just one laboratory visit and no cassette sampling. 
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3. RESULTS AND DISCUSSION  
 

A total of 9 subjects were recruited from WSHS during the 2016-17 flu season. Whilst a broader, 

campus-wide, recruitment strategy via self-referral might have resulted in more participants the 

likelihood is that most of the subjects would not have had a respiratory illness. Despite the limited 

number of subjects the present approach resulted in 4 out of 9 subjects having an illness, as 

determined from the MTS results, which is considered good. The four etiologic agents were; 

coronavirus (CoV) NL63, CoV OC43, influenza A (H3N2) and respiratory syncytial virus (RSV). 

Typical velocity time histories for one participant are shown in Fig. 3. Whilst there is significant 

variation from one cough to another, the general shapes of the profiles are similar and, overall, the 

convalescent coughs are stronger. All of the cough time-histories were processed using a moving 

average filter in order to separate the primary cough velocity signal from the residual turbulence 

fluctuations about that moving average. Fig. 4 ranks the peak moving average velocity for all 

coughs, sorted by sick and convalescent. It may be seen that for both categories about one third of 

all the coughs were very weak, producing negligible far-field velocity values. For the remainder of 

the coughs the evidence suggests that convalescent coughs are slightly stronger. In order to assess 

the extent of similarity between the coughs, Fig. 5 shows all the moving-averaged velocity time 

histories with the velocities normalized by the magnitude of the velocity rise to the peak value from 

the ambient velocity and the time normalized by the time taken for the velocity to rise from ambient 

to its peak value (the time origin is at the start of the velocity rise). The data collapse reasonably 

well from the cough arrival to where the velocity has decreased to about two thirds of the peak 

value. Although not shown here, the velocity scale (up - us) and time-scale (tp - ts) have a reciprocal 

relationship as one would expect. Fig. 6 shows the cumulative average (from smallest to largest) of 

the peak moving-average velocity and the residual turbulence intensity, with the later defined using 

a reference velocity equal to up - us. The results confirm that the convalescent coughs are slightly 

stronger but the differences in turbulence intensity between the two states are minimal, with values 

mostly in the range of 3 – 6% for both cases. Fig. 7 shows the non-dimensional spectra of the 

residual turbulence from one participant. In all cases the high frequency region is similar but the 

low frequencies show differences that may be attributed to large-scale variations due to the initial 

cough angle, the mouth opening area and movement by the subject during the cough, as well as any 

initial ambient air movement in the cough chamber. The integral length scales estimated from the 

residual turbulence range from 5 – 21 mm (0.23 – 09.7D), although this estimate is based on using 

the average velocity at x = 1 m over the duration of a cough and so must be very approximate. 

 

4. CONCLUDING REMARKS 
 

It is anticipated that as the database is enlarged it will be possible to make more definitive 

statements concerning differences between coughs from sick, convalescent and healthy participants, 

as well as the ability of viral droplets to penetrate to x = 1 m. The experimental data will be linked 

to the LES numerical model presently under development and showing promising results [11], with 

the model then being used to help explain the experimental observations. 
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Fig. 1: Summary of maximum cough velocity values in different downstream regions 

 

Fig. 2: Diagram of the FLUGIE cough chamber (dimensions in m) 
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Fig. 3: Example cough velocity time-histories from one participant 
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Fig. 4: Ranking of maximum cough velocities (lowest to highest) for all recorded coughs 
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Fig 6: Ranked moving average peak velocity (left) and residual turbulence intensity for all coughs 

 

Fig 7: Energy spectra for residual turbulence for sick (s) and convalescent (C) coughs from one subject 
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ABSTRACT: Dairy cattle housings using natural ventilation to provide the animals with sufficient 
fresh  cool  air.  Associated  with  this  large  air  exchange  movement  the  barn  is  a  large  gaseous 
emission source for CH4, N2O, CO2 and NH3. Large amounts of NH3 emission deposit in a nearby 
ecosystem (forest).  To  reduce  this negative  impact  a  naturally  barrier  filter  and  disperse  NH3 
emissions.  The optimal placement and configuration of this naturally barrier  were investigated in 
the boundary layer wind tunnel at ATB. Vertical flow structures move contaminated air in higher 
altitudes and were dispersed by higher wind speeds and large turbulence.

 1 INTRODUCTION

Naturally ventilated barns (NVD), as often used for dairy cattle housing using natural ventilation to 
provide the animals with sufficient fresh cool air. Associated with this large air exchange movement 
the barn is a large gaseous emission source for CH4, N2O, CO2 and NH3. Especially ammonia 
affect the near environment in the vicinity of the NVD [1,2]. 

Within a project with the Bavarian State Research Center for Agriculture the reduction potential of 
natural barriers located at the leeward side of the building was investigated. The barriers can act as 
flow  obstacle  and  as  passive  sink  for  ammonia.  In  the  boundary  layer  wind  tunnel  at  ATB 
experiments were investigated to estimate the reduction on NH3 and optimal barrier placement. In 
wind tunnel test the scaled barriers work only as obstacles in the flow. Absorption is not taken into 
account. In wind tunnel test different barrier parameters like distance from the barn, height and 
porosity were varied to find optimal configuration. 

Fig. 1: Top and side view of the investigated barn in Almesbach. Spotted are the ammonia concentration measurement 
points at the barn location in Almesbach.

To  validate  different  scenarios  velocity  components  and  tracer  gas  (Ethane)  concentration  is 
measured. For emitting tracer gas inside the barn an area source is integrated into the wind tunnel 
surface. Analysis of mass flux through planes in 10m, 50m, 80m and 160m real scale are used to 
estimate barrier effect.
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 2 METHODOLOGY

The measurements for this research study were done in the large boundary layer wind tunnel at the 
Leibniz Institute for Agricultural Engineering and Bioeconomy (ATB) in Potsdam, Germany. Our 
boundary  layer  wind  tunnel  is  an  interdisciplinary  research  facility  in  which  meteorology and 
agricultural engineering are brought together in a unique way. This research facility is used for 
complex  agricultural  aerodynamic  processes  in  the  near-surface  layers  of  the  atmosphere. 
Aerodynamic phenomenas and pollutant emission events and its dispersion in the atmosphere can 
be investigated systematically and transferred in statistically representative results. The focus of our 
studies are the analysis, evaluation and development of animal husbandry methods. Therefore, basic 
research on the relations between animals and their environment is a prerequisite.  A further task is 
the  development  of  architectural  and  ventilation  technology  solutions  that  minimize  energy 
consumption and reduce emissions in agricultural. 

With a  tunnel  height  of  2.3 m and a width of  3.0 m,  it  is  one of  the  largest  wind tunnels  in  
agricultural  research.  Models  in  scale  1:100  to  1:300  can  be  installed  within  the  tunnel. 
Measurements of velocity and turbulence are performed using a constant-temperature- and a laser-
Doppler-anemometer.  Tracer  gas  concentrations  (ethane)  are  measured  with  flame  ionization-
detector [3].

 2.1 Experimental set-up

The barn is located in Almesbach, Bavaria.  The barn model is built in 1:200 model scale and has 
large openings on both sides. A perforated plate in u-shape is used as natural barrier in model scale. 
This kind of abstract hedge is used to retain reproducibility, also in other wind tunnel laboratories 
and for numerical model simulations. To create approaching flow conditions as close as possible to 
real scale, additional buildings in the vicinity of the barn are built too. The emission source in the 
barn is realized as an area source with 62.5 cm2. The area source is realized with a porous air stone 
from aquarium field. The stone emit our tracer gas slightly inhomogeneous over their surface. This 
is practicable for our measurements because of the presence of inhomogeneous source emissions in 
the real barn. The source strengths was 120 l/h. 

An atmospheric boundary layer with α=0.16 +/-  0.01 and z0=0.06 +/- 0.01 m (moderately rough, 
grassland) is generated  with 10.0m length of roughness elements and 6 spires at the wind tunnel 
inlet. Vertical profiles of velocity components and turbulence parameters are well documented [4].

 2.2 Measurement plan

Fig. 2: Measurement setup for perpendicular approaching flow conditions.

To evaluate barrier  configurations flow velocities and tracer gas concentrations are measured at 
different planes at the leeward side of the barn (see figure 2). The vertical planes cover the whole 
tracer  gas  plume  section.  The  calculate  mass  flow  through  this  plane  is  an  estimate  for  the 
efficiencies of the barrier configuration. Sensitivity studies for this paper includes three distances of 
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barrier from barn and a reference case with no barrier.  

 Fig. 3: Right: Naturally barrier model. Left: 1:200 scaled model in the boundary wind tunnel at ATB. 

 3 RESULTS 

The measurements in the wind tunnel can only show the dispersion effect of a naturally barrier, who 
act as obstacle in the flow. Absorption characteristics could not be evaluated at this state of the 
project. Evaluating the mass flow of tracer gas with streamwise wind velocity and concentration 
shows the potential of ammonia reduction near surface.

Fig. 4: u/uref colored at measurement planes.
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Velocity measurements with LDA shows the reduction of streamwise velocity behind the naturally 
barrier (see figure 4). Ahead of the barrier a positive vertical velocity component provide upward 
mass flux. 

Tracer gas, which leaves the barn near surface will be transported to to higher altitudes with larger 
wind speeds. 

The mass flux per area at plane 250 mm behind the barn source dilutes to half the amount of tracer  
gas flux which leaves the barn. 

Fig. 5: Mass flux difference between barrier (at 100mm distance to the barn) and reference case (no 
barrier). Colored are positive (red) and negative (blue) differences at all measurement planes (black lines 
indicate the profile of the barn, blue lines the large opening of the barn and green lines the profile of the 

naturally barrier).

Under turbulent flow conditions peaks of tracer gas concentrations occur. We saw high peaks of 
concentration right behind the barn and in front of the barrier. Also high concentration peaks occur 
above the barrier. But according to porosity of the barrier these peaks disappear behind the naturally 
barrier. So we found behind the barrier lower mean values and also lower peak concentration.

M
ass flux differe nce   [m

g/s]

Plane 50 mm (10m)

Plane 250 mm (50m)

Plane 300 mm (60m)

Plane 400 mm (80m)

Plane 800 mm (160m)
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Figure 5 shows mass flux difference between the reference case (no naturally barrier) with barrier at 
100mm distance to the barn. The plot shows clearly red (larger) tracer gas fluxes in altitudes above 
the naturally barrier and blue (lower) amounts of tracer gas fluxes near surface according to the 
reference case. Even in 800mm this effect is significant. 

 4 CONCLUSION AND OUTLOOK

The positive effect of a naturally barrier behind a naturally ventilated dairy barn as an emission 
source was shown. In a first step we considered different barrier configurations and its potential to 
reduce ammonia near the surface. We found, that a naturally barrier can guide the flow behind a 
barn to dilute or spread tracer gas emissions. 

In  further  studies  we  want  to  focus  on  reduce  ammonia  concentration  in  the  wider  field  by 
absorption of high concentrations in the direct vicinity of the barn. In that section, the absorbed 
ammonia in plants can be harvested and so taken out of the system. Therefore the flow should be 
guided in that way, that the highest concentrations occur near the ground in small distances to barn.  
So the most  amount of ammonia should be taken out of the system between the barn and the 
naturally barrier. 
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a house immersed in a peri-urban boundary-layer, a wind tunnel

study

B. Conan1, 3, T. Piquet2, L. Perret1, 3,

(1) Ecole Centrale Nantes, LHEEA UMR CNRS 6598, Nantes, France
(2) CNRS, LHEEA UMR CNRS 6598, Nantes, France
(3) Institut de Recherche en Sciences et Techniques de la Ville (IRSTV), FR CNRS 2488, Nantes, France

ABSTRACT: The present study aims at evaluating the consequences of adjacent buildings on the
pressure distribution on an energy-efficient house situated in an open field where constructions are
planned.  Experiments  are  performed in the  LHEEA's  wind tunnel  at  Ecole Centrale  de Nantes
reproducing peri-urban wind conditions at the scale of 1/200.  Results clearly show the impact of
neighbor buildings in reducing the global pressure coefficient and also significantly modifying the
pressure distribution on the house. In a natural ventilation perspective, results demonstrate the very
important impact of neighbor constructions.

 1 INTRODUCTION

Local pressure coefficients on a building frontage can be estimated by a prescriptive approach that,
in  a  first  approximation,  neglects  the  effect  of  surroundings  constructions  [1].  However,  this
approach is  not  satisfactory in  microclimate  studies  of  densely built  areas  where  the  effect  of
surrounding constructions is likely to be significant [2]. This has great consequences for building
design but also for natural ventilation applications.

The present study aims at evaluating the consequences of the construction of adjacent buildings on
the  pressure  distribution  on  a  house's  faces  in  a  perspective  of  natural  ventilation  potential
estimation. The test-case is an energy-efficient peri-urban house situated in an open field that is
planned to be built. 

At first, the experimental set-up is tested on a roughness cube to verify the quality of the acquisition
chain and measurement tools. Then, a model of the house and its surroundings is built at 1:200
scale. Tests with and without buildings are performed to assess the effect of surrounding buildings
on pressure distribution on the house.

 2 EXPERIMENTAL METHODOLOGY

 2.1 Inflow conditions

The atmospheric boundary-layer wind tunnel of LHEEA research lab (Centrale Nantes) is a Eiffel-
type facility with a 20  m x 2  m x 2  m  test section.  A fetch and vertical vortex generators at the
entrance and h = 50  mm  cubes roughness in staggered arrangement along the 20  m of the test
section allow the development of urban boundary layer characteristics at  a scale of 1:200. The

roughness used in this study has a density of λ=
A
AC

= 25 %, with A the frontal surface an AC the

unit  ground  surface.  A more  detailed  description  of  the  facility  is  available  in  previous  wok
performed in the same facility [3,4].  

The characteristics of the flow at the location of the turn-table are presented in Fig. 1 at full scale.
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The  velocity  profile  follows  the  logarithmic  law  
U
u∗=

1
κ log

(z−d)
z0

with  an  aerodynamic

roughness  lengh  of  z0 =  0.2  m,  that  represents  a  sub-urban  area  following  [1,  5].  Turbulent
quantities are also in agreement with sub-urban conditions.

 2.2 Mock-up

One of the h = 50 mm cubes used as roughness element is equipped with pressure taps, 36 on one
side and 22 on its top. Two models of the house are made with a total of nearly 150 pressure taps.
The model reproduces the recess on the south-west edge of the house and parapets on the roof (Fig.
2). 3D printing fabrication process is used to include pressure taps at the fabrication stage. Surfaces
are lightly sanded to improve finishing. Metallic pipes are installed on the base of the model to plug

Fig. 2: View of the mock-up of the cube (top left) and of the house (bottom left). View of the 
arrangement of surrounding buildings around the house of interest (central black square) on the wind-
tunnel turn-table (right).

Fig. 1: Inlet flow caracteristics: wind speed, turbulence intensity and 
Reynolds stress profiles.
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pressure tubes. 

The geometry and the location of buildings in a 360 m diameter disk around the house (Fig. 2)are
reproduced in the wind tunnel at 1:200 scale using polystyrene foam. Some major buildings outside
the disk are also reproduced.

 2.3 Pressure measurement set-up

The pressure measurement set-up is installed below the test section floor. It is composed of vinyl
tubing,  multi-channel  scanner  (100  channels)  and  two  +/-  15  Pa  pressure  sensors  (Fig.  3).
Differential pressure acquisition measurements (Pi-PS) are made at 250 Hz for a duration of 180 s to
ensure fully converged statistics at 5% with 95% confidence level. The reference pressure is taken
as the static pressure (PS) of a Pitot probe placed 600 mm above the mock-up. This device is also
used  to  determine  the  dynamic  pressure  (Q).  The  pressure  coefficient  is  then  computed  as

C P i=
P i−PS

Q
with Pi the pressure at location (i). 

The mean pressure coefficient  on face  k  is  defined by CP
k=

1
Sk
∑

i

(CPi . dSi) with  i∈k and

Sk=∑ dS i the surface of the face  k . The local force on a surface element dS i is defined by
dF i=Pi−P s . dS i n i=C pi . dS i .Q ni , with  n i normal to surface dS i and, as surfaces are in

the  same  plane,  the  resulting  pressure  force  on  face  k is  then
F⃗k=∑

i
((P i−Ps) .dSi ) n⃗ i=C p

k . Sk .Q n⃗ .  The  drag  coefficient  can  be  computed  as

CD=C p
front−Cp

back , it is relative to the velocity Ur measured at z = 600 mm above the test section
floor.  

 3 RESULTS

 3.1 Pressure results on a cube inside a 25% density canopy

Fig. 3: View of the acquisition chain below the test-section floor.

Multi-channel 
scanner

+/- 15 Pa sensors

Test-section floor

Quick plug
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Pressure measurements are made at Reynolds number (based on h and Ur) of 18 300 and 23 400.

The friction velocity u* is obtained from pressure measurements by u
∗

U r

=√ F D

ρ . AC

=√ CDλ
2

. Fig.

4 shows a comparison of the present measurements to results from the literature using different
techniques to estimate u*: [6] using balance and pressure measurements and [3] using the Reynolds
stress profile. 

Results are in good agreement compared to literature and completely in-line with previous results
by [3]  using  the  same wind-tunnel  and the  same set-up.  This  latter  observation  is  not  straight
forward as both u* are obtained by two completely different approaches involving mean pressure
distribution in the present case, and measurement of the velocity fluctuations in the case of [3]. This
is a sign of a good consistency of the wind flow.

 3.2 Pressure results on the house

Mean pressure measurements on the house are performed with and without surrounding buildings
for 12 wind directions. In the case of a northern wind without buildings (Fig. 5, left),  the repartition
of  the pressure on the house is  symmetric  on the north face and high pressure differences  are
recorded between the north face and the roof with -0.5 < CP < 0.5. The presence of the surroundings
(Fig. 5, right) reduce the global interval of CP to [ -0.2 : 0.3] and breaks the symmetry observed.

The influence of surrounding buildings is also very important with wind flow coming from 150°
(South-SouthEast). In Fig. 6, it is observed that without buildings, the wind side is the southern
facade (Fig. 6, left) but with buildings, the wind side clearly turns to the western facade (Fig. 6,
middle). 

Fig. 4: Drag coefficient and friction velocity compared to literature results.
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A third configuration is tested with all the surrounding buildings except building 53. Building 53
(see Fig. 2) is close to the house, elongated and rather high (2h) compared to the house. Results for
a 150° wind direction show that without buildings (Fig. 6, middle), the wind ward facade is the
southern one but with all buildings, it is shifted to the eastern facade. When removing building 53
(Fig 6,  right),  the pressure maximum is more spread on the southern and eastern facades.  This
clearly emphasis the important role of building 53 on the pressure repartition on the house. It is
likely that the shape and size of the building, by a 150° wind, channels the air flow towards the east
(Fig. 7). 

Fig. 6: Pressure coefficient repartition on the house with a 150° wind direction without building (left) with buildings (middle) 
and with building exept building 53 (right).

without environment   with environment                 without building 53

Fig. 7: Drawing of channeling effect.

Inflow wind direction

Channeling effect

53
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 4 CONCLUSION

Experiments  performed  on  a  cube  inside  the  roughness  elements  validates  the  set-up  and
demonstrates the right estimation of the friction velocity using the Reynolds shear-stress method.

From observations,  it  is  clear  that  surrounding building have two main influences  on the local
pressure distribution, first, due to an increase of the local roughness, it reduces the global pressure
coefficient  value,  and,  second,  it  can  locally  drastically  alter  the  pressure  distribution  on  the
building facades. In the case presented, for a 150° wind direction, removing only one building next
to the house changes completely the position of the wind side and lee side facades. This have direct
impact in a natural ventilation perspective.
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ABSTRACT: This paper presents Particle Image Velocimetry measurements which have been 

carried out in order to assess pedestrian wind comfort in an urban area. Velocity measurement were 

performed at 1.5m from the ground (full scale) are then converted into a quantitative criterion for 

pedestrian wind comfort. The methodology is applied to the design of the Montlaur Citadel district 

in the city of Bonifacio  

 

 1  INTRODUCTION 

The city of Bonifacio, located at the extreme south end of Corsica Island, is said to be the windiest 

city of Europe, and has earned its nickname as “The daughter of The Wind”. The Montlaur Citadel 

is a district of Bonifacio located on a small peninsula. It is an ancient military facility composed of 

various massive barracks and churches. The peninsula is characterized by its high cliffs (60 m 

above the sea level) which make the Citadel particularly exposed to high winds. 

The city of Bonifacio is eager to modernize the location with various services and recreational 

activities. Urbalterre, an urban architect agency, was in charge of designing the urban area of the 

future Montlaur Citadel. Aware of the pedestrian comfort issues which may arise from the high 

wind blowing over the peninsula, Urbalterre wished to design the buildings sizes and locations in 

the district in order to optimize the pedestrian comfort on the citadel. 

In order to obtain a precise assessment of the pedestrian wind comfort, PIV measurements were 

carried out on mock-up of the district set up inside the boundary layer wind tunnel of the CSTB.  

This paper focuses on the methodology developed for those measurements and how the results were 

post-processed to obtain a quantitative criterion for the pedestrian wind comfort assessment. 

 

Fig. 1: Location of the Montlaur Citadel 
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 2  WIND STATISTICS AT THE CITADEL OF MONTLAUR 

The assessment of the pedestrian wind comfort relies on two different data: 

-the wind statistics at the location of the site 

-the local acceleration/shielding effect of the wind due to the building configuration 

 

The later one will be obtained through the PIV measurements. The first one is obtained through an 

analysis of the weather data at the Cap Pertusato weather station, located only 3km at the South East 

of the Bonifacio peninsula. It could be close enough to consider the weather data relevant to the one 

at Bonifacio. However, considering the high cliffs and the shape of the coast between Cap-Pertusato 

and Bonifacio, as well as the particular shape of the Peninsula, wind could be channeled by the 

topography. It was then preferred to use CFD to take into account the orography and roughness 

effect of the wind blowing between Bonifacio and Cap Pertusato. Those calculations are not 

presented here. Figure 2 presents the wind rose which has been extrapolated form the Cap Pertusato 

weather station to the Citadel of Montlaur. One can see that this wind rose is quite uncommon as the 

majority of wind events are concentrated along two wind directions, 280° and 60°. This is due to the 

particular location of Bonifacio at the extreme south end of the Corsica Island. More, frequency 

values are remarkably high. For example, considering all wind directions, the frequency of wind 

speed above 4m/s is 53% of time. For the sake of comparison the same parameter computed in Paris 

is only 4% of time.  

 

Fig. 2: Wind rose calculated at the Citadel of Montlaur 

Wind statistics are then modeled using Weibull functions for each wind direction written as: 

 

With the probability of the wind blowing along direction i and  and  the “shape” parameters 

of the Weibull function computed for every direction i.  is the probability that the wind exceed 

value X for wind direction i. 

 

 3  WIND TUNNEL SETUP 

A first design of the Montlaur district was proposed by Urbalterre and is presented figure 3. Grey 

buildings are already built and need to be renovated without changing their shape. Red buildings are 

the new ones to be constructed. Those buildings are quite massive and may cause wind 

accelerations between them which might lead to pedestrian discomfort.  
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Fig. 4: First version of the district 

Experiments were conducted in the NSA (stands for Nouvelle Soufflerie Atmosphérique) 

Atmospheric Boundary Layer Wind Tunnel of the CSTB (Centre Scientifique et Technique du 

Batiment) located in Nantes France. This wind tunnel is equipped this a very long test section which 

allow a boundary layer profile to be generated owing to appropriate roughnesses set up upstream 

the model. A schematic of the wind tunnel is presented figure 4. 

 

Fig. 5: NSA Wind tunnel 

A 1/100th model of the Montlaur citadel was created. The cliffs of the Peninsula were represented 

with large pieces of foam machined. Buildings were constructed using Plexiglas for the wall, wood 

and foam for the roofs. A picture of the models is presented Figure 6.  

 

Fig. 6: Model of the district for wind tunnel experiments 

Erreur ! Source du renvoi introuvable. presents the boundary layer profile generated in the wind 

tunnel. This profile is relevant to the one occurring on the sea (roughness 0 according to Eurocode 

regulation). The picture also represents a cross section of the district located ether at sea level (in 

red), or on top of the peninsula (in blue). One can see that it is necessary to represent the peninsula 

as it will have a major impact on the way the wind will impact the buildings.  
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Fig. 7: Boundary layer profile in the wind tunnel 

Additional velocity profiles were measured on the top of the peninsula model without the buildings. 

The velocity measured at 10m full scale (10cm model scale) above the ground will be used as the 

reference wind speed to extrapolate wind statistics which have been previously computed. Erreur ! 

Source du renvoi introuvable. plots the wind speed and turbulence intensity profiles measured on 

the top of the peninsula model. The mean wind speed at pedestrian level (1.5cm model scale) is 6.3 

m/s with 28% of turbulence; and 8.8m/s with 21% turbulence at 10m above the ground. 

 

Fig. 8: Velocity profile on the peninsula model, left : mean wind speed, right :  turbulence intensity 

 

 4  PIV MEASUREMENTS FOR PDEDSTRIAN WIND COMFORT ASSESSMENT 

A 2D2C (2dimensions 2 components) PIV System was used in order to measure the velocity a 

pedestrian level. A picture of the setup is presented Figure 9 

 

 

Fig. 9: PIV Measurements 

PIV is now quite a common technique for velocity measurements in wind tunnels. Previous 

attempts were performed to use this technique to assess wind speed close to the ground for 
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pedestrian comfort assessment [2]. There are two main difficulties for one using PIV for pedestrian 

comfort assessment: 

 1) Measurements are carried at 1.5 m full scale above the ground, which means 1.5 cm at 

1:100th scale. This means that the laser sheet is very close from the ground and will highlight every 

roughness of the medium used for the ground. This will alter the contrast of the PIV images and will 

decrease the efficiency of the correlation algorithm which computes the particles movement.  

2) The density of the buildings in the district makes the optical access for the laser sheet 

difficult to set up. The models were built with Plexiglas faces so that the laser sheet can reach every 

part of the model where the wind velocity has to be measured. The Plexiglas let the light go through 

the walls, but will also generate a lot of reflections which will also impair the quality of the PIV 

images. Special care has to be brought to avoid those reflections adjusting the position of the PIV 

camera relative to those reflections.  

The laser sheet is located 1.5 cm above the ground. To enhance the contrast of the images, the 

ground was painted with several layers of black paint and fluorescent paint. The later one is 

obtained by mixing Rhodamine dye with a transparent coating. The green wave length of the laser 

is absorbed by the dye and is re-emitted in an orange wavelength, which is filtered by the PIV 

camera filter. This technique dramatically increases the quality of the images, and hence of the 

measurements. 

PIV fields size were 22 cm square. Cross correlations windows were 64pixels large, which yields to 

a 7 mm resolution. For each PIV field, statistics for average and RMS velocities were calculated 

from 200 instantaneous pair of images. The convergence of those statistics was checked on the most 

turbulent areas 

 5  RESULTS : FROM VELOCTY FIELDS TO A QUANTITATIVE COMFORT 

CRITERION 

 

Two wind directions were tested 60° and 280°, which are the two directions which were identified 

on the wind rose. 36 PIV fields were measured for wind directions 280° and 41 PIV fields were 

performed for wind directions 60°, hence respectively 91600 and 106500 measurements points all 

over the district model. Figure 10 presents the velocity fields measured at pedestrian level, ie 1.5 cm 

above the ground model scale.  Decimation of the vectors was performed for the readability (1 out 

of 10 vectors is displayed). It is remembered that without the buildings, the mean wind speed is 6 

m/s. The PIV measurements show that on some locations, the velocity exceeds this value which 

means that the buildings will increase the strength of the wind. 

From these results, one can see the main interest in using PIV measurement for pedestrian wind 

comfort instead of other measurement techniques such as Irwin probes, hot wire probes, or Cobra 

probes.  PIV allows all the features of the flow to be depicted and the engineers to understand how 

the flow actually behaves inside the district. More the density of the measurement points limits the 

risks of missing particular flow accelerations. For example if a probe is located in the low speed 

side of a shear layer zone, it will fail into getting a potential problematic feature of the flow, 

whereas PIV is able to picture the whole shear layer development. 
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Fig. 10: PIV mean wind speed measurements: left for wind direction 280°; right, for wind directions 60° 

 

In order to quantify the discomfort, the Weibull function calculated on the peninsula are combined 

with the PIV Measurements. The discomfort criterion here used specifies that discomfort is felt 

when  with U the mean wind speed and  the RMS value [1]. Statistics of the wind 

speed were computed 10 m above the ground without any building.  The  function is defined for 

every measurement point j for wind direction i as follows: 

 
 

With  and  the values measured at point j for direction i.  and  are the mean wind 

speed and turbulence intensity measured above the peninsula 10m (full scale) above the ground 

without any building.  is the ratio between the velocity measured at pedestrian level and the one 

measured at 10m (full scale) above the ground.  can be seen as a transfer function between the 

reference point were the weather statistics were computed and any point of the model. The 

probability  the that  for every measurement point j for wind direction i can 

thus be written as: 

 
Erreur ! Source du renvoi introuvable. present discomfort frequencies calculated from the PIV 

measurement and the weather statistics from the two wind directions. Again the high spatial 

resolution of the measurements obtained using PIV allows an accurate identification of areas 

exposed to the wind.  Results show that for most of the areas, the discomfort frequencies are above 

20%. For wind directions 280°, the effect of the buildings increases the discomfort frequencies 

above 40%. More, one has to keep in mind that the frequencies of both directions should be 
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cumulated. When designing an urban area, CSTB recommends limiting the discomfort frequencies 

to 2% for the terraces, 10% for strolling areas and less than 20% for fast pace walking. The 

discomfort frequencies which have been calculated for this first version are dramatically high and 

need to be reduced.  

 

 
Fig. 11: Discomfort frequencies calculated from PIV measurements: left for wind direction 280°; right, for wind 

direction 60° 

To do so the urban architect went through an optimization process including simplified CFD 

simulations in order to reduce the pedestrian wind comfort frequencies. This work, which is not 

presented here, eventually led them to the final iteration presented figure 12. Urbalterre chose to 

limit the number of new buildings, presented in red, and to use a lot of vegetation. Bright green 

areas represent trees, dark green areas low dense vegetation typical of the Mediterranean area 

(garrigues). Orange lines represent some barriers stuck close to the vegetation. 

 
Fig. 12: Final itertation of the district 

 

Figure 13 presents the wind tunnel mockup used for the final version. Vegetation was modeled 
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using real lichens which were implemented according to the density of the vegetation planned by 

Urbalterre. The main problem with Lichens is that there are not transparent. This make the optical 

access of the laser sheet even more difficult to set up. 

 

 
Fig. 13: Wind Tunnel model of the final version of the district 

 

Measurements were run for the two wind directions. 27 PIV fields were performed for wind 

directions 280° and 33 PIV fields for wind direction 60°. They were intended to cover the areas 

expected to be used by the pedestrians.  

Figure 14 presents the discomfort frequencies computed from the PIV measurements carried out in 

the Wind Tunnel. 

 
Fig. 14: Discomfort frequencies calculated from PIV measurements: left for wind direction 280°; right, for wind 

directions 60° 

One can observe that the comfort has actually been enhanced compared to the first iteration. 

Vegetation has proven to be a good way to reduce wind comfort issues. But discomfort frequencies 

remain high, and this is mainly due to strong wind blowing over the peninsula. The main issue for 

Urbalterre was the corner of the large square between the two ancient barracks highlighted in figure 

14 with as dashed square. Here a Venturi effect can clearly be seen between the two buildings and 

may cause a severe discomfort for the pedestrians. It was the proposed to optimize this issue 

directly in the wind tunnel, iterating with vegetation and assessing its effect with PIV 

measurements. They allow the impact of the optimization to be monitored all over the area 
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investigated, which ensures that there are no “side effects” with the proposed optimizations.  

Figure 15 presents two steps of the iteration process using several lichens. The first step was to 

create a vegetal porch hanging between the two buildings. The velocity at the pedestrian level was 

reduced, but it was not considered as sufficient. Then, two additional vegetation patches were set up 

on both side of the porch in a chicane configuration. Results show that the wind speed is 

dramatically decreased in this configuration. Again vegetation remains a very interesting leverage 

for correcting such flow features.  

 

 
Fig. 8: Optimization of the Venturi effect using vegetation and PIV measurements 

 

 6  CONCLUSION 
This paper presents the PIV measurements which were conducted in order to optimize of the 

pedestrian wind comfort in the citadel of Bonifacio, the windiest city of Europe. A 1/100
th

 scale 

mockup of the citadel, specially designed for PIV measurements, was set up inside the Boundary 

Layer Wind Tunnel of CSTB. Velocity measurements were performed at 1.5cm from the ground 

(1.5m full scale) all over the district. PIV allows to picture all the flow patterns all over the urban 

area and is then very helpful to understand how the flow behaves and how the potential problematic 

locations will arise. The velocity measurements are then combined with weather data calculated at 

Bonifacio to compute a quantitative criterion for pedestrian wind comfort assessment. The PIV 

velocity fields are then translated into discomfort frequency maps. The spatial accuracy brought by 

PIV measurement allows to picture very well the problematic areas. 

Results showed that very high discomfort frequencies were occurring in the first drawing of the 

Citadel and pushed the urban architects to iterate the configuration of the urban area to enhance the 

pedestrian wind comfort. It eventually led them to use a lot of vegetation to minimize wind flow 

accelerations. The last optimization process was carried out directly inside the wind tunnel using 

PIV in order to limit a Venturi effect using several patches of vegetation.  

If PIV measurements were found to be very interesting for pedestrian wind comfort assessment, one 

has to keep in mind that they remain quite difficult to setup, which might limit their deployment for 

more “industrial applications” in very dense urban areas where optical access might be difficult to 

manage. 
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ABSTRACT: The presented paper discusses problems of modelling atmospheric boundary layer in 
the wind tunnel. Boundary layers in wind tunnel have about two orders of magnitude smaller 
Reynolds number and their depth is limited by dimension of a wind tunnel. 7 different surface 
arrangements and two measurement methods were used to show various aspects boundary layer 
scaling. Universal mean velocity profile was used for estimation of the scaling parameters as 
friction velocity, roughness length, and boundary layer depth. The results show that by usage of the 
spires, the inertial sublayer is extended, but big part of outer layer is missing. Reynolds number 
independence of the parameters was found and discussed. 
 
1. INTRODUCTION 
 
Atmospheric boundary layer (ABL) flow is very complex phenomenon. Measurement in real 
atmosphere, which would have satisfactory temporal and spatial resolution, is very rare and limited. 
Also the aerodynamic properties of ABL are influenced by other processes as synoptic weather, 
Coriolis force, and exchange of heat. To overcome these limitations a wind tunnel modelling of 
ABL is widely used. However, wind tunnel models of ABL have their pitfalls as well.  
Naturally developed boundary layer above wind tunnel floor (WTBL) is only few tens centimeters 
deep (for approx. 20 m of development length) while ABL depth is about 500 m. We are mostly 
focused on the lowest part of ABL, the inertial sublayer, which is the lowest 15% of ABL [3], i.e. up 
to 100 m above ground in full scale. But 15% of WTBL is only few centimeters. It is impossible to 
study detailed properties of the flow around obstacles in such scale. Therefore turbulence generators 
and spires are used at the beginning of WT development section to vertically extent modelled 
boundary layer. The boundary layer created this way has substantially deeper inertial sublayer, but 
the outer part of BL is missing.  
Another issue is matching Reynolds number. The typical WTBL Reynolds number is two orders of 
magnitude smaller than ABL Reynolds number. There is the Townsend hypothesis [5], which says 
that the dimensionless mean values are independent on the Reynolds number if the Re is high 
enough. One of the basic experimental tests is finding the minimal wind speed above which the 
dimensionless mean values are constant. With the improvement of the experimental technics, we are 
very often interested in transient and dynamical properties of the turbulent flow. But there is lack of 
knowledge about behavior such properties as function of Reynolds number. 
With advance of numerical modelling (direct numerical simulations, asymptotic large eddy 
simulations) there is an evidence of Reynolds number dependence of e.g. energetic spectra of BL 
flow. Also new universal vertical profiles of boundary layer flow above rough surface were derived. 
However, estimate of the scaling parameters as friction velocity and boundary layer depth is not 
easy, because we don’t measure these parameters directly, but we derive them from other variables. 
This paper firstly describes how the scale of the modelled BL is usually derived and the scale 
uncertainty is estimated. Then state-of-the-art aerodynamical approach for description of mean flow 
vertical profile above rough surface is used to compare parameters of different boundary layers 
created in the wind channel. We compare boundary layers above surfaces with different roughness 
and cases with and without spires at the beginning of development section.  

 
2. METHODOLOGY 

Boundary layers developed over 4 different rough surfaces (Fig. 1) were measured in the blow-type 
wind channel (the dimension 250 mm x 250 mm x 3000 mm). Each boundary layer were measured 
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for 5-8 different wind speeds (4-20 m/s) corresponding to Re = 10 000 - 200 000 (based on 
boundary layer depth δ99 and free stream velocity Uδ99), or Re* = 0.7 – 60 (based on roughness 
length z0 and friction velocity u*), or Reτ = 200 – 10 000 (based on δ99 and u*).  

 2.1  Models 
We conducted two series of experiments. The first one examined boundary layers normally used for 
ABL modelling, where turbulence generators (called spires) were used. The entire development 
section was covered by the roughness elements (shown in detail in Figure 1). This arrangement 
allows to create much deeper ABL than a natural devolpment over a rough surface. The second 
series (labelled SL as a surface layer) examined the same surfaces (the same roughness elements as 
used in ABL cases) but without turbulence generators. 
 
 

 

Figure 1: Four different layouts of development section. 

 
 2.2  Experimental set-up 
We used two different flow measurement techniques. Firstly Particle Image Velocimetry (PIV), 
where spatial information is available, but a dimension of investigated area and duration is limited. 
Secondly the Hot Wire anemometry (HW) was used and vertical profiles of point measurements 
were taken with high temporal resolution, longer duration, and covered the whole depth of the wind 
channel. Experimental details are listed below. 
1. Time resolved PIV:  Diode pumped  Nd:YLF 

Sampling 100 Hz and 2000 Hz 
Camera resolution 1280 x 800 pxs       
Interrogation area 32 x 32 pxs         
Overlapping 50%  (77 x 49 vectors)        
Energy 10 mJ 
Area (height x width) 140 x 90 mm 
Sampling rate for dynamics: time 2 s, 2000 Hz (4000 snapshots)  
Sampling rate for statistics: time 20 s, 100 Hz (2000 snapshots) 

 
2. Hot wire anemometry (HW): Constant Temperature Anemometry 
     Dantec Streamline 90C10 - 2 CTA channels 
     probe: X-array wire Dantec 55P51,  

2 Tungsten wires, diameter 5 microns, length 1.25 mm  
Sensor operating temperature: 220 degC 
National Instruments 16-bit DAQ  
Sampling frequency 25 kHz 
Vertical profiles 10-220 mm, about 60 points 
Sampling time 20 s (500 000 points)  
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The measurement position was located 1814 mm downstream from the wind channel entrance. The 
PIV and HW experiments were conducted on the same model at the same wind channel but during 
separate measurement campaigns. The agreement of both methods was good as showed below. 
 
 2.3  Mean velocity profile 
Measured mean velocity profiles were fitted to the composite velocity profile proposed in [1], 
which consists of logarithmic and wake part and is valid in the whole extent of the boundary layer. 
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Where κ = 0.385 is von Karman constant, z is height above surface, z0 is roughness length, Π is 
known as a wake parameter, and W is wake function defined as 
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Where � = �/�	 ∈	 (0,1),  �� = 132.841, 	�� = −166.2041, 	�� = 71.9114, and � ∈ (0,1). 
Chauhan et al. showed that if the measured mean wind profile as a function of z is fitted by this 
equation, a robust estimate of u*, z0, Π, and δ are obtained even though not the whole extent of the 
boundary layer is covered by experimental data.  
  
3. SCALE OF THE MODELLED BOUNDARY LAYER 
 
Wind tunnel model of ABL should be in a desired scale to the real atmosphere. The same scale 
should be valid for all length scales (integral length scale, roughness length) and dimensionless 
profiles should collapse (e.g., intensity of turbulence).  
Measured profiles above surface M2 are given here as an example for choosing the right scale. 
Velocity dimensionless profiles agree very well for all examined velocities and measurement 
methods (Fig. 2, left). The logarithmic fit has the same parameters for all profiles (Fig. 2, right), but  
 

 

Figure 2: Mean dimensionless velocity profile (left); inertial sublayer and logarithmic fit (right). Surface M2, measured 
by HW and PIV for free stream velocities 5, 7, 10, and 13 m/s.  
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there is an uncertainty in choosing extent of the inertial subrange. With different choice of the 
heights, different parameters are obtained. Surface M2 is defined as moderately rough terrain, above 
which the roughness length of mean velocity profile should be between 5 and 100 mm in full scale. 
The modelled z0 is 0.2 mm which gives range for scales from 1:25 to 1:500. This range is 
unfortunately completely out of suitable values when fitting profiles of turbulence intensity (Fig.3, 
left) and integral length scales intensity (Fig.3, right). In Fig.3 scales 1:3000, 1:4000, and 1:5000 
are applied. While the brown profile (1:4000) follows nicely tilt of recommended ranges for 
turbulence intensity, it is out of range for values of integral lengths scale.  
The scale of this modelled boundary layer was estimated to be 1:3000 with uncertainty of 20% and 
not matching roughness length. The uncertainty is huge and the process of the scale assessment is 
very subjective because the results go often against each other. Next section will try to propose a 
way how to assess the scale of modelled ABL more objectively.  
 

 

Figure 3: Profiles of turbulence intensity (left) and integral length scales (right). Data from [6] and [2]. 

 
4. FIT OF THE UNIVERSAL PROFILE 
 
The most uncertain part of the process described in previous chapter is defining the inertial 
sublayer. Especially in the case where the spires are installed in the developing section of the wind 
tunnel and we can’t see the whole extent of the BL and estimate 0.2δ as a upper bound of the 
inertial sublayer. The universal profile described in section 2.3 is valid in the whole extent of the 
boundary layer and gives credible results even though only part of BL profile is available. That 
eliminates the subjective error of choosing the height of the inertial sublayer. 
We fitted all the measured profiles to the equation of the universal profile without a priori 
knowledge of of u*, z0, Π, and δ using least square method. An example of profiles decomposition 
into the logarithmic part and the wake part is shown in Fig. 4. It is clear that the wake part has 
significant value only above 0.2δ, but the boundary layer depth is a result of the fitting process.  
Surfaces M1 and M2 have none or small spires, so the free stream is present in the upper part of the 
wind channel. On the other hand, the spires used in the cases M3 and M4 have height that is equal 
to the wind channel height. The inertial layer is deeper than in the cases without spires (not showed 
here) and there is no free stream present in the wind channel. The wind channel thickness limits the 
extent of the boundary layer and we believe that if the wind channel will be thicker the BL would be 
also thicker. Fitting of the universal profile to the M3 and M4 experimental data we can prove or  
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Figure 4: Measured vertical profiles (bold line) above surface M2 and its decomposition into logarithmic part (solid 
line) and wake part (dashed line). 

 

 

Figure 5: Comparison of the boundary layer depths obtained by universal profile fitting, δfit, and as a lowest altitude 
where 99% of maximal velocity is reached, δ99. 

 

disprove this believe. Fig.5 shows comparison of the boundary layer depths obtained by universal 
profile fitting, δfit, and as a lowest altitude where 99% of maximal velocity is reached, δ99. For the 
flows without using spires (empty symbols) both methods agree as well as for M2ABL flow (red 
symbols) where free stream is present in the flow. In the cases M3 (green) and M4 (blue) the fitted 
boundary layer depth is higher than δ99. But the difference is minor (less than 15%) and the whole 
boundary layer “feels” the absence of the outer layer and scales of motion characteristic for this 
region. 
Another issue we study is dependence on Reynolds number. For example, according to Smits et al. 
[4] the spectrograms (contour maps of premultiplied spectra against wall-normal position) are not 
Reynolds number independent. With the growing Re (Reτ > 2000), the large-scale motions (LSM) 
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and the very large-scale motions (VLSM) are stronger in the outer layer and contain substantial 
amount of energy. We are losing this phenomenon by modifying the boundary layer flow by spires. 
Reynolds number dependence of fitted roughness length and friction velocities is shown in Fig. 6. 
Both flows above M3 and M4 surfaces (with and without spires) tend to have Reynolds number 
dependence. Notable is also fact that the flows without spies (SL) have higher roughness length and 
dimensionless friction velocity than flows with spires (ABL) even though their boundary layer 
depth is approx. half. 

 

Figure 6: Reynolds number dependence of roughness length (left) and dimensionless friction velocity (right). ABL 
depicts flow with spires, SL flow without spires. 

 
5. OPEN QUESTIONS  

There are lots of unanswered questions instead of the conclusions. We see that by adding spires to 
the flow, we can achieve scaled similarity with the ABL in some parameters. But we completely lost 
the classical aerodynamical scalability of the boundary layer. The questions, which we can’t answer 
in this moment, are:   
 Is atmosphere scalable by universal vertical profile?  
 Which parameters are truly independent on the Reynolds number in the whole extent of 

Reynolds number from wind tunnel (Re ≈ 10 000) to the atmosphere (Re ≈ 106)? 
 Are out results from uncomplete wind tunnel boundary layers significantly influenced by 

absence of the outer layer? 
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ABSTRACT: Research on the flow and pollutant dispersion at roadway junctions is a natural 

extension of studying the urban street canyon. A wind tunnel model of a simple intersection formed 

by the crossing of two orthogonal streets was investigated. The effect of the ratio of street widths at 

various approaching wind angles upon pollutant dispersion was investigated by a controlled street-

level propane release with simultaneous laser Doppler anemometry and fast-response flame 

ionization detection. Reduced pollution levels were evident downstream of the intersection for 

oblique wind angles, particularly for crossroad width of at least half of the primary boulevard width. 

 1  INTRODUCTION 

An urban area is formed by the physical geometry of its buildings and the passages between these 

buildings. Simulations of a boundary layer flow approaching a passage between two rectangular 

cuboids have been carried out in the context of studying street-level pedestrian comfort [1, 2] and 

the effect of building height difference or passage width on the turbulent wind conditions near and 

within the passage were examined. The largest velocity amplifications occurred in passages 

between buildings of different heights for wind approaching at a yaw of 30° from the passage centre 

line. Turbulence was prominent for winds perpendicular to the passage centre line compared to 

other wind directions. As passage width increased, velocity amplifications decreased and turbulence 

intensities increased within the passage. These findings are relevant to pedestrian comfort and the 

dispersion of urban air pollution. 

By extending model complexity to cuboid blocks separated by street canyons, forming grid-

like clusters, the topography of modern boroughs can be modelled and these simplified geometries 

can yield useful insights. The following three regimes of street canyon flow were identified [3], 

depending primarily upon the canyon height-to-width ratio (H/W defined in Fig. 1a) and 

secondarily upon the canyon length-to-height ratio (L/H): i) isolated roughness flow, ii) wake 

interference flow in Fig. 1b and iii) skimming flow in Fig. 1c. These three flow regimes were listed 

in order of diminishing conduciveness to dispersion of canyon air pollutant, with the poorest air 

quality expected for the latter. Optimal dispersion is expected where aerodynamic surface roughness 

(z0) is maximized by the city plan and turbulent conditions are encouraged. Early studies found that 

a building plan density (ζ), defined as the ratio of roof area to lot area, of approximately 0.25 

resulted in peak z0/H = 0.30. H/W < 0.65 with ζ = 0.25 was recommended for satisfactory 
dispersion from street canyons and air exchange with the winds above rooftops. 

 
Fig. 1: a) Canyon height-to-width ratio dictates the occurrence of the b) wake interference and c) skimming flow 

regimes (figures reproduced from [3]) 
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Pioneering dispersion modelling [4] was carried out in a wind tunnel with an approach flow 

perpendicular to the long axis of a canyon (wind approach angle of θ = 90°) within a rectangular 

street grid of H/W = 1.2 and L/H = 8. A neutrally-buoyant ethane-air mixture was emitted from a 

pair of street-level lines of closely-spaced point sources, with lengths of 1.5L and centred within the 

canyon of interest. Receptor points were located on the vertical faces of the upwind and downwind 

blocks of the canyon of interest. In addition to the case of uniform block heights, the height of the 

downwind block (H2) or the windward canyon face was varied for step-down (H2/W = 0.6) and 

step-up (H2/W = 1.8) cases, with constant H1/W of 1.2. For the uniform height and the step-up 

cases, maximum measured street-level pollutant concentrations on the leeward canyon face were 

about double those on the opposing windward canyon face at similar height. For the step-down 

case, maximum measured pollutant concentration at the base of the windward canyon face modestly 

exceeded values at the leeward canyon face. With street-level source lines, contours of 

concentration over canyon faces peaked near mid-block, and advection by intermittent vortices shed 

from block corners was presumed to have led to the increased mid-block pollutant concentrations. 

Compared to street-level emissions, significantly lower concentration values and greater variability 

of contours in the canyon were noted for equivalent emissions from a rooftop source line along the 

leeward edge of the upwind building. 

Early flow visualization and gas tracer measurements revealed widely-varying pedestrian-

level pollutant concentrations within a modelled intersection formed by a regular array of uniform, 

low-rise rectangular blocks of H/W = 0.75. Maximum street-level concentrations were observed 

with prevailing winds parallel to the street (θ = 0°), with the other wind directions (θ = 30, 60 or 

90°) yielding approximately equal surface-level concentrations [5]. Release of a neutrally-stable 

ethane-air mixture in a wind tunnel, from a stationary street-level small source in the immediate 

block upwind of receptor sites at the intersection of an avenue (H/W = 0.75) and a street (H/W = 

1.2) within an orthogonal array of rectangular blocks, showed that pollutant concentrations at the 

intersection corners varied by nearly an order of magnitude [6]. The approaching boundary layer 

had a freestream speed of 2.5 m/s and a wind speed profile exponent of ¼. At θ = 0, 30, 60 or 90° 

relative to the avenue midline, classic Gaussian models poorly predicted the intersection-average 

concentrations. With oblique approach flow of θ = 45° to a street canyon, a helical vortex formed 

within the canyon (H/W = 0.67 and L/H = 4) and moved pollutant along the canyon length towards 

the termination of the street block at a roadway intersection [7].  

The intersection of roads holds importance for the study of urban air pollution because of the 

interesting flow dynamics that may arise from the break in the regular geometry of the street 

corridor, as a result of the convergence and interactions of multiple streams of canyon flows, and as 

a result of vehicular traffic characteristics at these junctions. Results from experiments and 

simulations indicated the complex three-dimensional and transient flow phenomena that occurred at 

intersections [8-12]. Prior review of research on urban road intersections discussed the monitoring 

and modelling of the flow fields and pollutant concentrations to which street pedestrians may be 

exposed and emphasized the importance of improving fundamental knowledge on flow and 
dispersion processes at intersections [13]. 

 1.1  Scope and objective 

The current study focused on identifying and understanding flow and dispersion phenomena at the 

scale of four borough blocks. The aim was to understand the effect of road width on pollutant 
dispersion in the vicinity of a four-way roadway intersection for a range of approach wind angles.  

 2  METHODOLOGY 

A simple road intersection model was installed in the meteorological boundary layer wind tunnel of 

the Environmental Flow Research Centre (EnFlo) at the University of Surrey and exposed to a 

neutral boundary layer. The model represented a length scaling of 1:100 for typical urban sites. 

Flow field and scalar dispersion were investigated with laser Doppler anemometry and fast-
response flame ionization detection, respectively, for several wind angles and cross-street widths.  
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 2.1  Wind tunnel 
This open-circuit suck-down wind tunnel had a flared toroidal fairing, mesh screens and honeycomb 

at the inlet for flow smoothing. The dimensions of the working section were as follows: length of 20 

m, width of 3.5 m and height of 1.5 m. A chilling system maintained uniformity of air temperature 

within a typical range of 0.4 Celsius degrees or less during neutral boundary layer simulation. The 

wind speed capability for this facility ranged from 0.3 to 2.5 m/s at a reference point, out of the 

shear layers near the walls and monitored by ultrasonic anemometry. The reference wind speed 

(Uref) was maintained at 1.50 m/s for all experiments. Irwin spires were installed at the start of the 

working section and surface roughness elements were placed along the working fetch of 14 m 

length over which the simulated boundary layer flow developed from the inlet to the centre of a 
turntable where the road intersection model was mounted. 

 2.2  Measurement apparatus 
Horizontal components of air flow velocity were measured by two-component laser Doppler 

anemometry (LDA). The laser beam crossing formed a probe volume with a size of approximately 

0.1 mm. An aqueous solution of sugar was atomized as tracer and drawn into the wind tunnel inlet.  

Passive scalar dispersion was implemented by releasing a dilute propane-air mixture from a 

ground source at the upwind end of the intersection model. Point measurements of instantaneous 

hydrocarbon concentration were obtained from a fast-response flame ionisation detection (FFID) 

system. The FFID sampling tube was 0.5 mm in diameter.  

Both velocity and pollutant concentration probes were mounted on a three-axis traverse. The 

FFID sampling tube was fixed as close as possible (4 mm) downstream of the LDA probe volume, 

without affecting velocity measurement, as shown in Fig. 2. The wind tunnel and measurement 

apparatus was automated and controlled using bespoke LabVIEW software. Sampling duration for 

each data point was 90 s. 

 
Fig. 2: FFID sampling tube aligned at four millimetres downstream of LDA probe volume 

 2.3  Road intersection model 
The road intersection model was composed of four identical cuboidal blocks as shown in Fig. 3. 

The variables of interest were road width ratio (X0/Y0) and the yaw angle of the approaching flow 

( ). Primary road width (Y0) and building block height (H) were kept constant at 102 mm whilst 

three values of secondary road width (X0) were tested: Y0, 0.5Y0 and 0.3Y0. As typical of a rotated 

model tested with various approaching wind angles, the primary and secondary wind velocity 

components were considered in model co-ordinates, Umodel and Vmodel, which were parallel to the 

primary and secondary road lengths, respectively.  was the relative angle between the model co-

ordinate system and the fixed wind tunnel co-ordinate system with primary and secondary wind 

velocity components, U and V, which were parallel and perpendicular to wind tunnel length, 

respectively.  = 0, -30, -45, -60 and -90° were tested, where model and tunnel co-ordinates were 

coincident for  = 0. At  = -90°, U and Vmodel were collinear and pointing in the same direction, 

and V and Umodel were collinear and pointing in opposing directions. 

A controlled release of propane-air mixture was introduced at a nozzle mounted on the wind 

tunnel floor, centred on the midline and upstream end of the primary road. The pollutant source 

outlet area was rectangular with 70 mm width and 8 mm height. The released gas was comprised of 
1.8% propane (43.2 mL/min propane to 2357 mL/min air). 
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Fig. 3: Orthogonal four-way road intersection model with block height of H = 102 mm 

 3  RESULTS 

Vertical profiles on the wind tunnel midline at 25H upstream of the turntable pivot axis indicated 

that the flow approaching the intersection model represented a suburban boundary layer. The 

boundary layer depth above the test section floor was estimated to be 1.0 m. A power law fit to data 

from four trials yielded a mean velocity profile exponent of α = 0.20 ± 0.02. 

 Fig. 4 and 5 describe the flow and scalar tracer dispersion, respectively, along the primary 

street canyon from upstream to downstream of the road intersection. Along and cross-canyon 

components are depicted. Decomposition into mean and fluctuating components is shown. 

a)  

b)  

c)  

     
Fig. 4: Mean velocity and turbulence intensity along the midline of the primary road at Z = 0.5H for road width ratios 

of a) X0/Y0 = 1.0, b) 0.5 and c) 0.3 
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a)  

b)  

c)  

     
Fig. 5: Non-dimensionalized pollutant concentrations and velocity-concentration correlations along the canyon midline               

at Z = 0.5H for road width ratios of a) X0/Y0 = 1.0, b) 0.5 and c) 0.3 
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Fig. 4 shows the effect of wind direction upon the flow field at mid-height in the street canyon. For 

oblique winds, along-canyon wind speed (Umodel/Uref) decreased from significant nominal values 

and across-canyon wind speed (Vmodel/Uref) increased from near-zero values, in the vicinity of the 

intersection nexus (0 < Xmodel < X0). Reduced horizontal ventilation of the intersection was 

observed for  = -30° with equal primary and secondary road widths, as both Umodel and Vmodel were 

near zero. At the other road width ratios, the narrowed width of the secondary road seemed to 

reduce the disruption to the flow down the primary road by the flow down the secondary road, 

allowing the along-canyon stream to be sustained. Turbulence intensities also were lowest at this 

wind approach angle, particularly at decreased road width ratios. 

 As defined in Fig. 5, quantities involving the mean and the fluctuating hydrocarbon 

concentrations (C and c, respectively) recovered in the primary street canyon by FFID were 

normalized by the volume flow rate of propane (Qtrace) released at the source. In accord with 

previous findings in the literature [5], maximum pollutant concentrations were observed for  = 0°. 

Consistent with the wind field results,  = -30° yielded the highest mean and fluctuating 

concentrations for oblique winds. The presence of the intersection was evident in the abrupt change 

in pollutant concentration in the oblique wind cases relative to the orthogonal wind angle cases, 

particularly for an intersection with road width ratio near unity. Total velocity-concentration 

quantities, (UC + uc) and (VC + vc), were nearly identical to the mean component only and the 
correlations of velocity-concentration fluctuations made minor contributions. 

 4  CONCLUSIONS 

This study showed that approach wind angle and road width ratio have major effects upon pollution 

dispersion at a four-way orthogonal intersection. For a street-level pollution source and oblique 

wind angles, this type of road junction can facilitate lower pollution levels in the city block 

immediately downstream of the intersection, particularly if the width of the secondary crossroad is 

at least half of the width of the primary boulevard. The 30° case was a notable oblique approach 
wind direction. Assessment of wind field and scalar concentration data at other locations is needed.  
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ABSTRACT: Wind tunnel experiments on regular arrays of buildings were conducted in the 

environmental wind tunnel in the EnFlo laboratory at the University of Surrey. The results have 

shown that the canopy has obstacles sufficiently long compared with their heights to yield extensive 

flow channelling along streets. This supports the suggestion that the streets are long enough to be 

representative for street network modelling approaches. The wind tunnel data, along with LES and 

DNS simulations, are being used to understand the behaviour of flow and dispersion within regular 

array with a more realistic geometry than the usual cuboids. This integrated methodology will help 

developing parametrisations for improved street network dispersion models. 

  

 1  INTRODUCTION 

The accidental or deliberate release of hazardous airborne materials in densely populated areas is a 

contemporary threat that poses new scientific and modelling challenges. The dispersion modelling 

community is faced with the task of providing first responders with models that allow for a fast but 

accurate prediction of plume pathways, enabling to make informed decisions for evacuation and 

sheltering procedures. 

DIPLOS (Dispersion of Localised Releases in a Street Network, http://www.diplos.org) is a 

collaborative project between institutions in the UK and France that aims to develop and improve 

dispersion parameterizations in emergency response tools like the street-network based dispersion 

model SIRANE [1]. The work presented here concentrates on the EnFlo wind tunnel experiments. 

 2  WIND TUNNEL EXPERIMENTS 

All experiments were conducted in the environmental wind tunnel in the EnFlo laboratory at the 

University of Surrey. This is an open-circuit tunnel with a working section that is 20 m long and 3.5 

× 1.5 m in cross-section. The model canopy comprised a square array of 294 (14 × 21) h×2h×h 

rectangular blocks with height h = 70 mm, mounted on a turntable whose axis of rotation was some 

14 m downstream of the test-section entrance. The origin of the rectangular coordinate system was 

set at the turntable (and model) centre, with x in the streamwise direction and z upwards. 

 

 
Fig. 1: Looking upstream in the wind tunnel. The array is in the θ = 0° orientation. 

Figure 1 shows the arrangement for the orientation defined as θ=0° - i.e. with the oncoming flow 

perpendicular to the longer sides of the array obstacles. The array was curtailed at its corners in 
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order to fit the turntable and thus allow ease of rotation to any desired angle. Note that the boundary 

layer upstream of the array was initiated by a set of five Irwin spires, 1.26 m in height, and 

developed over surface roughness comprising a staggered array of relatively sparsely distributed 

thin plates 80 mm × 20 mm (width and height, respectively), with spacing 240 mm in both x and y.  

The boundary layer at the start of the urban array (x = −2 m) was thus about 14h in depth and was 

found to be reasonably homogeneous across the span with no systematic spanwise variations. 

Measured velocities were within ±5% of the spanwise mean. An internal boundary layer grew from 

the leading edge of the array, but conditions within the canopy, assessed for example by 

measurements along a spanwise street for the θ=0° orientation, were essentially independent (i.e. 

within the experimental uncertainty) of the particular street downwind of the fifth street from the 

start of the array. Two reference ultrasonic anemometers mounted downstream of the array in the 

tunnel exit ducts were used to ensure that all the experiments were undertaken at the same 

freestream velocity in the approach flow (2 m/s). The Reynolds number based on obstacle height 

and the velocity at that height in the upstream boundary layer was about 7400, or about 830 when 

based on the friction velocity uτ (i.e. Reτ = h uτ / ν, where ν is the kinematic viscosity). The 

boundary layer was thus well within the fully-rough-wall regime. Velocity and turbulence 

measurements were made using a two-component Dantec laser Doppler anemometer (LDA) system 

with a FibreFlow probe of outside diameter 27 mm and focal length 160 mm. This provided a 

measuring volume with a diameter of 0.074 mm and a length of 1.57 mm. Measurements in the 

local U-W plane within the street network (i.e. in planes aligned with the streets) were obtained by 

use of a small mirror set at 45° beneath a downward pointing probe. The flow was seeded with 

micron sized sugar particles at a sufficient level to attain data rates around 150 Hz. In general, data 

collection times were 2.5 min, selected to control the standard error in the results. This led to a 

typical standard error in U of 2%, in u
2
 of 10% and in w

2
 of 5%, and corresponds to an averaging 

time of about 200T , where T is defined as an eddy turnover time, T = h/uτ . Our confidence is based 

on use of this LDA system over a long period of time, with a range or orientations and geometries 

(with or without the mirror system). There were many instances of the same variables being 

measured in different ways, without (for example) probe blockage problems becoming apparent. 

However, a potential source of significant error in the measurements was due to positioning 

uncertainty relative to the local buildings and tunnel co-ordinates. For example, an orientation error 

of 0.1° in the array alignment to the wind-tunnel axis would result in a positioning error of about 

2.5 mm relative to the buildings over a 1.5 m lateral traverse (i.e. in the y-direction), assuming the 

traverse itself to be perfectly aligned with the tunnel co-ordinates. There are inevitable 

imperfections in any wind tunnel and traverse installation and these had particular significance in 

this case because of the large volume over which results were required. In broad terms, the 

positional error in any horizontal plane was typically 2 mm. The implications obviously depend on 

the gradients of flow properties at any given location and resulting uncertainties were greatest in the 

thin shear layers downstream of the block surfaces (i.e. the side-walls and roof). The consequences 

of small errors in height relative to the local building roof level were obvious in initial experiments. 

This particular issue was resolved by use of a small ultrasonic height gauge attached to the 

traversing arm – in this way local height uncertainties (i.e. relative to the adjacent block) were 

reduced to about ±0.5 mm. 

Further practical issues directly affecting the flow were the accuracy of rotation of the array and its 

alignment relative to the approach flow. The 0° orientation proved by far the most demanding in 

these respects as any, albeit small, departure from the ideal set-up generated a small cross-flow in 

the street network. Dispersion measurements would then show a plume axis that drifted to one side, 

as indeed was observed in preliminary experiments that became the motivation for technique and 

hardware improvements. Ultimately, these resulted in plume-axis drift that was less than 1°; it is 

hard to see that anything substantially better can be achieved. Finally, it is worth noting that the 45° 

array orientation case was far less sensitive to these matters, or rather that any consequent effects 

were far less obvious. 

Tracer concentration measurements were performed by releasing a neutrally buoyant gas ‘tracer’ 
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into the flow and measuring its concentration using air sampling at selected points downstream. The 

tracer used was a gas mixture of propane in air and the emission was released from a round source 

with a 20 mm internal diameter. The instrument used for concentration measurements was a 

Cambustion fast flame ionisation detector (FFID), a fast response instrument that is capable of 

measuring hydrocarbon concentration fluctuations with a frequency response of 200 Hz. Scalar 

fluxes were measured using the LDA and FFID at the same time on a common measurement 

volume. This setup was described by Carpentieri et al. (2012) [2] and is capable of measuring the 

turbulent part of the flux along with the mean part at locations within the urban model. 

 3  FLOW AND CONCENTRATION MEASUREMENTS 

The major focus within the DIPLOS project is the canopy region itself (i.e. flow, turbulence and 

dispersion in and just above the z ≤ h region) but it is of interest first to consider the flows above the 

canopy and for various wind directions. Spanwise averaged profiles are presented in Figure 2. 

 
Fig. 2: Spanwise averaged profiles of velocity and vertical momentum fluxes above the canopy (normalised using the 

free-stream velocity) with different wind directions. 

A drag increase can be observed for the oblique wind directions (especially 15° and 30°), where the 

frontal area density of the model is highest and, more importantly no long streets aligned with the 

prevailing wind direction are present. Further interesting insights on the flow in and above the 

canopy are reported by Castro et al. (2017) [3], using these wind tunnel experiments in combination 

with LES and DNS simulations. 

Concentration maps within and above the canopy (z/h = 0.5 and 1.5, respectively) are presented in 

Figs.3-5 for three wind directions: 0, 90 and 45°. The strong channelling effect is already visible by 

comparing Fig. 3 with Fig. 4. The plume in the 0° case is considerably wider than the plume in the 

90° because of the streets orientation, deviating already from the classic cube array. This 

phenomenon is further evidenced in Fig. 5 where, despite a 45° model orientation, we can observe a 

plume centre line (defined as the line of the maximum spanwise concentration value) within the 

canopy almost aligned with the long streets and the y axis. Of course the channelling effect is not as 

strong above the canopy, but a significant deviation from 45° can be seen nevertheless, especially 

close to the source location. 

Other interesting characteristics of the dispersion behaviour can be better appreciated by looking at 

some flow visualisation experiments: smoke was released upstream of the area of interest and the 

flow pattern illuminated by a laser sheet to highlight a particular slice of the flow. Some interesting 

features, presented as stills taken from the videos, are shown in Fig. 6. 
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Fig. 3: Non dimensional concentrations within (left) and above (right) the canopy for the 0° case. 

 

Fig. 4: Non dimensional concentrations within (left) and above (right) the canopy for the 90° case. 

 

Fig. 5: Non dimensional concentrations within (left) and above (right) the canopy for the 45° case. 
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Fig. 6: Wind-tunnel flow visualisation within a uniform array of cuboidal buildings. White arrows show the approach 

flow wind direction, squares indicate the ground-level smoke-release area. 

Fig. 6(a) shows wake-source formation and upstream transport in a horizontal cross-section (x–y) at 

z/h = 0.5. Wake sources modify the source emission scenario, introduce additional local retention 

time scales that affect local exposure levels to pollutants in the near-field of the primary source and 

influence dispersion pathways. This effect is particularly evident in Fig. 6(b), where a taller (3h) 

building has been added to the array, showing in the vertical cross-section (x-z) a chimney effect on 

the leeward side of the tall building. These wake sources, for example, can enhance initial 

detrainment of material out of the urban canopy as shown in Fig. 6(c), where two large detrainment 

areas in a horizontal cross-section (x-y) just above roof level (z/h = 1.07) are shown. Some of the 

material detrained above the buildings can be re-entrained back into the canopy after a few building 

blocks as shown in Fig. 6(d), where the vertical (x–z) plane illustrates detrainment (upward blue 

arrows) and re-entrainment (downward red arrows) from/into street canyons. The length of the 

arrows indicates the relative importance of either effect with distance from the source. 

 4  EFFECT OF ISOLATED TALL BUILDING 

In modern cities one can often find buildings which surmount the surrounding canopy. These tall 

buildings can be isolated or form a group, typically in modern city centres. Heist et al. (2009) [4] 

examined experimentally and numerically the flow around an isolated building in a regular 

neighbourhood of buildings forming streets and closed courtyards. They noted large velocities in 

the spanwise direction which were caused by the presence of the tall building and vertical velocities 
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downwind of the tall building reaching 25% of the freestream wind velocity. Brixey et al. (2009) [5] 

used the same building configuration as [4] for wind-tunnel and numerical simulations of scalar 

dispersion from line sources. They found that the vertical dispersion and the vertical extent of the 

plume in the wake of the tall building is greatly enhanced. The spanwise flow towards the tower 

also increased the width of plumes from sources further away from the tall building laterally. This is 

the reason why, as shown in Fig. 6(b), some experiments were carried out in a modified array 

configuration, with one of the building substituted with a taller version (2h or 3h). Tests were 

conducted in the 0° configuration and some preliminary results were analysed and reported by Fuka 

et al. (2017) [6], along with extensive LES simulations. 

 5  CONCLUSION AND FURTHER WORK 

Wind tunnel measurements of flow and concentrations in an urban-like array were performed in the 

framework of the DIPLOS project. Results are available for different wind directions, within and 

above the regular building canopy. The experimental database includes three components of mean 

velocity and turbulence, as well as concentrations, concentration fluctuations and concentration 

fluxes. 

The extensive array and the small scale of the model posed challenging problems for reaching the 

desired high accuracy needed to validate the numerical simulations. 

The wind tunnel data, along with LES and DNS simulations, are being used to understand the 

behaviour of flow and dispersion within regular array with a more realistic geometry than the usual 

cuboids. This integrated methodology will help developing parametrisations for improved street 

network dispersion models. 

When a tall building is placed into the regular array, the flow changes significantly. Larger vertical 

velocities allow significant advective vertical scalar fluxes. Scalar from ground level sources in 

front of the tall building is transported mainly sideways around the building. 

The experimental data-base also include experiments executed for short duration releases (“puffs”) 

and two-point concentration measurements used to quantify spatial correlations. These data are 

currently being analysed and results will be available in the near future. 

 6  REFERENCES 
 
[1] Soulhac, L., Salizzoni, P., Cierco, F.-X. & Perkins, R. 2011. The model SIRANE for atmospheric urban 

pollutant dispersion;Ppart 1. Presentation of the model. Atmospheric Environment 45, 7379-7395 

[2] Carpentieri, M., Hayden, P. & Robins, A.G. 2012.  Wind tunnel measurements of pollutant turbulent fluxes in 

urban intersections. Atmospheric Environment 46, 669-674 

[3] Castro, I.P., Xie, Z.T., Fuka, V., Robins, A.G., Carpentieri, M., Hayden, P., Hertwig, D., & Coceal, O. 2017. 

Measurements and computations of flow in an urban street system. Boundary-Layer Meteorology 162(2), 207- 230 

[4] Heist, D.K., Brixey, L.A., Richmond-Bryant, J., Bowker, G.E., Perry, S.G. & Wiener, R.W. 2009. The effect of 

a tall tower on flow and dispersion through a model urban neighborhood. Part 1. Flow characteristics. Journal of 

Environmental Monitoring 11 (12), 2163-2170 

[5] Brixey, L.A., Heist, D.K., Richmond-Bryant, J., Bowker, G.E., Perry, S.G. & Wiener, R.W. 2009. The effect of 

a tall tower on flow and dispersion through a model urban neighborhood. Part 2. Pollutant dispersion. Journal of 

Environmental Monitoring 11 (12), 2171-2179. 

[6] Fuka, V., Xie, Z.T., Castro, I.P., Hayden, P., Carpentieri, M. & Robins, A.G.. 2017. Scalar fluxes near a tall 

building in an aligned array of rectangular buildings. Boundary- Layer Meteorology (submitted) 

 



Physmod 2017 – International Workshop on Physical Modelling of Flow and dispersion Phenomena 
Dynamics of Urban and Coastal Atmosphere – LHEEA - École Centrale de Nantes - France 

23 - 25 August 2017 

Impact of Proximity to Spires  

on Turbulent Characteristics and Structures 
R. Kellnerová

1
, K. Jurčáková

1
, P. Procházka

1
, V. Skála

1
, Z. Jaňour

1
, 

(1) Institute of Thermomechanics of The Czech Academy of Sciences, v.v.i., Prague, Czech Republic 

 

ABSTRACT: Vertically truncated triangular spires (Irwin type) are applied to enhance 

turbulent diffusion from a surface upwards in order to increase an atmospheric boundary 

layer depth in wind tunnels. This paper studies the influence of variable upstream 

distances of spires on formation of both vortical and non-vortical organized structures 

within a test section. The 2C 2D time-resolved particle image velocimetry measurement 

of the flow was conducted in the wind tunnel with a rough surface. Intermittent flow 

dynamics was evaluated by means of higher order moments, vorticity, quadrant and 

wavelet analysis. 

 

 1  INTRODUCTION 
First attempt to study external turbulence in a wind tunnel was performed with a near-wall flow 

subjected to homogeneous grid-generated turbulence. This specific topic was investigated by many 

authors in great detail [e.g., 1, 2, 3, 4, 5, 6]. Attention was initially paid to an aerodynamically 

smooth surface [3, 6]. The flow around a grid produces free shear stress and generates flow features 

with various scales. The scale of these turbulent structures is strongly dependent on both a scale and 

a shape of the given grid [2]. For example, the coarser the grid, the larger integral length scales are 

produced in both the free stream and the internal boundary layer [3]. Klebanoff in [7] 

experimentally and Brandt et al. later numerically in [6] found formation of fast- and slow- stream-

wise velocity streaks in the boundary layer induced by external turbulence. Westin et al. in [8] 

documented that the amplitude of the stream-wise velocity perturbations increases with downstream 

distance. 

Within the free-stream, there is no production of turbulent kinetic energy (TKE) in the flow 

behind the grid and TKE decays exponentially [9]. The situation is different in the proximity of 

surface with the internal boundary layer, where a production of TKE exists.  

As the external flow with decaying turbulence merges with an internal boundary layer with 

shear permanently generated by the surface, the flow eventually establishes equilibrium between 

loss and production of TKE. The scale of turbulence is also changing with downstream fetch as the 

structures from internal surface layer intermingle with larger structures from external turbulent flow 

[10, 11]. While the external structures are not specified closely, dominant structures in the internal 

boundary layer are assumed to be ejections [12]. The general wind tunnel guidelines therefore 

recommend a sufficient downstream distance of the investigated position from the turbulence 

generators to ensure fully-developed and horizontally homogeneous turbulent layer, in which the 

flow characteristics attain smooth vertical profiles [e.g., 13]. In the case of Irwin turbulence 

generators (described in the next paragraph) the equilibrium distance is reached at approx. 6-times 

turbulence generator height [14].  

The combination of turbulence generators together with the surface roughness is routinely used 

for modelling of environment flows. The turbulence generators in the shape of spires (Counihan 

type, Irwin type, and their truncated modifications) vertically enhance the turbulence created ear the 

ground and increase the turbulence intensity at higher levels. The depth of combined boundary layer 

created by both the spires and the rough surface is significantly greater than the depth of surface-

generated boundary layer. 

Pioneer works on the spires geometry were done by Counihan [14] and Ligrani et al. [15, 16] 

resulting in elliptical Counihan and triangular Irwin type of spires. Counihan spires are rather 

complex, expensive and time consuming in terms of manufacturing. On the other hand, the 

triangular Irwin spires are simpler and easy-to-construct but cause an excessive momentum loss at 
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the near-wall region and insufficient loss of momentum at upper levels [12]. The similar flow 

investigation with much less sophisticated geometry of spires (e.g., rods and bars) was published by 

Guimaraes et al. [17], and lately extended for the Counihan type by Barbosa et al. [12]. 

 

 2  METHODOLOGY 
 The studies on consecutive changes of intermittent flow character with downstream distance from 

the commonly used Irwin-type spires for environmental flows are rather sparse. This paper 

therefore focuses on the evolution of internal and external turbulence along the tunnel axis with 

help of coherent structure detection methods, which comprise vorticity, quadrant analysis and 

wavelet analysis. We identified unsteady vortical and non-vortical structures at various distances 

and evaluated the equilibrium point between spires-generated and roughness-generated turbulence.  

 

 2.1  Experimental set-up 
The measurement campaign was conducted in a pressure driven wind tunnel with the dimensions 

0.25 m x 0.25 m x 3.00 m. Here, the temporally-spatial measurement of flow dynamics by means of 

time-resolved particle image velocimetry (TR-PIV) was performed. The TR-PIV provided 2-D 

snapshots of the instantaneous velocity vectors in a single stream-wise-vertical plane XZ at wind-

tunnel centerline (see Fig.°1). One run of TR-PIV measurement lasted for 20°s with a sampling 

frequency of 100°Hz provided data suitable for statistical analysis, the second run lasting for 

2°s with sampling frequency of 2000°Hz offered temporal resolution suitable for dynamical 

analysis. The reference wind speed at a wind-tunnel mouth was 5°ms
-1

.  

The surface roughness consisted of series of thin metal erected plates with height He = 8°mm. 

The aerodynamic blockage of the roughness elements was 2%. Three Irwin type spires, vertically-

truncated triangles, with bottom width Ws = 44°mm and height Hs=240°mm, were installed at the 

beginning of the rough surface. The distance between two spires was 74 mm (center to center), the 

distance from the spire center to the tunnel side wall was 52°mm. The blockage of the spires 

(solidity) was 34%. The reference position of spires (labelled D4), for which the flow at the 

measurement position is considered to be horizontally independent and fully developed, is placed at 

the distance D = 7Hs upstream from the investigated region (IR). The impact of four different 

stream-wise distances between the spires and IR on the flow was measured. The axis parallel with 

prevailing wind is labelled as X, the lateral one as Y and the wall-normal as Z. 

 

 
Fig. 1: Scheme of the surface with installed spires at the beginning and covered by the roughness elements. The green 

triangle denotes the laser sheet including the investigated region (IR).  

Labels D1-D4 denote four spires positions. 

 2.2  Results 
The direct influence of the spire distance was demonstrated on several physical quantities. 

Fig.°2a,b,c shows the mean velocity, turbulent kinetic energy (TKE) and Reynolds stress profile, 

respectively. Fig.°2a illustrates the agreement of the mean longitudinal velocity profiles for D3 and 

D4, implying the equilibrium state of boundary layer, whereas a notable systematic deflection from 

X 

Y 

Z 



Physmod 2017 – International Workshop on Physical Modelling of Flow and dispersion Phenomena 
Dynamics of Urban and Coastal Atmosphere – LHEEA - École Centrale de Nantes - France 

23 - 25 August 2017 

these profiles occurs for closer spire positions D1 and D2. The mean wind speed is substantively 

lower for D1 as the TKE dramatically increases (Fig.°2b). 

Turbulence generated by spires is dispersed directly to the walls. At the distance D1, i.e. 1.7Hs, the 

spire-generating production of TKE dominates over the whole extent of the boundary layer. The 

maximum of TKE is located approximately at half of the tunnel (Z/Hs = 0.52) and decays in all 

directions (profile D1 in Fig.°2b). Further downstream, the equilibrium of produced and dissipated 

TKE of the spire-surface pair is reached in the inertial sublayer (up to Z/Hs = 0.4). The outer layer 

above this level (0.4 < Z/Hs <0.6) is characterised by a slow decay of spires-generated TKE with 

increasing upstream distance (profiles D2-D4 in Fig.°2b).  

Presence of the inertial sublayer is also evident from the vertical Reynolds stress profile 

(Fig.°2c), where constant values of <u’w’> occupy the range Z/Hs = 0.05-0.40. Reynolds stress 

decreases at higher elevations for distances greater than D3 = 5.2Hs.   

In the near-surface layer, the Reynolds stress sharply changes around the level of Z/Hs = 0.03, 

which corresponds to the height of the roughness elements. The natural decrease of momentum flux 

above the inertial sublayer (Z/Hs > 0.4) at distance D4 = 7Hs (profile D4 in Fig.°2c) agrees with a 

prescription for a fully developed boundary layer from guideline [13].  

Closest to the spires (profile D1 in Fig. 2c), the <u’w’> profile attains a maximum negative value at 

level Z/Hs = 0.52, which fits into the concept of the momentum and TKE transport from the tunnel 

center to the walls. Moreover, the sharp gradient in the near-wall region is significantly reduced for 

spires position D1. 

 

 
Fig. 2: Vertical profile of normalised a) mean velocity, b) TKE and c) Reynolds stress <u’w’> localised at center of each 

investigated region. 

 

Fig.°3a,b,c depicts TKE in the XZ-plane across the PIV illuminated regions. Both cases D1 and D2 

clearly show evolution of the TKE along the longitudinal X-direction as a consequence of not 

established equilibrium between the spires- and the surface-generated turbulence. The disturbance is 

spread downstream from the spires under a certain angle, ranging from 8° near the ground up to 40° 

at the tunnel-center. Near the surface, the area of enhanced TKE relates to the wake behind the 

roughness element with height of 0.03Hs. The equilibrium and horizontal homogeneity in terms of 

TKE is reached at the distance D3 = 5.2Hs. 
 

 
Fig. 3: XZ-plane of TKE from PIV investigated region for spire positions: a) D1, b) D2 and c) D3.  

The wind flows from left to right. 
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The planar velocity from XZ plane allows to calculate span-wise vorticity (Fig.°4a,b,c). The time-

mean vorticity near the surface is positive (with clock-wise sense of rotation), contributing to the 

shear stress at the wall. The positive vorticity peak is located just behind the roughness elements, at 

level 0.03Hs. This peak is notably suppressed in the proximity of the spires, as shown for the case 

D1 (Fig.°4a), since an enhanced vertical transport of TKE to the wall diverts the prevailing 

horizontal flow into more descending flow. This phenomenon induces a less efficient impact angle 

of the roughness element and causes a weak wake formation behind it.  

In Fig.°4a, a relative increase of time-mean negative vorticity (anticlock-wise sense of rotation) 

is observed at upper layers just behind the spires. This higher occurrence of negative vorticity can 

be found over the whole boundary layer thickness. The reason is that just behind the spires with 

gaping Y/Hs = 0.125, turbulence is disarranged, turbulent structures achieve a smaller scale and 

regions with mean negative vorticity are frequently present. The existence of intermittent negative 

vorticity also corresponds to the increase in variance of instantaneous vorticity (not shown).  

Further downstream, the surface-generated positive vorticity is spread in the whole inertial 

sublayer (up to 0.4Hs). The regions of the zero-to-negative vorticity present in the upper part of 

Fig.°4b,c are the remains of the spires-generated turbulence and shrink with downstream distance. 
 

 
Fig. 4: XZ-plane of mean span-wise vorticity calculated from PIV data for spires positions: a) D1, b) D2 and c) D3. The 

wind flows from left to right. 

 

The presence of vortices and shear layer with both senses of rotation just behind the spires affects 

the formation and decay of the characteristic structures in the flow. The size of characteristic 

structures can be determined from the longitudinal integral length scale, expressed in a form of LUX 

in Fig.°5. The integral length scale was calculated from wind speed autocorrelation function. 

Integral time scale τ was marked as a time lag when the correlation coefficient equals 1/e. LUX is 

obtained as τ multiplied by the local mean wind speed. According to guidelines, the integral length 

scale is supposed to increase with height [13]. This concept agrees with attached eddy hypothesis 

and with commonly accepted concept of enlarging of coherent structures with distance from wall 

[15, 16]. Fig.°5 shows that the representative case D4 (dark grey line) is found to be in agreement 

with the guideline’s recommendation. 

Fig.°5 also confirms that the characteristic structures are systematically smaller closer to spires 

(light orange line), since the lateral gaps between the individual spires allow a creation of shear and 

turbulence only with scale smaller than the gaping Y = 30 mm, or Y = 0.125Hs. With the increasing 

downstream distance, the structures become larger as they probably fuse with each other [e.g., 10, 

18]. This concatenation of the smaller coherent structures into bigger ones was documented in 

several studies but it has not been fully understood yet [e.g., 19, 20, 21]. 
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Fig. 5: Integral length scale LUX. 

 

The quadrant analysis is capable to identify a specific structure based on the direction of 

momentum flux contained inside it. The quadrant analysis separates the momentum flux captured in 

an event into four quadrants based on the sign of both the longitudinal and vertical velocity 

fluctuations. The definition of the quadrant analysis is pictured at the bottom in Fig.°6. For each 

quadrant, the length of the compact body of specific quadrant event was evaluated.  

The relative contribution of momentum flux from particular quadrant to total momentum flux in 

the entire IR for each dimensionless time instance, T* = t.Umax/HUmax (where Umax is maximal wind 

speed across the wind tunnel and HUmax is the elevation where maximal wind speed was observed), 

was plotted in Fig.°6a,b for sweep and ejection events. In representative case D4, the sweep and 

ejection occasionally contain up to 90% of the total momentum flux what makes them definitively 

dominant contributors to the TKE in the turbulent boundary layer. The maximum value of 

contribution from sweep and ejection notably decreases behind the spires as demonstrated in the 

case D1 in Fig.°6a. In both cases, the sweep and ejection exhibits certain compactness, we can 

therefore specify their length based on their duration while passing by the IR and on estimated 

convective speed. The sweeps and ejections elongate three-fold with downstream fetch.  
 

 

 
Fig. 6: Relative intermittent contribution to the total momentum flux from the sweep and ejection events for distance a) 

D1 and b) D4. The diagram at the bottom represents a definition of the quadrants. 

 

 3  CONCLUSION 
We have performed analyses of flow above a rough surface behind spires of solidity 34% 

positioned at four different upstream locations. The analyses comprised of the standard statistical 

methods, vorticity calculations and coherence detection methods including quadrant and wavelet 

analysis (the wavelet analysis is not shown here). We found the decay of spires-generated 

production of TKE with downstream distance to be evident at upper levels (Z/Hs > 0.4). The 
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surface-produced TKE together with the spire-produced TKE meet the balance between production 

and decay across inertial subrange (up to Z/Hs = 0.4) after the fetch of X/Hs = 5.2. The integral 

length scale showed significant increase along the whole measured longitudinal fetch (X/Hs = 7). 

These findings lead to an unambiguous conclusion that the flow structures after passing through 

spires are shattered and disarranged, with shorter length scales of eddies having both senses of 

rotation. With increasing downstream distance, the structures become larger as they supposedly 

merge into each other. The process of enlarging the flow features is documented in various studies 

to happen along a span-wise direction with consequences for a stream-wise dimension. In this 

paper, we were able demonstrate the growth in the stream-wise direction. 
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Wind-tunnel simulation of stably stratified deep atmospheric 

boundary layers with an imposed inversion. 
 

P. E. Hancock, P. Hayden 
EnFlo Laboratory, University of Surrey, Guildford, Surrey, GU2 7XH, UK 
 

ABSTRACT:  A previous study investigated wind-tunnel simulation of a deep atmospheric 

boundary layer that was approximately horizontally homogeneous and stably stratified, building on 

wind engineering techniques for neutral boundary layer simulation.  In that study there was no 

overlying inversion. In the present an inversion is imposed, where the inversion reaches into i) 

about the mid height of the boundary layer, ii) nearer to the surface layer.  For i) the Reynolds 

stresses are affected only in the upper half of the layer, and unaffected below, while for ii) they are 

affected across the whole layer.  In either case the turbulent heat fluxes are unaffected in the lower 

one-third of the layer.  Two strengths of inversion are investigated. 

 

 1  INTRODUCTION 

A series of studies have been made of the simulation of approximately horizontally-homogeneous 

stable and unstable atmospheric boundary layers, with particular application to offshore wind 

energy and the wakes of wind turbines [1, 2], in the EnFlo Laboratory meteorological wind tunnel.  

These have employed the wind engineering practice of flow generators and surface roughness to 

provide a deep boundary layer at a scale matched to the model wind turbines.  In simple terms a 

stable atmospheric boundary layer is straightforward - it is one of rising potential temperature.  In 

practice it is far from straightforward.  Further work was carried out for weakly and moderately 

stable boundary layers in the absence of an inversion [3, 4].  It was found that the inlet temperature 

profile and the surface cooling had to be carefully specified in order to achieve smoothly varying 

profiles of Reynolds stresses and turbulent heat fluxes (where ‘weakly’ and ‘moderate’ are defined 

with reference to the condition for maximum heat flux [4]).  An example is shown in Fig. 1, where 

X is the distance from the working section inlet  The various profiles are compared with the field 

data of [5], which have been transformed to laboratory scale on the basis of similarity.  There was at 

this stage no attempt to match the mean velocity profiles to those of [5], although the agreement is 

fairly close, as is that for the mean temperature.  The gradient Richardson number, 



Ri , is presented 

as 



Ri /(1Ri) (which cannot exceed unity when 



Ri  becomes large).  The 



Ri  of [5] is hidden 

amongst the measurements. The results also compare well with the local scaling arguments of 

Nieuwstadt [4, 6].  The measurements here are for a low surface roughness intended to represent a 

sea surface.  Further work [7], with a rougher surface, typical of rural terrain, has shown closer 

agreement with the profiles of [5].  This paper presents a preliminary analysis of measurements also 

made in a stable layer but with an imposed inversion.  For the present it is assumed that the surface 

condition as represented by, say, the surface heat flux or Obukhov length will not in general be 

independent of an imposed condition, but might be so to a first approximation. 

 

 2  METHODOLOGY 

The measurements were made in the EnFlo meteorological wind tunnel, which has a working 

section 20 m long, by 3.5 m wide, and 1.5 m high.  Stable stratification is achieved by means of a 

system of inlet heaters and cooling of the floor by a chilled-water system.  The inlet heaters can 

provide a profile of inlet temperature.  The measurements were made by means of a Dantec 

FibreFlow two-component LDA system, mean temperature by a thermister probe and fluctuation 

temperature by a fast-response fine-wire probe.  The 13 generators were of the Irwin-spire type, 600 

mm high, triangular in shape.  This low height in comparison with the wind tunnel height was 

chosen in order to represent the ‘shallow’ height of a stable boundary layer.  The surface roughness 
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elements were made of square-edged blocks 50 mm wide, 16 mm high, and 5 mm thick, standing on 

the 50 mm  5 mm face, normal to the flow, and spaced 360 mm  510 mm [3, 4]. 

 

 
 

Fig. 1:  Profiles of mean velocity, Reynolds stresses (normalised by a free-

stream references velocity), mean temperature, heat flux, mean square 

temperature fluctuation and gradient Richardson number [3, 4]. 



0 is the 

surface temperature.  No inversion.  Full lines: neutral case.  Broken lines: 

stable data of Caughey et al. [5]. 

 

In the work of Fig. 1 no inversion was imposed, but an inlet temperature profile, defined by the inlet 

heaters, was used in order to assist horizontal homogeneity, coupled with the floor cooling, such 

that profiles of Reynolds stresses showed smooth variation with height, z.  The aerodynamic 

roughness length, 



z0 , was about 0.15 mm, and the ratio of boundary layer height to Obukhov length 

was 0.8.  As here, the free-stream reference speed, 



URef , measured in the upstream flow, was 1.5 

m/s.  For the present work the inversion temperature profile, created by means of the inlet heaters, 

was ‘superimposed’ on that already established in the previous study.  A linear inversion was 

imposed with two variables:  the inversion gradient, and the height at which the inversion was 

added to the initial profile.  

 

 3  RESULTS 

The height of the boundary layer was about 550 mm, controlled primarily by the height of the flow 

generators.  An inversion was started at one of two heights within the boundary layer: above z = 250 

mm, and above 50 mm
1
.  That is, at about mid height of the boundary layer, and into the surface 

layer, for the second case.   
 

The profiles in Fig. 2 are for the first case, where the inversion is imposed above z = 250 mm, and 

for two gradients of inversion:  20 °C/m and 40 °C/m. (The latter was clipped at the top in order to 

reduce the power demand, without adverse consequence.)  The case of no inversion is also shown.    

The mean velocity profile changes shape slightly for the higher gradient, and perhaps very slightly 

for the lower gradient, compared with the no-inversion case.  The behaviour in the Reynolds 

stresses is distinctive.  Below about z = 300 mm there is no significant difference between the three 

cases; all the differences arise above this height, with the shear stress being reduced quite rapidly to 

zero.  This height of 300 mm is the height at about which the mean temperature profiles (



  0 vs 

                                                 
1
 These z correspond to the mid heights of two of the 15 heater banks at the inlet.  The linear 

increase in temperature is zero at one or other of these two heights. 
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z) diverge from that of the non-inversion case and increase linearly with about the same gradient as 

in the inlet profile.  The larger gradient would be expected to lead to greater suppression of 

turbulence, though interestingly, it appears the suppression is not much increased for twice the 

gradient.  Below a height of about z = 200 mm there is no noticeable effect on 



2 , or the heat fluxes 



w  and 



u .  Above this height 



2  rises to a peak that not surprisingly increases with inversion 

strength, and the heat fluxes each show one or two peaks of increase.  The Richardson number 

profiles fall close to a single curve near the surface, and become very large towards the top of the 

layer.  It appears there is negligible influence on the surface layer of the changes occurring in the 

upper half of the boundary layer. 

 

 

Fig. 2: Profiles of mean velocity, Reynolds stresses, mean temperature, mean 

square temperature fluctuation, heat fluxes, inlet temperature profile and 

gradient Richardson number.  Note the different scale in z for the inlet profile.  

Inversion imposed above z = 250 mm. 
 

Fig. 3 shows the effect of imposing the inversion much deeper within the layer, above z = 50 mm - 

so about 0.1 of the boundary layer height.  The response is compared with (a) the inversion of the 

same gradient, but imposed above z = 250 mm (as in Fig. 2), and (b) the non-inversion case.  There 

is no noticeable further effect on the mean velocity profile.  There is, however, a clear reduction in 

all three of the Reynolds stresses, and this happens all the way to near the surface (and in the 

surface layer).  There is no noticeable influence on turbulent heat flux profiles below about z = 200 

mm, but a slight increase in 



2 .  Above this height the vertical heat flux 



w  is increased in one case 

and reduced in the other, the reduction arising probably for the same reason the Reynolds stresses 

are reduced, the shear stress in particular.  The mean temperature profile for case (a) almost 

coincides in the lower half of the layer with the profile for when there is no inversion (as already 

seen in Fig. 2) while the profile for (b) is distinctly above the no-inversion case. 
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Fig. 3:  Profiles as in Fig. 2.  Inversion imposed above z = 50 mm or 250 mm, 

for a gradient of 20°C/m. 

 

Fig. 4 shows the inversion imposed above z = 50 mm, with a gradient of either 20°C/m – as in Fig. 

3 - or 40°C/m.  The stronger inversion leads to a slight further reduction, but no more, in the 

Reynolds stresses, and a noticeable change in the mean velocity profile shape.  Intuitively, the lack 

of change in the Reynolds stresses is surprising.  The heat fluxes near the surface – i.e. below about 

z = 200 mm - show no effect.  The increase in 



2  seen near the surface for 20°C/m is unchanged for 

the higher inversion gradient.  The linear variation of 



  0 seen in Fig. 2 is also seen here, above 

about z = 250 mm, but not lower down in the layer – though, here, 



  0 is larger than that in the 

non-inversion case.  Oddly, there is no corresponding increase in vertical heat flux. 

 

 4  CONCLUSION 

Four cases of an imposed inversion (on an already stable boundary layer) have been investigated: 

two heights above which the inversion was imposed, and two strengths of inversion. If the inversion 

is imposed ‘high’ in the layer (z/h > 0.4), the effects are seen only high in the layer.  Reynolds 

stresses and turbulent heat fluxes are unaffected below this height.  Reynolds stresses are reduced 

above this height.  If it is imposed low in the layer (z/h ≈ 0.1), the Reynolds stresses are reduced 

over most of the layer, though only slightly in the lower part of the layer, where the turbulent heat 

fluxes remain unaffected.  Increasing the strength of the inversion (by a factor 2) did not have much 

effect by way of further reductions Reynolds stresses or heat fluxes, suggesting a non-linear 

dependency on the strength of an inversion. 
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Fig. 4:  Profiles as in Fig. 2.  Inversion imposed above z = 50 mm, for a 

gradient of  20°C/m or 40°C/m. 
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ABSTRACT: It is difficult to change the initial destination of a wind tunnel when a new 

application arises, pulling down walls and rebuilding is costly. In order to overcome this issue, an 

innovative device has been developed for the Jules Verne large climatic wind tunnel, with the aim to 

modulate its section, opening it to new markets. This device allows a fast and cheap adaptation of 

the size and shape of the wind tunnel section. 

  

 1  ORIGINAL WIND TUNNEL 

The dynamic loop of the Jules Verne climatic wind tunnel was built more than 20 years ago as very 

stiff reinforced concrete structure [1]. It lies inside a rectangle 85m long and 55m wide.  Its floor is 

fully flat for letting forklifts circulate and is able to bear heavy loads (2 tons/square meter). It is 

made of 3 successive testing chambers 15x10m, 6x5m and 8x8m, each one being specialized in a 

particular kind of testing. The evolution of the shape from one testing chamber to the following one 

is done by converging or diverging walls and ceiling with a maximum slope of 7°, in order to avoid 

the flow detach from the walls. 

The wind tunnel is powered with six fans, rotating at constant speed with blade pitch adjustable, 

each connected to an asynchronous electric motor of 520 kW. Because the blade pitch can be 

adjusted very quickly, it is possible to reproduce bursts. The maximum speed is 75 m/s. 

Considering today’s needs, it is assumed that some tests performed in this wind tunnel could be 

achieved more efficiently in reduced size section. For instance the 15x10m section could be reduced 

in height to provide a 15m wide x 4m high section suitable for large aeroelastic bridge models. It is 

also planned to reduce the width of this 15x10m large section to a narrower section, 3m wide x 10m 

high, for testing lighting poles. This reflexion around section change is part of a larger project 

consisting in an improvement of the wind tunnel shape by changing one part of the circuit. 

 

 
Fig. 1: shape of the existing Jules Verne wind tunnel 
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Fig. 2: improvement of the shape of the Jules Verne wind tunnel, going to Jules Verne 2.0 project 

 

These changes in the size and shape of  the test section following the propellers have been checked 

by CFD modelling and by skin pressure and PIV measurements inside two reduced size models, at a 

scale 1/10 and 1/36. The shape of the converging walls was first improved in terms of efficiency, 

avoiding detached flow along the walls and reducing losses in the closed loop circuit, in the sake of 

reducing the power consumption of the facility. 

Loads applied on these converging walls were measured in wind tunnel by pressure taps and 

calculated in the CFD modelling from the calculated pressures. Both approaches converged and 

gave a first evaluation of the loads these walls will have to withstand, in order to help in designing 

these structures. 

 

        
Fig. 3: numerical and experimental approach of the convergent for a narrower section 

 

 

Among other technical solutions it was considered to design the convergent with inflatable 

structures. 

 

 2  WHY AN INFLATABLE STRUCTURE ? 

 

The wind tunnel team had some occasions in the recent past to test inflatable structures in the high 

speed section and was favourably impressed by the structural performances of such lightweight 

items. These tests, achieved in the scope of a PhD thesis [1], were also an occasion to collaborate 

with team TRUST of the laboratory GeM, at Nantes University, which is specialized in the studies 

of inflatable structures, usually conducting analytical studies, finite element simulations and 

experiments on such inflatable structures. 

Using the internal air pressure inside beams made of light coated fabrics for conferring a relevant 

stiffness to a building is not really a modern concept but is clearly underused. It is mostly applied 

for temporary structures, because it is easy to transport and the erection of the building is self 

propelled. No foundation is required, no crane or boom is needed, risk of accident to work is 

reduced at its minimum. An emblematic example of inflatable building is the mobile hangar that 
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protects Solar Impulse airplane (figure 4). It should be noted that if foundations are not necessary, 

anchorages must be ensured in strong winds. One great advantages of these structure is that when 

the event ends, the temporary building is easily and quickly folded with a minimal impact on 

environment.  

 

 

 

 

 

 

 

 

Fig. 4: solar Impulse mobile hangar 

Adapting the shape of the wind tunnel cross section to a narrower of a lower ceiling test chamber 

can be considered as a temporary evolution of the inner shape of the facility. The testing period 

usually last from one day to some weeks, after what the wind tunnel must come back to its initial 

configuration and the temporary wall dismounted and stored. 

One of the major benefit from inflatable structure it the ratio of its size in use to its size when 

stored,. Because the fabrics is thin and easy to fold, when deflated an inflatable structure is very 

easy to pack away and can potentially be kept inside the wind tunnel, when solid temporary 

structures are the same volume when they are unemployed than when they are in use and require an 

outside solution for their storage. 

 

     

 

Fig. 5: experiments with inflated structures inside the Jules Verne wind tunnel, studying its collapsing with wind 

 

They must be some drawbacks for such a structure, explaining why its use is not so common. The 

design team made a short list of them : 

- Fragility of the fabrics. Is it possible a piece of hard material flies in wind and cut the membrane, 

making the temporary wall collapse during the experience? Of course this potential occurrence 

exists, but consequences would not be dramatic. Because the wind tunnel original walls are still in 

place, disappearance of one temporary wall will not change substantially the behaviour of the whole 

building. Consequences on the propellers themselves are of limited extend. The cost of fixing the 

tear is very limited. Repairing an inflatable structure can be achieved on site, quickly and easily. 

- Additional cost for the powering of the blower that is used for pressurizing the inflated structure? 

Compared to the wind tunnel power, this is peanuts. The blower can be, at its maximum power, 

needing 1kW, when the wind tunnel needs 3 000 kW. 

- Risk of explosion and resulting blast? Actually, inside pressure of inflated structures is quite low 

and this is not an issue.  

- Will an inflated wall stay rigid enough for resisting to the pressures applied on it by the wind? 

This is one of the questions we aimed at answering. 
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- Is there a risk that the inflated structure “beats” with wind and that this oscillation impacts the 

quality of the flow? This is also a question that this study was done for addressing. 

 

Experience of the wind tunnel team with inflatable structures, initially related to modelling of 

mechanical behaviour of standalone structures under wind loads, was used for taking the challenge 

of the design, dimensioning and validation of new devices, to be used for changing the shape of the 

existing wind tunnel. 

 

 3  MODELLING OF AN INFLATABLE STRUCTURE 

 

 

 3.1  Construction of Inflatable Structures 

 

Construction material:  

Inflatable structures are generally made of flexible materials, which are relied together by different 

types of lying: gluing, sewing, or high frequency welding. In the most common applications of 

inflatables, these materials are of two types: films such as those used on inflatable cushions use in 

architecture, or textiles made of warp and weft yarns, interconnected by a coating which makes it 

possible to ensure the water or air tightness; They can be covered with different protective layers 

depending on the effects, properties or functions expected (UV protection, special roughness, etc.). 

 

 

 

 

 

 

 

 

Fig. 6: structure of a coated fabric 

 

Stiffness of structure:  

Textiles have almost zero flexural rigidity. The stiffness of the structures is ensured by a pre-

tensioning of the fabrics, which may be done with of a mechanical device (by cables, for example, 

for tensioned membranes like the one used for roofs), or by a pneumatic device. This pretension is 

bi-axial in almost all cases. The state of pretension is paramount, since it ensures the integrity of the 

structure. One of the key criteria for the behaviour of textiles is the appearance of wrinkles. This 

corresponds to a local buckling, and is one of the key points of the dimensioning of these structures. 

 

The family of pneumatic structures is divided into three groups: mono-membrane structures (only 

one membrane, simply supported by air), air-inflated structures, and hybrid structures. We are 

interested in this study to air-inflated structures. It is necessary to distinguish between the inflation 

step and the in-service step. The inflation step makes it possible to tension the fabric, and to obtain 

the initial geometry of the structure before deformation dues to other external loads. To understand 

the principle of operation of these specific structures, let’s consider one of its simplest example: an 

inflatable beam (see figure 7). During the pre-tensioning step, the constituent material is subjected 

to longitudinal stresses and axial stresses. The figure presents the evolution of the axial stresses. The 

inflation inducts a uniform distribution of stresses inside the section of the beam. If the beam is 

submitted to bending loads, for example for a bi-applied beam, the flexural stresses (in black on 

warp yarns weft yarns  adhesive layer 

 coating 
 protection layer 
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figure) are superimposed on the pretension stresses (in red). This causes an increase in the axial 

stress in the lower part of this beam, and decrease in the stress in the upper part. Thus, by increasing 

the bending load, it is possible to cancel the axial stress, which causes the occurrence of a wrinkle. 

Note that the apparition of wrinkle is not crucial for the behaviour of the structure, since the beam 

can still withstand higher loads. But it can be considered as a design criterion often for aesthetic or 

psychological considerations. In the case where it is desired to use an inflatable structure to modify 

an air flow in a wind tunnel, it is necessary to ascertain the surface condition of the structure used, 

and this criterion of nonappearance of a wrinkle will also be important. 

 

 

Fig. 7: Stresses in a cross-section  

Designing inflatable structures: 

 

What are the key points of the design?  

This depends on the use of the structure. The criteria are generally based on quantification of the 

state of stresses in the material and on the displacements. There are maximal values of the state of 

constraints not to be exceeded with respect to the resistance limits of the fabrics and the 

connections, and the minimum values which avoids occurrence of a wrinkle, or a collapse. The 

second type of criterion concerns the deformations of the structure, and is based on its maximum 

displacements. It is required, for example, that the maximum displacement of a point of the 

structure is less than a predefined percentage of a dimension of the structure (width, height, length 

for example). 

In some specific cases, attention will also be paid to the vibrations of the structures, to see if there 

are risks of resonance or not. 

For the considered convergent, the proposed design criteria are: 

• Positive tension state in the fabrics (no wrinkle appearance that can alter the flow) 

• Tension not exceeding the strength of the connections and fabrics 

• Minimal movements of the upper skin of the convergent 

• Avoid vibration modes. 

 

Modeling : 

 

For inflatable structures, analytical or numerical studies can be carried out. There are analytical 

formulas for inflatable beams, but for more complex structures such as the convergent, or inflatable 

buildings, finite element software can be used. For this purpose, the structure is modelled by 

considering the material as a membrane, since the thickness of the fabric is of a very small 

dimension with respect to the other dimensions, and since there is no flexural rigidity of the 

material when it is not pre-stressed. The elements chosen for the numerical model are in our case 

membranes elements of type T6 or Q8. Since these elements have no flexural rigidity, it is 

necessary to perform a fictitious pretension at the first increment, which is cancelled after the first 

increment has passed. 

Concerning the materials, there is a great amount of work currently in the scientific community to 

define which model to use for the textile materials used in the membrane structures. The simplest 

model is the isotropic material (same properties in all directions), for which one will define a 

Young's modulus and a shear modulus. This model can be used for films for example, or for pre-

sizing steps. To get closer to the physical reality of the material, an orthotropic model is preferred, 
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considering the warp and weft directions, aligning them with the directions of orthotropy of the 

material. In this case, it is necessary to define two Young's moduli in the two orthotropy directions, 

a Poisson coefficient, and a shear modulus. This model is widely used for the design of textile 

structures, even if it does not fully account for the non-linearities observed during bi-axial tensile 

experiments in laboratories, nor for the viscoelasticity inherent of this type of materials. For the 

inflatable convergent, both models will be used. 

The proposed calculation is a calculation in large transformations, using the total Lagrangian 

formulation. Thus, the second-order terms are taken into account in the deformation tensor, and the 

calculation is brought back to the initial configuration (non-pressurized). This means that the 

material coefficients used for the simulations are the coefficients corresponding to the natural state 

of the fabric, ie for the non-pressurized structure. 

The pressure is considered as an external load applied on the membrane. It is a follower force which 

means that the forces dues to the inside pressure remains always orthogonal to the membrane. 

External loading (here, wind loading) can be introduced in the form of point forces, or load 

densities. 

The boundary conditions are introduced at the nodes, and allow to model the connections of the 

structure with its environment. 

 

Calculations and expected results: 

 

The simulations proposed are simulations showing the first results concerning the mesh of a 

structure similar to the convergent. We use for this a code developed in the GeM laboratory, which 

was originally planned for simpler structures than the one we are interested in here, and whose 

computational capabilities will soon be increased.   

Figure 8 shows the mesh that has been used for this example: it is a structure of the same type that 

the one used in the wind tunnel, made of 6 partitions (against 10 for the convergent). For symmetry 

reasons, only half the structure is studied, by imposing that the middle partition stays in a vertical 

plane. Concerning the boundary conditions, it is considered that the nodes of the lower part remain 

in a plane, that the points of the leading edge remain on a line, and that a point of this line is fixed.  

 

 

 

 

 

 

 

 

 

Fig. 8: mesh and boundary conditions 

 

Resulting inflation: 

 

Figure 9 presents the results of the inflation. This is an important step of the design because it 

allows to pre-define the final shape of the structure. In fact, this corresponds to a step usually used 

in the design of membrane structures: form-finding. What is the shape in the natural configurations 

(without any pressure inside) that will allow to get the shape which is required for the specific 

function for which it has been built?  

 

 

 

lower plane 
leading edge 

fixed point 
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Fig. 9: results of the inflation 

At the end of this step, it is possible to: 

• Verify the geometry of the inflated structure 

• Calculate the stresses at the end of the inflation 

• Apply external loads and calculate the displacements and the stresses 

• Calculate the vibration modes.  

 

 4  EXPERIMENTAL SETUP 

 

A model of an inflatable convergent was built at a scale 1/3 and tested in wind tunnel up to high 

wind speed. This model was equipped with pressure sensors glued on its surface. It was tested in a 

horizontal position and in a vertical arrangement in the high speed section of the wind tunnel which 

is 6m wide and 5m high. The model was 5m wide in order to fit vertically inside the test section and 

side spacers of 0.5m were added for the tests in horizontal position (figure 10). 

 

         
 

Fig. 10: Model of inflatable convergent in the high speed section of the wind tunnel, in horizontal and vertical 

location 

 

The actual shape of the convergent was checked in place at rest by manual measurement. Three 

rows of 20 pressure taps were located at the surface of the convergent model, all connected to two 

pressure scanners of 32 channels. The inside pressure was measured too and was varied by acting 

on the blower. Static pressure was measured by a Pitot tube located in the same section as the 

model. 

 



Physmod 2017 – International Workshop on Physical Modelling of Flow and dispersion Phenomena 
Dynamics of Urban and Coastal Atmosphere – LHEEA - École Centrale de Nantes - France 

23 - 25 August 2017 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 1 2 3 4 5 6

V
e

rt
ic

a
l 

co
o

rd
in

a
te

 (
m

)

Horizontal coodinate Y (m)

Location of pressure taps

 

Fig. 11: Shape of the inflatable convergent model at rest and location of pressure taps 

 

    
    

Fig. 12: Arrangement of pressure taps on the fabrics and detailed view of one pressure tap 

 

Measurements made for three levels of inside pressure give very similar results, what means the 

shape of the convergent does not really depend on this internal pressure, even at high wind speed. 
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Fig. 13: Pressure distribution along the convergent for various wind speeds 

 

These have been compared to the pressure field along the convergent calculated by the CFD 

simulation and are very close to it. 
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Wind speed gradient have been measured upon the convergent model and compared to the CFD 

model too. 

Both kinds of measurement serve for checking the RANS CFD model of the reduced scale 

convergent inside the wind tunnel, with the aim to use the same modelization for the design of the 

final convergent at full scale, one of the most important feature being the loads transmitted by the 

inflated structure to the walls of the wind tunnel.. 

 

 5  DYNAMIC BEHAVIOUR OF THE CONVERGENT WITH WIND 

 

The major unknown in the final convergent design is the dynamic behaviour of the inflated fabrics. 

Will it rattle or throb in the wind? The stability of the inflated structure at various wind speeds is a 

fluid-structure interaction problem which can be solved by a complex modelization that was not 

affordable in this project. This is the reason why measurements in wind tunnel have been used with 

FE modelling of the inflated cushion for a simplified checking of mode shapes frequencies. 

The 1/3 model of the convergent was equipped with reflective tape targets in 15 locations, for the 

measurement of the structure vibration with wind by a pulsed infrared tracking system. 

This measurement system is composed with 6 CCD cameras looking at the structure from the 

ceiling and giving the displacement of each target, at a rate of 400 data per second, in 3D and with a 

precision better than 1mm. 

 

  
Fig. 14: Location of displacement measurement targets on the fabrics. 

 

The time history of the displacement at each target location was analysed in the frequency domain 

and the PSD’s show vibrations at 15 Hz and 18 Hz for an internal pressure of 650Pa, to be 

compared with calculation results. 
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Fig. 15: time history of the vertical displacement measured in three locations on the convergent model. 

 

        
 

Fig. 16: PSD of vertical displacement at locations P5, P8 and P11 

 

 6  CONCLUSION 

Design and use in a large wind tunnel of inflatable convergent seems an innovative process. It is 

under way for the Jules Verne climatic wind tunnel as a collaborative work. 
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ABSTRACT: An extensive series of experiments was conducted in the EnFlo wind tunnel to 

investigate the behaviour of dense gas emissions in complex flows and provide data for evaluating 

dispersion models. The reference points were passive and dense gas dispersion on level terrain, for 

which ample data already existed. Increasingly complex scenarios were studied, commencing with a 

two-dimensional hill, then a simple array of 4 identical obstacles, a more complex, irregular array of 

14 obstacles and finally an urban area (central Paris at 1:350 scale). The research treated continuous 

and finite duration emissions of either air, carbon dioxide or a mixture of the two into a neutrally 

stable simulated atmospheric boundary layer.  

 
 

 1  INTRODUCTION 

Toxic industrial chemicals are produced, transported and stored in relatively large quantities. The 

possible consequences of accidental or intentional release of such compounds are of concern both to 

military and civilian authorities. The main objective of the European Defence Agency (EDA) 

Project “Modelling the dispersion of toxic industrial chemicals in urban environments” (MODITIC) 

was to enhance our fundamental understanding of modelling the dispersion of heavier-than-air 

gasses in built-up environments. The project goal would lay the ground for future improvements in 

the dispersion models used in emergency situations by military personnel as well as civilian 

emergency services, thereby improving emergency preparedness and response. 

 

The project work encompassed atmospheric wind tunnel experiments on neutral and dense gas 

dispersion for a selection of geometries with increasing complexity. Selected geometries were 

subject to computational modelling to investigate the performance of LES and RANS CFD methods 

and simpler operational models. In addition, special data sets were compiled to examine inverse 

modelling capabilities. The project also made use of available experimental data for outdoor and 

indoor ammonia releases from pressurized vessels in order to test modelling strategies to 

characterise release characteristics. 

 

A set of reports describing the research carried out is available at www.ffi.no/MODITIC. 

 

The overall objective of the wind tunnel work was to conduct an extensive and systematic series of 

experiments in the EnFlo meteorological wind tunnel at the University of Surrey (UK) to generate 

data for evaluating dispersion models and to aid understanding of the underlying physical processes.  

 

Project planning identified six scenarios, the aim being to ensure gradual progress in complexity 

that, in turn, would lead to progress in understanding and computational capability, namely: 

 

1. A flat surface 

2. A two-dimensional hill 

3. A two-dimensional back-step 

4. A simple array of obstacles 

5. A complex array of obstacles 

6. An urban area (central Paris). 

 

Each of these categories was further sub-divided by wind direction, source conditions and 
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measurement requirements. Use was also made of relevant previous EnFlo work, including the 

PERF project that studied dense gas dispersion in neutral and stable boundary layers (Robins et al., 

2001a & b), the DAPPLE studies of dispersion in central London (e.g. Wood et al., 2009) and the 

DYCE project that treated inverse modelling to identify source strength and location (Rudd et al., 

2012).  

 

This paper summarises the wind tunnel work, describing the methods used in the simulations, the 

scaling criteria, the overall strategy, the experiments undertaken, and hence the content of the 

resulting data-base. Some results are presented and discussed from the simulations of dispersion in 

central Paris. 

 2  METHODOLOGY 

  
 2.1  The wind tunnel 

The EnFlo wind tunnel was designed specifically to simulate flow and dispersion processes in the 

atmospheric boundary layer, in particular where density differences are a key factor, either in 

emissions or the background flow. It is an open circuit wind tunnel with a 20m long working 

section, 3.5 by 1.5m in cross-section, the capability to heat and cool the flow and the tunnel 

surfaces, and the ability to operate at low flow speeds of order 1ms-1. Reference flow conditions are 

measured by two ultrasonic anemometers, one held at a fixed reference location and the other 

positioned as required. Temperature conditions are recorded by thermistor rakes in the flow and 

individual thermistors in each tunnel wall, roof and floor panel. Flow conditions through the inlet 

are also monitored, primarily to indicate the state of the inlet screens. The wind tunnel and all 

associated experimental equipment and instrumentation operate under full computer control, which 

allows un-manned and remote operation of the control software. All data collected, including a wide 

range of environmental and operational information, metadata and web-cam outputs are 

automatically archived. 

 

 2.2  Procedures 

All velocity and turbulence measurements were made using a two-component Dantec laser-Doppler 

anemometer (LDA) system with a FibreFlow probe. Data collection durations were selected to 

control the standard error in the results; achieving a typical standard error in the longitudinal mean 

velocity of about 2%, and in the turbulence normal stresses between 5 and 10%. Plume 

concentrations were measured with Cambustion Fast Flame Ionisation Detectors (FFIDs), which 

respond to hydrocarbon concentrations and have a frequency response of order 200Hz. Small 

proportions of propane (of order 1%) were added to emissions and acted as the plume tracer. FFIDs 

were calibrated at regular intervals against standard mixtures of tracer-in-air. Data collection times 

were again selected to control the standard error in the results, achieving a typical standard error of 

about 2% in the mean concentration data with a 4 minute averaging time with the tunnel reference 

velocity at 1ms-1. Positional accuracy was generally ±2mm, but considerably better following reset 

of the traverse position. 

 

A standard source diameter of 100mm was used, the source installation extending to approximately 

300mm below the tunnel floor and being packed with 3mm diameter beads and covered with a 

mesh in order to achieve uniform emission conditions; similar arrangements were used in the PERF 

dense gas dispersion studies (Robins et al., 2001a). In the majority of cases, emissions were either 

air or carbon dioxide with a trace amount of propane added, as discussed above. Mixtures of air and 

carbon dioxide were used in some experiments with the Paris model to obtain intermediate 

densities. A thermal mass-flowmeter and flow-control system was used to regulate emission rates.\ 

 

 2.3  Similarity conditions 

Neutral boundary layer simulation does not impose any relationships between the wind speeds in 
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the tunnel and at full scale, all that is required is that certain Reynolds number constraints are 

satisfied to ensure that the surface is fully rough and the flow around buildings Reynolds number 

independent. These conditions were indeed met. However, scaling of buoyant plume dynamics 

implies similarity of three parameters (a density ratio, a velocity ratio and a Richardson number; 

Obasaju et al., 1998) and this leads to an explicit relation between wind speeds at model and full 

scale (suffices m and fs): 
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where u is the velocity ratio, u* the friction velocity, Uref a reference wind speed, h a length scale 

(e.g. the mean block height) and  the geometrical scale ratio. The time scale ratio, T, is: 
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It is sometimes assumed that the density ratio of itself is not a significant parameter away from the 

immediate vicinity of the source and similarity can be based on just two parameters, the 

dimensionless buoyancy and momentum fluxes from the source. That approach could be, but has 

not been, used here. 

 

 2.4  Strategy 

The scenarios of interest were based on emissions that might occur, for example, in the catastrophic 

failure of a large tank of chlorine in an urban area. However, what could be simulated in the wind 

tunnel work was tempered by the constraints of the simulation criteria summarised above, which are 

particularly severe in the case of dense gas dispersion modelling where carbon dioxide is really the 

only gas that can be used at model scale. The wind tunnel work therefore adopted a strategy that 

used experimental conditions, controlled by the tunnel speed and the emission rate of carbon 

dioxide, that produced clear dense gas effects but, at the same time, led to plumes that remained 

well clear of the wind tunnel side walls. Results obtained in this manner could be used to test 

models that operate satisfactorily at model scale, in particular CFD-based approaches. However, 

some operational models only function at full scale and for these the similarity conditions described 

above were used to convert results from model to full scale. This generally led to emission 

conditions that were far out of range for the applicability of such models (emissions being far too 

great to be plausible). Some additional experiments were therefore carried out with considerably 

reduced emission rates to provide data for more realistic full scale conditions, accepting that dense 

gas effects would be reduced (but not absent) in such circumstances. 

 

 3  THE DATA-BASE 

 

Existing results from the PERF (Robins et al., 2001) and DYCE (Rudd et al., 2010) projects were 

used to fill Scenario 1 data requirements, respectively for forward and inverse modelling. For the 

remaining scenarios, an extensive series of experiments was conducted in the EnFlo wind tunnel to 

provide data that, again, was suitable for assessing forward and inverse dispersion modelling 

capability. All the work discussed below made use of the same, neutrally stable boundary layer 

inflow.  
 

 3.1  The inflow 

The inflow boundary layer was generated in a standard manner using vorticity generators (Irwin 

spires) and surface roughness. The details and resulting profiles of the mean inflow velocity, 

turbulent stresses and associated length scales are included in the data-base and summarised here: 

boundary layer depth, H = 1 m; friction velocity, u* = 0.055Uref; surface roughness length, zo = 

0.088 mm. 
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 3.2  The two-dimensional hill 

The hill shape was scaled from the WALLTURB ‘bump’, which itself was designed to generate a 

small separation bubble on the downwind face and for which high quality LES flow simulations 

already existed within the MODITIC group. Two source positions were used, one on the upwind 

face and the other on the downwind face, and initial experiments settled on Uref = 1ms
-1

, Q(CO2) = 

100litre.min
-1

 as the operating conditions; the same emission rate being used for the neutral density 

(air) cases. Extensive, simultaneous LDA and FFID measurements made in all four cases (2 

sources, 2 gases). Buoyancy effects in the dense gas plumes led to local flow deceleration near the 

upwind source and acceleration near the downwind source. The associated plume showed 

significant upwind spread and greatly enhanced lateral spread (relative to the neutral density cases). 

 

 3.3  The two-dimensional back-step 

The back-step was formed by removing the downwind section of the hill model, separating the two 

parts at the crest. This gave a step aspect ratio (width, W, to height, h) of just 10, which was clearly 

too small as it implied that the length of the recirculation region, LR, formed downwind of the step 

was similar in magnitude to step width (3m). The floor level downwind of the step was therefore 

built-up to reduce the step height to 0.1m, increasing W/h to 30 and implying that W/LR ~ 5. The 

source was located with its centre 0.1m from the step. Experiments were conducted with the floor 

downwind of the step either smooth or covered in the roughness elements that were used to simulate 

the approach flow boundary layer. The reference speed and emission rate were kept at the values 

used with the hill model. The most dramatic results were seen in the mean concentration field. In 

comparison with the neutral density plume, the heavier than air plume was much shallower, as 

expected, but essentially two-dimensional, spreading across the full extent of the recirculation 

region. Vertical turbulence intensities were greatly reduced and associated vertical mass fluxes 

much smaller, in keeping with the reduced rate of vertical spread. Differences between results over 

the smooth and rough wall were very small. Variants on the basic experiments with the back-step 

saw two-dimensional arrays of obstacles installed on the downstream surface. These comprised 

three rows of 0.11m cubes, separated laterally and longitudinally by 0.11m. In the first case, the 

obstacle array commenced at 0.8m from the step and downstream of the recirculation region; in the 

second at 0.36m and well within the recirculation region. 

 

 3.4  The simple array of obstacles 

The small array comprised four h = 110mm cubes in an aligned 2x2 array, with a separation of 

110mm. Experiments were carried out with the array either aligned normal to the approach flow, 

defined as 0˚, or at 45˚. Sources were located upwind, on the centre line, or upwind and to one side 

(y = 1.5h). Initial tests with the array at 0˚ examined the effect of carbon dioxide emission rate on 

the plume width around and  downwind of the array. The concentration field was judged to be too 

wide relative to the tunnel cross-section with Q = 100litre.min
-1

, Uref = 1ms
-1

, as in the hill 

experiments, and a lower emission rate of 50litre.min-1 was therefore adopted in this work and also 

that with the complex array. Measurements were made both upwind and downwind of the array. 

The most obvious difference between the air and carbon dioxide plumes was that the former passed 

through the array whilst the latter were deflected around it. 

 

 3.5  The complex array of obstacles 

This model comprised fourteen rectangular blocks of differing sizes arranged in an irregular 

manner, all constructed from 110mm cubes. ‘Tree’ simulators were used in some of the experiments 

to study their impact on dispersion behaviour. The array was aligned either normal to the approach 

flow, defined as 0˚, or at 45˚. Sources were located within the array, upwind on the centre line, and 

upwind to one side at y = 3h; the emission rate were again 50litre.min
-1

 with Uref = 1ms
-1

. 

Measurements were made within the array and downwind from it. 
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 3.6  Data for inverse modelling studies 

Four FFIDS were operated simultaneously to generate long concentration time series that could be 

used in inverse modelling studies. Experiments ran for 16 minutes, with the emission initially off, 

then on and, finally, off again so that concentrations fell to background levels by the end of the 

whole period, providing a period of approximately 13 minutes of steady emission. Both the raw 

data, sampled at 400 Hz, and equivalent full scale data were made available to test the ability of 

inverse modelling systems to detect the location of the source, the emission rate and the emission 

profile. A geometrical scale of 1:200 was assumed in converting the results to full scale, the data 

being first down-sampled to 100 Hz. 

 

 3.7  The urban area – central Paris 

By far the greatest effort was devoted to simulations with the Paris model. A geometrical scale of 

1:350 was selected in order to encompass a sufficient area of central Paris, from the Arc de 

Triomphe, along Avenue des Champs Elysees to the Grand Palais, and an equivalent distance on 

either side. The model comprised almost a hundred blocks, each with a flat roof, a great 

simplification of the real topography but one judged to be fit for purpose, given that whatever was 

used in the wind tunnel work had to be reproduced in the numerical modelling. The 1:350 scale 

implied that the ratio of full scale and model wind speeds was √350 = 18.7, so that the standard 

1ms
-1

 wind tunnel reference speed used in the bulk of MODITIC wind tunnel work was equivalent 

to 18.7ms
-1

, or more usefully 9ms
-1

 at 10m height and 11.6ms
-1

 at the average building block height 

of 27m, and very large emission rates are required at this full-scale wind speed to ensure significant 

dense gas effects. Both the reference and emission velocities scale by 18.7 and the basic 

experimental conditions (Q = 50litre.min
-1

, Uref = 1ms
-1

) were unrealistic when  scaled. Additional 

experiments were carried out with reduced emission rates and lower tunnel speeds to provide data 

for more realistic full scale conditions - dense gas effects were much reduced but not absent in these 

cases. Experiments were conducted with both continuous and short duration emissions. 

 

Three source locations and associated wind directions were identified: one in the Avenue des 

Champs Elysees (S1) and two in the narrow side streets on either side (S2, S3). A wind direction 

was associated with each: 300˚ for S1, 220˚ for S2 and 40˚ for S3. Three types of concentration 

measurements were made: in-street at z = 10mm, lateral profiles (cross-wind) above roof level, at z 

= 120mm, vertical profiles from street level. In contrast to the other scenarios, wide ranges of 

emission rates (1 to 50litre.min
-1

), emission density ratios relative to air (1 to 1.52) and reference 

flow speeds (0.6 to 2.0 ms
-1

) were examined. Dense gas effects were found to be very strong with 

the carbon dioxide plume almost entirely confined to the street network, with significant upwind 

and lateral spread apparent. In all the cases studied, the downwind carbon dioxide plume was much 

shallower than the equivalent air plume (Figure 1a), though upwind spread ceased at sufficiently 

low emission rates. The runs with air at different emission rates produced concentration results that 

scaled with emission rate, as expected of a passive plume (Figure 1b). Passive gas dispersion from 

S2 and S3 followed the empirical relation between maximum round level concentration and 

separation found in the DAPPLE work (Woods et al., 2009) but the confinement of the Av. Champs 

Elysees led to a slower decay rate for S1, a rate that reduced even further as density effects became 

more pronounced (i.e. with increasing source Richardson No.). 
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Fig. 1: . Vertical profiles of normalised mean concentration measured at 1000mm downwind (in Av. Champs Elysees) 

from source S1. 1a, left: Results for a range of emission rates compared with the results for an air plume; 1b, right: 

Results for air emissions fitted by a Gaussian profile. The reference speed was 1ms
-1

 in all cases. 

 

 4  CONCLUSION 

A detailed and comprehensive data-base has been prepared from wind tunnel simulations of non-

buoyant and dense gas dispersion in conditions of increasing geometrical complexity. Data were 

compiled as a set of text and Excel files, together with accompanying meta-data. The prime use of 

this data within the MODITIC project was to examine the performance of a range of forward and 

inverse dispersion models, though the results also provided insight into dense gas dispersion 

behaviour. Future research could most usefully: repeat the present work in stable and unstable 

boundary layers; study the relation between upwind and lateral spread near the source and the 

emission properties (geometry, Richardson number and velocity ratio); the adaptation of street 

network dispersion models to dense gas emissions through a Richardson number dependent 

entrainment velocity. 
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Between the idea and the reality 

Alan Robins, Paul Hayden 

EnFlo, University of Surrey, Guildford, Surrey, GU2 7XH, UK 

 

ABSTRACT: The expected applications and the consequent design of the EnFlo wind tunnel are 

briefly described. The operational issues that derive from the design and the laboratory environment 

in which the tunnel now operates are discussed and the strategies adopted in response outlined, a 

response which also reflects a desire to automate operation. The discussion is presented under the 

following headings: the laboratory environment; the inlet; the outlet; heating and cooling the floor; 

traverse equipment; model alignment and rotation; calibration.  
 

 1  INTRODUCTION 

TS Eliot wrote: “between the idea and the reality falls the shadow”. He didn’t have wind tunnel 

modelling in mind but the quotation is just as apt for our area of enquiry. Once a system is 

performing to an acceptable standard there is a strong temptation to overlook its seemingly minor 

idiosyncrasies and press-on with the research. It is probably only when the demands of that research 

push the bounds of system capability that these issues become crystal-clear and demand serious 

attention. Here, we summarise some operational problems that have been encountered with the 

EnFlo wind tunnel and discuss the solutions that have been or are being pursued to resolve them. 

 

The tunnel was designed and built at CERL, a laboratory that has long since closed, and then moved 

to the University of Surrey, opening there in 1993. The size and overall design of the tunnel were 

dictated by its first home, not the laboratory in which it now operates. The symmetry and single 

purpose of the CERL laboratory were replaced by a much busier and irregular environment 

containing a number of the wind tunnels. The original design and the current location generate most 

of the issues with which operators now have to cope, so it is worthwhile starting with the design and 

then the location before discussing operation and ‘fixes’.  

 2  DESIGN 

The tunnel design was set by what was then perceived as a continuing need to carry out nuclear 

power station siting and safety studies. This entailed being able to simulate neutral and stable 

boundary layers, and the dispersion of emissions that might be heavier or lighter than air. The result 

was an open circuit tunnel with a 20m long working section, 3.5 by 1.5m in cross-section, and a low 

operating speed range (0.5 to 2.5ms
-1

).A suck-through configuration was selected, with the inlet, 

diffuser and fan sections kept short so that the length of the working section could be maximised, 

given the space constraint of the housing at CERL. After some use at CERL, the one and only 

nuclear power station study, the tunnel was moved to its present home, in the fluids laboratory at 

the University of Surrey. A turntable with its centre at 14m from the working section inlet was 

added once the tunnel had been relocated. 

 

Figures 1 and 2 show a schematic view of the EnFlo wind tunnel [1] and a plan view of the fluids 

laboratory. The inlet is very simple, and leads to a heater section containing 15 levels of heater 

elements that are individually controlled and can operate up to a temperature of about 100˚C. The 

working section was built from 1x1.5m panels; insulting panels for the walls and roof and heating 

and cooling panels for the floor (originally, cooling or heating panels but a different style of floor 

heating is now used). The heat exchanger between the working section and the diffuser and the 

floor panels are cooled by chilled water that can be held at a fixed temperature, determined by daily 

environmental conditions (i.e. to avoid condensation). 
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Fig. 1: Schematic view of the EnFlo wind tunnel 

 

The laboratory lay-out, Figure 2, shows the inlet of the EnFlo wind tunnel inlet facing an external 

wall and the tunnel surrounded on both sides by other experimental facilities. The laboratory has a 

floor area of about 650m
2
 and is about 6-7m in height.  

 

 

Fig. 2: Plan view of the fluids laboratory at Surrey 

 

 3  LOW SPEED OPERATION 

 

The issues encountered in use of the wind tunnel and the consequent facility and operational 

developments arise from the original design and the environment within which the tunnel now 

operates, but are also often driven by new experimental requirements.  
 

 3.1  The laboratory environment 

The laboratory is busy, contains a number of other wind tunnels and lacks any degree of uniformity. 

Some partitions were put in place between the towing tank and the tunnel inlet to improve left-right 

symmetry and over-night running was adopted where necessary to avoid interactions with other 

laboratory activities. However, the major environmental factor is the non-uniform temperature 
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distribution, the stratification of the air that is typical of a space of this kind. The aim is to run the 

tunnel at constant inlet temperature, a temperature that is actually adjusted seasonally to minimise 

the level of the heating/cooling load. This does not imply running the laboratory at uniform 

temperature – that would be much more demanding. An ad-hoc arrangement of fans and ducting 

was developed to produce reasonably uniform temperature conditions in the ‘settling area’ in front 

of the tunnel inlet, directing warmer air largely towards the sides of the inlet. The operational 

settings are adjusted manually. This provides control at the bulk level but the detail proves to be 

significant and that is discussed in the following section. 

 

Overall temperature control is maintained by use of the tunnel’s outlet cooler, a heat-exchanger 

using chilled water, and space heaters within the laboratory. Humidity is also controlled as this 

impacts directly on the lowest surface temperature that can be achieved in the working section. The 

laboratory ventilation system plays a role in this as well and all these elements are controlled 

automatically to try to maintain prescribed conditions, given whatever the external temperature and 

humidity conditions happen to be. 

  

 3.2  The inlet 

There is a flared inlet, leading in the original design to a honeycomb section followed by two 

smoothing screens, which in turn lead to the heater section. As a legacy from the original 

installation, the clearance between the flare and floor was rather small and the design of the lower 

section of the flare was changed so that no inflow from beneath the wind tunnel is now possible. 

 

A single smoothing screen and another honeycomb section were added downstream of the heater to 

further improve flow uniformity. The spacing between the final honeycomb and any vorticity 

generators in use was found to be a critical factor in the development of the simulated boundary 

layer and is now optimised on a case-by-case basis (in practice, just a few cases are involved for 

which the minimum separations are known). 

 

The key factor though is temperature uniformity over the inlet because associated buoyancy effects 

in low speed flows can generate significant vertical velocities and large scale non-uniformities in 

the flow field throughout the working section. Fine scale temperature variations are much less 

important in this respect. A 4x7 array of thermistor probes was installed to monitor conditions in the 

flow entering the working section. Temperature differences of order 1K between the centre and 

sides of the inlet flow were observed that were reduced to about 0.1 to 0.2K by the use of the fan 

and duct systems mentioned in Section 3.1. Sadly, such small differences may still be significant in 

flow speeds that are typically 1 to 2 ms
-1

 and efforts are now underway to provide a fine scale, 

dynamic adjustment to reduce non-uniformities even further. 
 

 3.3  The outlet 

Control of the outlet temperature was developed as part of the system for overall control of 

laboratory temperature. A 15 thermistor rake was installed in one of the outlet ducts between the 

cooler and fan sections and this, together with the flow rate, provides the control system with the 

data to determine the desired outlet temperature and cooler load. The temperature of the water 

flowing through the cooler is adjusted to achieve this. Maintenance of specified bulk laboratory 

temperatures ensures short run-up times at any season of the year. 
 

 3.4  Heating and cooling the floor 

The original design utilised interchangeable 1.5x1m panels to form the working section. These took 

various forms: heating, cooling, trace heating (side walls), insulation, double-glazed windows. The 

design envisaged rearrangement of the tunnel to provide, for example, a heated or cooled roof but 

this feature was never utilised. Even rebuild of the working section floor (e.g. heating followed by 

cooling or vice versa) was found very inconvenient and time consuming and this design feature was 
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abandoned. Instead, additional cooling panels were built to provide a fully cooled floor that now 

remains permanently in place. The heating panels were replaced by heating mats that can be laid in 

any configuration over the tunnel floor. These provide a heat transfer rate up to 2kWm
-2

 and are 

separated from the cooling panels by insulation material.  

 

Windows are generally blanked by aluminium shutters that form part of the laser safety system; 

together with isolation of the inlet settling area this enables the tunnel to be treated as a closed box 

from which laser light cannot escape. Visual access to operations in the working section are now 

provided by web-cams. 
 

 3.5  Traverse equipment 

The three-dimensional traverse systems were developed and installed at Surrey. There are two 

primary systems that hang from tracking fixed to the tunnel roof and allow access to almost the 

whole working section volume. Other, generally one dimensional systems can be installed in an ad-

hoc manner to service the needs of particular experiments; e.g. to provide an adjustable stack 

height. 

 

Issues associated with flow interference from the structure of the two traverse systems (they are 

different) became apparent. A series of experiments over a period of time addressed these matters 

and led to the installation of a set of ‘blockage fans’ on the primary traverse and indicated the 

required stand-off distances for instrumentation. The latter had to be established hand-in-hand with 

modifications to maintain stiffness in the vertical traverse to which probes were affixed. This line of 

experiments was extended to cover the optimum arrangements of two or three instruments 

effectively measuring at one point without significant mutual interference effects; e.g. a two-

component LDA, a single FFID and a cold-wire temperature probe.  

 

Traverse movement can be controlled in activities such as ‘plume hunting’ whereby measurements 

over a grid are only carried out where plume material is detected and time is not wasted attempting 

concentration measurements where concentrations are effectively zero. The measurement 

programme also provides options for managing run-times by specification of a required standard 

error and a maximum averaging time, the measurement stopping short once the error condition is 

met.  

 

Two co-ordinate systems are available for specifying measurement locations, one model and the 

other tunnel aligned. Positions specified in the former system are converted to the latter by the 

control software and the conversion includes account of changes in model orientation. For example, 

this makes it relatively easy to employ a fixed set of points relative to a model at a variety of wind 

directions. 

 

The traverse systems are not rigid and the tunnel floor is not flat leading to inevitable questions of 

positional accuracy. In broad terms, the likely error increases away from the datum location and 

becomes typically ±2mm. The implications obviously depend on the work in hand and are most 

serious where there are sharp gradients of flow properties (e.g. in the thin shear layers downstream 

of a flat roof of a model building). This particular issue was resolved by use of a small ultrasonic 

height gauge attached to the traversing arm, later replaced by an improved system with a laser 

height gauge, and in this way local height uncertainties (e.g. relative to the upstream building block) 

were reduced to about ±0.5mm. The system can be used in a number of ways including overall 

mapping of model heights or local datum adjustment – of course, it might not be required at all in 

some work. Our aim is to improve this further by providing what is effectively a model GPS.  

  

Crash avoidance is an important feature of work with traverse equipment and complex models, and 

systems to manage this have been developed over a period of time. The current approach involves 



Physmod 2017 – International Workshop on Physical Modelling of Flow and Dispersion Phenomena 
Dynamics of Urban and Coastal Atmosphere – LHEEA - École Centrale de Nantes - France 
23 - 25 August 2017 

building a virtual model from quad or tetrahedron elements of the installed model (e.g. see Figure 

3), the traverse equipment and the instrumentation that it is carrying. This can be used in planning, 

by testing a virtual run through the programme of measurements to identify potential issues, and in 

managing traverse movement during experiments. A related capability is to use the traverse to draw 

the plan view of a model onto the tunnel floor to enable quick and accurate model installation. 

 

 
 

Fig. 3: Virtual model of the 1:200 scale wind tunnel model of the MAGIC fields site in south London [2]. 

 

 

 3.6  Model alignment and rotation 

A major source of measurement error can arise due to alignment uncertainty relative to the local 

buildings and tunnel co-ordinates. For example, an orientation error of 0.1˚ in alignment to the wind 

tunnel axis results in a positioning error of about 2.5mm relative to a model over a 1.5m lateral 

traverse, assuming the traverse itself to be perfectly aligned with the tunnel co-ordinates.  

 

Rotational errors of up to 2˚ were found due to backlash in the turntable drive. This has been 

reduced to about 0.02˚ by use of feedback from an optical alignment sensing system. The operation 

begins with a manual setting of a given orientation, say 0˚. An image of the model in this 

orientation is stored and then compared with images of the rotated model to determine the angle 

turned through – essentially the angle is found that rotates the latter image back onto the former. 

Iterative feedback then drives the turntable to the correct rotation by turning through 80% of the 

offset at each stage (thus avoiding backlash problems). The motor driving the rotation is then 

unloaded to avoid any further unintentional movement. 

 

 3.7  Calibration 

In addition to the traverse and turntable calibrations described above, a number of other systems are 

provided for use with LDA and FFID instrumentation. Firstly, a laser pointing system provides 

orthogonal light sheets that can be used for accurate setting of LDA beam alignment. Then the 

location of the centre of the measurement volume is determined by the combined use of an 

alignment ‘spike’ and a microscope camera. LDA beam power can be periodically checked during 

long experiments by traversing to a power meter located downstream of any model in the working 

section. This provides an automatic indicator of loss of power or alignment, which is emailed to 

tunnel operator, who can then decide whether or not to terminate the run.  

 

The FFID calibration system comprises a small vertically facing source tube into which the probe 

intake is dipped. The instrument is then exposed to calibration gases that are mixed by the same 

systems that provide the source gases used in dispersion experiments. Calibration drift, which is 

often caused by the sample tube becoming blocked by LDA seeding particles, leads to an output 

warning message. Excessive calibration drift, which might be due to failure to enter the calibration 

tube, is notified to the tunnel operator by email message. All concentration measurements are post-

processed to correct for calibration drift and the background concentration in the laboratory. 
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 4  CONCLUSIONS 

Work with any wind tunnel that operates at speeds of order 1ms
-1

 or so brings with it the need to 

cope with the idiosyncrasies of the tunnel design and the interaction between these and the 

environment in which the tunnel operates. This is a continuing battle that is fed by ever more 

exacting or extensive operating needs. The overall strategy at EnFlo has been to improve operating 

conditions and procedures to match operational needs and, in doing so, to maximise the capability 

for automatic operation over extended periods (e.g. nights, days). Some of the developments over 

20 years of operation at the University of Surrey have been summarised and nearly all have become 

part of the operating software, an open-source LabView system. 
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ABSTRACT:  Many common toxic industrial chemicals (TICs) such as chlorine are very reactive 
with common environmental materials.  Deposition of pollutants has predominately been studied 
in field tests as dry deposition.  In atmospheric dispersion models, surface deposition is described 
using a series of resistances including the effects of atmospheric turbulence and surface reactivity.  
Past laboratory investigations have not measured velocity or turbulence but have shown that the 
amount of chlorine that can react on a surface is limited at higher chlorine concentrations.  A new 
experimental program is underway to test substrates in flows at varying speeds and measured 
turbulence levels comparable to the atmosphere.  
 
 1  INTRODUCTION 
 
Estimating the quantity of a Toxic Industrial Chemical (TIC) removed from the environment 
through chemical reaction is critical to proper consequence assessment of accidental (or 
intentional) releases, particularly in urban areas [1]. TIC removal mechanisms by the surrounding 
environment play an important role in the rational assessment of risk. These phenomena may 
significantly and rapidly reduce the TIC concentration near a release [2-3], particularly for a 
reactive chemical such as chlorine.  Typically characterized as dry deposition, reactions of chlorine 
with the environment were not included in the computational models used to predict the 
consequences of large releases of chlorine in the past [2], but recent efforts have been made to 
characterize chlorine reactivity and incorporate such effects in consequence and risk assessments. 
 
Sponsored by the Chemical Security Analysis Center (CSAC) of the U.S. Department of 
Homeland Security and Transport Canada, an experimental program is underway to test the 
reactivity of environmental substrates with chlorine in a controlled environment.  This project is 
to design and characterize an apparatus as well as develop a protocol for the measurement of 
chlorine removal rate for different substrates. A prototype apparatus has been constructed with a 
working section where concentration, velocity, and turbulence measurements will be made to 
confirm that the flow is uniform and stationary.  With working section velocities of 0.5 to 3 m/s, 
the apparatus will be built to produce (variable) turbulence intensities consistent with atmospheric 
flows.  Recognizing that chlorine gas concentrations as high as 1% or 10,000 ppm may be used, 
the final apparatus materials of construction will be chosen to resist damage and not remove a 
significant amount of chlorine during a test.  To limit the hazards involved with testing at high 
chlorine concentrations, the entire apparatus will fit in a standard laboratory fume hood.  In the 
following, past experimental work is discussed as well as the planned design of the apparatus. 
 
 2  PAST EXPERIMENTAL WORK 
 
Lydiard [4] measured ammonia and chloride concentration in vegetation exposed to ammonia and 
chlorine/air mixtures at various concentrations in a 140 L test chamber.  The constant concentration 



volumetric flow rate of the air/gas mixture was controlled to 140 L/min except for very low 
concentrations when the chamber was stirred with a fan.  Two series of experiments were 
performed involving (1) exposures at fixed gas concentration as a function of exposure duration 
and (2) fixed exposure time of 10 min at various concentration levels.  Lolium perenne S.23 (rye 
grass) and Trifolium repens c.v.Huia (white clover) were tested. The concentration of chloride in 
the vegetation was measured by extracting the exposed material in distilled water.   
 
The focus of this analysis is on Lydiard’s chlorine experiments. Because of the natural variation 
of chloride in the vegetation, experimental results for replicate samples (grown under the same 
conditions) were presented as a ratio (R) of the mass of chloride in the exposed sample to the mass 
of chloride in unexposed samples, both on a dry plant weight basis.  For L. Perenne, the maximum 
R depended on the level of exposure, but for T. repens, the maximum value of R was constant 
when the chlorine (gas) concentration was above 270 ppm. 
 
For the purpose of predicting the impact on a TIC release of reaction with environmental materials, 
land use data bases are typically employed which are based on a leaf area index (LAI) often defined 
as the single sided area of green leaves per unit of ground surface (plan) area.  Because Lydiard’s 
data is based on dry plant weight, it cannot be directly used with LAI.  It is important to recognize 
that Lydiard found there was a maximum mass of chlorine that can react with a plant surface. 
 
Recently, Argonne National Laboratory [5] conducted a series of experiments exposing 
environmental materials (including T. repens, Oxalis regnelli (shamrock), Picea glauca (white 
spruce), and Poa pratensis (Kentucky bluegrass) along with soil of various moisture levels and 
water) to several TICs including chlorine.  The experiments were conducted in a stirred glass 
desiccator (volume of 9.1 to 9.2 L), and the gas phase concentration decay was measured as a 
function of time by circulating a sample of the gas phase (0.78 to 0.9 L/s) through a Drager 7000 
gas sensor.  All chlorine experiments used an initial concentration of (nominal) 50 ppm. The 
chloride concentration was not measured in the exposed samples. 
 
Analysis by Argonne was based on the Hill equation, which is equivalent to the description of 
adsorption known as the Langmuir isotherm.  A critical assumption in the Langmuir isotherm is 
that the rate of adsorption is equal to the rate of desorption at equilibrium, which implies that if 
the gas phase concentration of the adsorbed gas decreases, the surface will desorb the gas.  This 
does not seem to be appropriate for chlorine reaction with organic environmental materials.  
 
A more appropriate model for modeling chlorine reactivity with organic environmental surfaces 
can be based on the approach used to study catalyst poisoning (irreversible under normal operating 
conditions).  The general expression for an nth order (heterogeneous) surface reaction rate 
(typically kmol/m2s) is 
 −𝑟𝑟" = 𝑘𝑘𝑠𝑠"𝐶𝐶𝑛𝑛𝑎𝑎𝑠𝑠

𝑝𝑝 (1)  

where n is the reaction order, 𝑘𝑘𝑠𝑠" is the reaction rate constant, C is the concentration of the reacting 
gas (typically kmol/m3), and the “ indicates the variable is based on the area of the relevant surface.  
The term 𝑎𝑎𝑠𝑠

𝑝𝑝 accounts for the surface activity.  (In the catalyst deactivation literature, a is defined 
as the ratio of the rate of reaction for a catalyst pellet to the rate of reaction for a new catalyst 
pellet.  Initially, a = 1, and a decreases as a function of time.  The power p is determined to fit the 



available data.  Here, p = 1.)  Equation (1) can be applied to any surface reacting with chlorine.  
Based on the findings of Lydiard, the simplest approach to modelling as would be 
 

𝑎𝑎𝑠𝑠 =
�𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚,𝑠𝑠

" −  𝑀𝑀𝑠𝑠
"�

𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚,𝑠𝑠
"  (2)  

where Mmax,s
” is the maximum mass of chlorine that could react with the substrate, and Ms

” is the 
mass of chlorine reacted with the substrate surface as a function of time.   
 
In the experiments, the glass apparatus reacted with a significant amount of chlorine, and it was 
necessary to condition the apparatus with high chlorine concentrations.  After this conditioning 
phase was complete, the chlorine concentration decay in the empty apparatus was found to be 
repeatable.  (All experiments were run multiple times, and the concentration across all experiments 
measured at 10 s intervals was averaged as a function of time in the analysis.)  Analysis of 
experiments conducted with an empty apparatus showed that the reaction order was 1, Mmax,a

” was 
3.0 mg/m2, and ka

” was 2.65x10-6 m/s where the subscript a denotes the apparatus. 
 
With the apparatus characterized, kinetic parameters 
for the materials tested were determined and are 
reported in Table 1 with the exception of Kentucky 
bluegrass (which was growing in soil of unknown 
moisture) and water (which should follow an 
equilibrium model structured differently than the 
kinetic model above due to vapor/liquid equilibrium 
effects).  Figure 1 shows the simulated chlorine 
concentration in the white clover experiments in 
comparison with measured data.  For several of the 
materials, the reaction order was less than 1, but it 
was found that the experimental concentration decay 
as a function of time was also adequately predicted 
if the reaction order was set to 1 and the kinetic constant 𝑘𝑘𝑠𝑠" was adjusted accordingly.  The value 
for Mmax

” was obtained by comparison of predicted gas phase concentration with measured values.  
The Mmax

” for clover is consistent with the value obtained by Lydiard if literature values are used 
for dry matter content and surface area per unit mass.  The important conclusion here is that the 
experimental data can be modeled as suggested above using a catalyst deactivation approach. 
 
Table 1:  Kinetic Parameters for Chlorine Reactivity with Environmental Materials based on data from Argonne 
National Laboratory 
 

Material Reaction 
Order 

Kinetic Constant ks
” 

(C [=] mg/m3, -r” [=] mg/m2) 
Mmax

” 
(mg/m2) 

White Clover 1.19 1.15x10-3 700 
Shamrock 1.16 3.5x10-4 5000 

White Spruce 0.99 1.10x10-3 5000 
Soil (0% moisture) 1.06 4.0x10-3 5000 
Soil (2% moisture) 0.85 1.04x10-2 1000 
Soil (4% moisture) 0.81 1.40x10-2 600 
Soil (8% moisture) 0.78 2.1x10-2 600 

Fig 1:  Simulated chlorine concentration (line) and 
measured data for white clover (green circles) 



 3  CHLORINE REACTIVITY IN ATMOSPHERIC DISPERSION MODELS 
 
Many atmospheric dispersion models capable of accounting for chemical species reactivity do so 
with a dry deposition velocity 𝑉𝑉𝑑𝑑 (m/s) and concentration driving force 
 𝐹𝐹 =  𝑉𝑉𝑑𝑑(𝐶𝐶𝑧𝑧 −  𝐶𝐶𝑜𝑜) (3)  

where 𝐶𝐶𝑧𝑧 is the reactive species concentration at elevation z, 𝐶𝐶𝑜𝑜 is the surface concentration 
(typically taken to be zero for reactive surfaces but nonzero under some circumstances such as 
chlorine gas over a water surface), and F is the flux where F and concentration are in consistent 
mass or molar units (e.g., kg/m2s and kg/m3, respectively).  Note that F is based on the plan area, 
Ap, but −𝑟𝑟" is based on the substrate (leaf) area, AL., so F = -r” (AL/Ap).  The quantity AL/Ap is 
twice the Leaf Area Index (LAI) if LAI is based on one side of the leaf.  Consequently,  
 
 

𝑉𝑉𝑑𝑑 =
(−𝑟𝑟")(2 𝐿𝐿𝐿𝐿𝐿𝐿)

𝐶𝐶𝑧𝑧
 (4)  

where 𝐶𝐶𝑜𝑜 has been assumed to be zero.  In the planned experiments, 𝐶𝐶𝑧𝑧 would be the gas phase 
concentration. The implementation of Equation (3) will depend on the structure of the dispersion 
model used, but for many hazard assessment models, the typical implementation uses a (predicted) 
concentration near the ground surface.  If the dispersion model uses a single value for 𝑉𝑉𝑑𝑑, Equation 
(4) should be used to calculate the reactivity. 
 
There are more sophisticated approaches to implementing reactivity in atmospheric dispersion 
models.  Pasquill and Smith [6] based their analysis on work by Owen and Thomson [7] and 
obtained 
 1

𝑉𝑉𝑑𝑑
=
𝑢𝑢(𝑧𝑧)
𝑢𝑢∗2

+  
1

𝑢𝑢∗ 𝑆𝑆𝑆𝑆
 (5)  

where St is the Stanton number (u/kc where u is a characteristic velocity and kc would be the 
equivalent kinetic reaction constant for a first order reaction including activity as), and so 𝑉𝑉𝑑𝑑 is a 
function of u and 𝑢𝑢 𝑢𝑢∗⁄ .  Wesely and Hicks [8] summarized an extensive description of the widely 
accepted approach of expressing 𝑉𝑉𝑑𝑑 as a series of resistances typically broken into three regimes 
including aerodynamic (𝑅𝑅𝑚𝑚 = 𝑢𝑢(𝑧𝑧) 𝑢𝑢∗2⁄ ), sublayer (𝑅𝑅𝑏𝑏), and surface or substrate resistance (𝑅𝑅𝑠𝑠): 
 𝑉𝑉𝑑𝑑 =  (𝑅𝑅𝑚𝑚 +  𝑅𝑅𝑏𝑏 +  𝑅𝑅𝑠𝑠)−1 (6)  

There remains debate about how best to parameterize the individual terms, but for the purposes of 
this program, it should be recognized that 𝑉𝑉𝑑𝑑 can be expected to be a function of u and (𝑢𝑢 𝑢𝑢∗⁄ ). 
 
While the Argonne experimental data greatly improve the understanding of reactivity of chlorine 
with environmental materials, open questions that remain include: 

• Do maximum uptake levels importantly limit the surface reactivity? 
• Do velocity and turbulence levels importantly impact the surface reactivity rate? 

 
 
 
 
 



 4  PLANNED EXPERIMENTAL PROGRAM 
 
Figure 2 shows the design of the 
planned apparatus.  A simple closed 
return design limits the amount of 
chlorine required to conduct an 
experiment.  The test or working 
section is placed under the mixing 
section to facilitate access to the test 
section through a lab hood sash. The 
characteristic length, L (=0.25 m), was 
chosen to fit in a standard 6 ft (1.83 m) 
hood, giving a total apparatus volume 
of 0.16 m3. A standard lecture bottle 
contains 454 g of chlorine, which 
would be sufficient to provide chlorine 
for at least 14 tests based on a maximum concentration of 100,000 ppm. The use of lecture bottles 
limits the quantity of chlorine required in the lab during the experiments and effectively eliminates 
the hazard associated with the storage of large quantities of chlorine on site. 

A prototype apparatus for use with surrogate gases and air has been built before the final apparatus 
is constructed of materials suitable for exposure to chlorine.  The prototype apparatus will allow 
for measurement of flow velocities and turbulence levels using a standard 2D LDV (Laser Doppler 
Velocimetry) system using an Argon Ion 300 mW air-cooled laser through polycarbonate windows 
in the test section.  Gas concentration measurements will be made with a photo ionization detector 
(Aurora Scientific miniPID model 200B) with a propylene tracer to ensure uniform gas 
concentration distribution.  Mixtures of air and SF6 will be used to match the molecular weight of 
chlorine as the surrogate gas. 
 
The fan motor is mounted outside of the apparatus to reduce the potential impact of chlorine 
exposure.  A typical High Efficiency Vortex (HEV) mixer (including the required downstream 
distance of 3L to complete the mixing process) is located downstream of the fan to provide efficient 
mixing in turbulent flow with minimal pressure drop.  Before entering the flow section, flow 
straighteners and turbulence generators are placed upstream of the test section. 
  
In the final experimental apparatus, all elements in contact with the gas mixture must be made (or 
coated) with a material capable of resisting high chlorine concentrations. In addition to extending 
the life of the apparatus, reducing the potential for chlorine to react with the test chamber is also 
desired so that the reduction in chlorine gas concentration can be attributed to reaction with the 
sample tested as opposed to the chamber itself.  The fan impeller is made of fiberglass, and a 
commercial coating is planned (such as BlueArmor® or Kynar®) for other interior surfaces.  
Chlorine concentration measurements in the exposed samples can be made using an ion selective 
probe as made by Lydiard (inexpensive) with confirmation using ion chromatography (more 
costly).  Gas phase chlorine concentrations can be made using the Signature Science JAZ 
instrument. 

Fig 2:  Schematic of planned experimental apparatus 



 
Figure 3 shows the simulated chlorine 
concentration as a function of time when 
exposed to 10 times the area of white clover 
in the Argonne experiments with 250 ppm 
chlorine in the proposed apparatus.  The walls 
are assumed to have been passivated with 
high concentrations of chlorine in a similar 
fashion to the approach Argonne took.  The 
simulation shows that accounting for the 
maximum mass of chlorine that can be reacted 
by the clover will reduce the chlorine 
concentration from 250 ppm to roughly 125 
ppm during the course of an experiment. 
 
 
 5  CONCLUSION 
 
The design of an innovative apparatus to measure the reactivity of chlorine with relevant 
environmental materials.  Past experimental work has been limited to low concentrations and little 
consideration of the effect of fluid speed or turbulence.  A prototype apparatus will be used to 
characterize the flow properties, and a final apparatus will be built to meet the demands of 
experimentation with chlorine.  This final objective of this work is to develop an approach to 
measuring and parameterizing the reactivity of TICs for the purpose of consequence assessment. 
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ABSTRACT: The goal of the present study is to investigate the roughness sublayer associated 

with atmospheric canopy flows and deduce its turbulence statistics by means of Lagrangian and 

Eulerian approaches. The study is based on combining three essential tools: (i) A physical model 

of canopy-flow associated with plant and urban canopies; (ii) A Lagrangian real-time 3D-particle 

tracking velocimetry (3D-PTV) developed at TAU [1] and (iii)  2D- single point statistics at high 

temporal resolution via Laser Doppler Anenometer (LDA). The experimental setup is described 

and preliminary results deduced from a “first-shot” experiment are presented. 

 

 1  INTRODUCTION 

Plant and urban canopies accommodate much of our planetary surface and introduce non-

uniform and complex flow and dispersion phenomena[2]. Usually, the transfer of momentum and 

scalars within and right above such environments cannot be described by simplified gradient-

diffusion (i.e., Fickian/K-) theory -- where canopy-flow being strongly non-Gaussian, with major 

contributions to turbulent motions arising from coherent eddies [3]. Closure models for 

describing the flow and dispersion within canopies, require turbulence statistics which are 

difficult to obtain via Eulerian-based framework; In particular are Lagrangian stochastic 

dispersion models of passive scalars and aerosols, in which the knowledge of the mean 

relaxation scales and dissipation rates ( ) of the turbulent kinetic energy, which are dominated by 

high order statistics of the flow, are essential.  

In recent years there has been an increase in the use of Lagrangian tracking techniques for whole 

field measurements [4]. Among these techniques, 3D Particle Tracking Velocimetry (3D-PTV) 

reviewed by Maas et al. 1993[5] and Dracos1996[6], is the most common. Tracer particles that 

are seeded in the flow, recorded in stereo photography at high frame rates and tracked in time 

and space allow to construct particle trajectories of the flow in space. In comparison with the 

Particle Image Velocimetry (PIV), 3D-PTV has a limited ability of tracking particle populations 

that are overly dense and under high flow velocities. However, alongside these disadvantages is 

the major advantage of yielding three-dimensional velocity measurements in which the 

Lagrangian framework is exploited for studying canopy flow.  

In the present article we present the analysis from a “first-shot” experiment performed within a 

modelled canopy flow associated with a typical plant/urban canopy. The main objectives of these 

measurements are to test the experimental set-up – in particular the 3D-PTV set-up – and obtain 

an initial characterization of the flow within the roughness sublayer produced by a two-height 

canopy model described below.  
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Fig. 1: (Left) Top view on the main section of the newly built Environmental Wind Tunnel Laboratory at IIBR; 

(Right) Picture taken during calibration of 3D-PTV system depicting the measurement volume (see red square in 

Fig. 2). 
 

 2  METHODOLOGY 
The 3D-PTV and LDA measurements were conducted during two successive experiments at the 

newly-built environmental wind tunnel laboratory at the Israel Institute of Biological Research 

(Fig.1, left). The 3D-PTV “first-shot” experiment has been quite challenging, mainly because – 

to the best of our knowledge – 3D-PTV applications to canopy flows have not been published 

yet. Our main objectives during the “first-shot” experiment were to test the proposed set-up and 

ameliorate it accordingly. In particular, examine the mutual effects of light source intensity, type 

of seeding particles and spreading techniques (mainly diameter and homogeneity of dust 

aerosol), field of view and wind speed -- all towards optimizing the 3D-PTV measurement. The 

LDA experiment has been less challenging and for different reasons. As would be expected, 

below the canopy height, reflected light by the elements disrupted the LDA measurement which 

required their replacement with dark anodized-elements. Interestingly, such interferences lead a 

measurement at the canopy downstream edge from the measurement-volume, where elements do 

not interfere with the velocity measurements within the canopy. There, the double average 

profiles of the flow were found to be similar (up to 10%) to those obtained within the 

measurement volume. The full LDA experiment has unfortunately been postponed due to heating 

of the one-year-old 532nm laser. 

In order to study the canopy flow obtained by the 3D-PTV and LDA a measurement volume has 

been defined for both measurements. The volume was chosen large as possible in order to obtain 

on the one hand, a meaningful spatial average with long 3D-PTV trajectories of the order of the 

integral length scale, and on the other hand small enough to allow high temporal resolution of the 

3D-PTV videos for a given speed. The dimensions of the measurement volume are        
             , and located at mid-tunnel width at a downstream fetch of            

from canopy upstream edge, where    stands for the drag length scale, and          is the 

height of the tall element.  

 

 3  EXPERIMENTAL SET-UP 
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Fig. 2:(Top) Schematic illustration of experimental setup during the “first-shot” measurements; (Botom-Left) 

Picture taken from within the tunnel showing the downstream canopy array and transverse system located at the 

downstream end of the working section . (Bottom-Right) Schematic illustration of the aluminium strip location-map. 

The red square indicates the measurement volume where both LDA and 3D-PTV measurements were conducted.  
 

 3.1  Wind tunnel 
The EWTL is a low velocity atmospheric boundary-layer wind tunnel built for the purpose of 

studying flow and dispersion phenomena occurring in the lower planetary boundary layer.  The 

facility is an open-circuit suck-down rectangular tunnel.  The airflow entering the tunnel is 

acclimatized (i.e., temperature and humidity), straightened and contracted (4:1 ratio) prior to 

reaching the working section. Reference wind speed, measured by a Prandtle pito tube located at 

the entrance of the tunnel, range between          to       . The ceiling and lateral walls in 

the testing region, located $10~$m downstream, are transparent allowing optical access to the 

flow. 

The whole working section (Fig. 1), of dimensions             , has been used to 

construct the two-height canopy model (Fig. 2, bottom-left). Two reference wind speeds,       

and        , have been explored corresponding to a bulk    number of       and      .  
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 3.2  Canopy model 

An idealized sparse vegetation type of canopy model has been employed similar to the modeled 

canopy thoroughly studied by Moltchanov et al. 2011[7]. However, in order to widen the 

roughness sublayer and increase the field viewed by the cameras, two-height roughness elements 

were used to construct the canopy array. A tall strip          and a short strip         

tall. The two-height strips were arranged in a staggered pattern over a fetch of          . 

The width of both strip elements is         and their breath are        and     , 

respectively. Eight elements of equal height were placed in each row. A total of 81 rowsthat 

composes the array are arranged by alternating the height between adjacent rows (see Fig. 2 

Bottom-Right). The spacing between two strips in a row is 200 mm and the distance between 

adjacent rows is 150 mm. These dimensions produces a canopy withrelatively low solid fraction 

(about 0.5%) and small frontal area       similar, however lower than typical values found in 

vegetation [8]. Nevertheless, this canopy configuration was chosen such to provide a field of 

view to the 3D-PTV cameras within the canopy. Equipped with such estimations, the canopy is 

expected to produce a low roughness sublayer obeying the mixing layer analogy near canopy 

height, separating the bottom region flow which isdominated by vortex shedding from the strip’s 

edges, from the displaced rough-wall region of rough boundary-layer flow war above the canopy 

[2].  

 

 3.3  3D-PTV set-up 

In the 3D-PTV “first-shot”experimentwe have applied  a 3D-PTV system to measure the air 

velocity inside and above the roughness elements (see Fig. 2 ). Tracer images were recorded by 

using a set of four CMOS 4 megapixel digital cameras [Optronis CP80-4-M-500]. Following 

that, a FPGA based method for real-time image analysis was used to determine 2D-pixel position 

of each tracer image that was stored on the hard drive (developed in TAU Lab in collaboration 

with 1VISION Israel).Calibration of the cameras positions and calculation of three dimensional 

particle trajectories were made by utilizing the OpenPTV open source software (OpenPTV 

Consortium, 2014, www.openptv.net). The data analysis relates to a single experimental run of 

approximately 5 min. The mean wind velocity in the tunnel during all 3D-PTV sampling was 

0.75 m/s corresponding to the low bulk   number of         . Hollowed glass spheres of 

mean diameter of 11 μm were used as flow tracers. The tracer particles were released from a 

local source situated 10 cm high, 5 m upstream from the measurement volume. Results are based 

on an ensemble of 1,208 trajectories which, through numerical differentiation, amounts to 11,422 

velocity vectors recorded at a frame rate of 500 Hz. 

Eulerian features of the flow as a function of height were extracted by fixing a numerical grid 

within the measurement volume. Velocity measurements of Lagrangian particles were thus, 

conditioned based on the positions at which they were “seen” by the fixed grid. The data 

obtained from the “first-shot” experiment were analyzed based on a 1D vertical grid consisting 

of two dimension horizontal slabs 20 mm in width. 3D average velocity and stresses were 

extracted as a function of height (Figure 2).  Further analysis of turbulence statistics associated 

dispersion such as correlation length-scales and dissipation rates of the turbulent kinetic energy 

as a function of height requires a larger pool of trajectories which is an important conclusion 

taken to the next upcoming experiment.   
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 3.4  LDA set-up 

A two-component Laser Doppler Anemometer (Dantec FiberFlow) in backwards scattering mode 

was used to measure the velocity. A27mm side-looking probe with 160mm lens was mounted on 

a three-axis traverse system inside the wind tunnel. The advantages of LDA are its non-intrusive 

nature, its small averaging volume, and its ability to measure velocity close to embedded objects. 

The “first-shot” measurement-run consisted of sampling time series of the longitudinal ( ) and 

vertical ( ) velocity component for 90 s at a particular spatial position within the representative 

volume. Nine positions were chosen at equally spaced locations, following thorough spatial 

analysis examined in[8].Each profile consisted of 15 runs sampled at equally spaced intervals of 

1.5 cm, in the vertical direction ranging from         (i.e., small element), up to   , from 

tunnel floor. Typical data rates were 100Hz and 800Hz for the bulk    number of       
   and          , respectively. 

 

 

 4  RESULTS 

 

  
Fig. 3: (Left) 2D-PIV instantaneous velocity field       and speed obtained in the measurement volume; (Right) 

2D-PIV temporal average velocity obtained over 60 s measurement at 15Hz sampling rate. Measurements were 

obtained for a free stream velocity of 9m/s.  
 

Figure 3 shows the 2D instantaneous and 1 min average vertical flow field taken along the main 

wind direction within a slab slicing the measurement volume. These PIV measurements were 

obtained using a 15 Hz 2D PIV (Lavision, GmbH). Several double average single point statistics 

obtained within the measurement volume are gathered in Fig. 4. 

The normalized average LDA velocity profiles obtained at nine locations (See inner box on Fig. 

4 Top-left) within the measuring volume are shown in Figure 4 – Top-left. The hollowed and 

filled bullets correspond to   and    , respectively. All profiles are normalized by the velocity 

at canopy height,   .  
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Fig. 4: (Top-left) Normalized averaged streamwise velocity profiles obtained at    (hollowed bullets) and     

(filled bullets); Double average streamwise velocity profiles at     (gray) and     (green); PTV streamwise velocity 

profile obtained at    (blue); (Top-right) Same double-average profiles as in Top-left normalized by the friction 

velocity                    
   

  at canopy height  . (Bottom-left) Double average momentum flux               normalized 

by    at  . (Bottom-right) Streamwise Eulerian integral length scale normalized by  . 
 

The observations in Figure 4 have many common features to canopy flow. The normalize double 

averaged profile obtained, based on the nine profiles, all have a characteristic inflection point at 

      . The shear is maximal at     (Bottom-left), however, its width is spread around 

 , probably due to the non-uniform canopy height. Since the LDA measurements were done 

above     it is not clear weather this is the only shear maxima within the canopy. As one 

approaches the short elements, a second internal shear layer might be expected [9]. The values of 

the friction velocity relative to the velocity at canopy height       observed for the high    

number is typical to observations in wind tunnels and plant canopies (Table 1 in [2]), whereas its 

value at the low    flow increases, indicating a low friction velocity. The constant shear layer 

associated with atmospheric boundary layer flow often observed above natural canopies, is 

shown in Fig. 4 Bottom-left to be relatively narrow, presumably due to the non-uniform 

roughness layer.  
 

The double average streamwise Eulerian integral length scales shown in Fig. 4 bottom-right are 

obtained by invoking the Taylor’s "frozen turbulence" hypothesis, according to the following 

expression, 
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Here the bracket stands for the spatial average, while the overbar stands for temporal average. 

The length scales obtained from the LDA velocity time series for both high and low    numbers  

are large -- of the order of the element height  , as typical to canopy flow.  

Given the limited spatial and temporal sampling in these experiments, a surprisingly reasonable 

estimate of the 3D-PTV Lagrangian-based streamwise velocity profile was found, as compared 

to the double averaged LDA profiles at both    numbers. Interestingly, normalizing the velocity 

profiles with the friction velocity at canopy height,     , reveals the similiarity between the 

3D-PTV and LDA profiles obtained at the low Reynolds number,    , whereas, the high velocity 

profile exhibits a typical profile associated with canopy flow. This optimistic comparison stands 

in contrast to the evaluations of the stresses, as depicted in Fig. 4 Bottom-left, by the overshoot 

values of the 3D-PTV vertical shear stresses compared with typical rough boundary layer values.   
 

 5  CONCLUSION 
“First-shot” experiments, meant to optimize the current 3D-PTV set-up, are presented for the 

purpose of studying canopy flow within a Lagrangian framework. The canopy model chosen is a 

sparser, ordered and non-uniform version of the modelled canopy presented in [7]. This choice of 

canopy was chosen to ease the 3D-PTV view of sight, and on the other hand, to allow the 

examination of non-uniform canopy height on flow within the canopy [10].  

The main conclusion from the “first-shot” experiments is that 3D-PTV measurements in a wind 

tunnel are challenging, yet possible. The challenges mainly concern the source release of 

particles and the illumination. The volumetric illumination required in 3D-PTV, creates a 

demand for high power light sources in order to be able to detect the small particles. Thus, the 

particle’s minimum size that can be used is limited, again in order for them to be detected by the 

cameras.  

Since we are interested in studying parameters important to dispersion, long trajectories – larger 

than the integral time scale – are required. In the case of canopy flow this demand becomes 

difficult to meet, in particular due to the strong inhomogeneity of the flow. 

Despite the low sampling rates and limited resolution we obtainedqualitative similarity between 

the LDA, Eulerian measured wind-profile, and the one obtained for Lagrangian based 3D-PTV. 

This is,to some extent, a confirmation of the methods we are using. 
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ABSTRACT:  

 

We present in this paper a robust pressure scanner “1000 channels/1000Hz” designed for wind 

engineering expertise. The design strategy “1000 channels/1000Hz” and the  The helmholtz’s 

resonance effects removing is presented. 

  

 1  INTRODUCTION 

Pressure scanners allow the instantaneous and synchronous measurement of pressure fields at many 

points in the envelope of a structure. The usual versions of scanners used in wind engineering for 

design studies of civil engineering projects have been developed over the last ten years. 

More recently, the performances of these systems have progressed, especially to meet the 

expectations of modern designers. The increased performances of the measurement system have 

thus become a major challenge for maintaining the level of expertise in the field of wind 

engineering. The sophisticated forms of modern buildings are increasingly complex and integrate 

finer structural elements. This requires an increase in the spatial resolution to accurately evaluate 

the response of the structures to the stresses of wind as well as an improvement in the analysis time 

resolution to better represent the frequency spectrum of the forces. 

 2  DESIGN STRATEGY 

One of the pitfalls that has still today negative effects in the context of wind tunnel studies, is 

induced by the division of tasks for their achievement. The following diagram shows the different 

stages and the physical parameters related to the simulation in wind tunnel to get a pressure field. 

 

First, the project engineers are currently facing the identification of problems related to the quality 

of the data from the testings. The data obtained from the test should be forwarded when they are 

consistent and completely valid (pinched tubes, pneumatic connections error...). The tools related to 

the sizing of the built works, mastered by the project engineers, currently contain procedures enable 

to identify measurement problems through statistical signal processing (PSI_system).  

It is the same for the stages of pre-processing (see Figure 4, steps related to the blue arrow), i.e. the 

raw data transmission to the corrected data in frequency. The engineer should operate only with 

wind tunnel pressure characteristic of the actions of the wind on the envelope of the models. 

 

Then, from the point of view of the physical constraints related to the simulation in wind tunnel, it 

appears necessary taking into account of the imperfections of the simulation that affect the 

relevance of measured physical phenomena. 

Tests in wind tunnels are only physical representations of the phenomena that should as close as 

possible of climatic situations representative of critical events for the studied structure (hypothesis 

of wind derived from wind codes specific to the studied projects). 
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Fig. 1: From the sensor to the pressure field, presentation of the physical phenomena and the stages of the acquisition 

of key data. 

 3  MATERIALS 

The pressure scanner designed by CSTB is a “1024 channels / 1024 Hz” capable pressure scanner. 

This accurate scanner is composed with high precision power supply over 32 channels. 

 

 

Fig. 2: ESP scanners32 HD 

The system is made of two connection boxes (Fig 3) enabling: 

• Compliance achievement of the addressing signals for the multiplexing of the PSI Sensors.  

• Power supply (+- 12V and + 5V) of the sensors. 

• Checking of correct operation and connection of the sensors according voltage levels. 
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The system also includes two cards NI connected in RTSI mode (16 channels), stabilized power 

supply +-12 V, 5A and stabilized power supply 5V 60A (high precision, +- 0.001%). The acquisition 

software developed for the new synchronous pressure scanner acquisition system 

“1000channels/1000Hz” was developed with Labview. 

 

  

 

Fig. 3: Power supply and compliance achievement of the addressing signal of the 16 sensors 

 3.1  Experimental set-up 
Each channel is connected to an ESP Pressure Scanners with 32 pressure ports multiplexed at 70 

KHz. The tubing system was used to connect pressure tap and scanner port. The helmholtz’s 

resonance effects due to the tube cavity were corrected by using traditional restrictors. In order to 

capture all gust loads, twelve 10-min samples maximum and minimum values to represent the gust 

wind loads were collected. For each wind direction, the extreme pressures or internal loads of the 

roof were considered as the average of the maximum or the minimum of these twelve 10-min 

samples maximum and minimum.  

 

 3.2  Tube cavity, helmholtz’s resonance effects,  

The signal measured by the pressure sensors is the result of the pressure at the surface of the model 

and the frequency response of the tubes (transfer function). To get this transfer function, there are 

two methods: 

 Computed by the synchronous acquisition of two identical pressure sensors directly 

connected to the surface of the model (white noise type signal) and the pressure at the outlet 

of the tube. 

 

 

 Computed by the spectrum analyzer (ONO SOKKI cf-9400) using the signals from two 

identical sensors which one measures the pressure directly on the surface of the model 

(white noise type signal) and the other measures the pressure at the outlet of the tube. 

 Computed by a cavity model [2]. 
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To apply the correction, the corrected signal is obtained by (FT and FT
-1 

are respectively fourier 

transform and inverse fourier transfom): 

 

The following figure shows the magnitude of the transfer function (amplitude ratio) for different 

lengths of tube from the model of tube developed at CSTB (under Matlab environment). 

 

Fig. 4: Transfer function in amplitude for different lengths of tube. 

 

Figure 5 shows the bench as it was used for the measurement of pressure before the 

"1000channels/1000Hz” system. 

 

Fig. 5: Diagram of connections for calibration of the pressure transmitter tubes. 
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 3.3  Example of Signal 

Figure 6 presents the almost identical spectral content for the three types of pressure measurements. 

 

 

Fig. 6: Spectral densities of 3 different pressure tubing corrected of helmholtz’s resonance effects 

On figure 6, two peaks of energy are visible to 120Hz and 240Hz (full scale time acquisition = 

8hours). These peaks correspond to acoustic noise generated by the fan of the wind tunnel. Cut 

frequency filters are used to remove these peaks before post-processing (structural load calculation). 

 4  CONCLUSION 

We present in this paper the new system of pressure measurement designed by CSTB: 

"1000channels/1000Hz”. The quality of the system 1000channels/1000Hz is the starting point 

which is going to allow us to apply methods of reliable and accurate calculation to supply load 

cases in order to design complex structures. A novel probabilistic approach is now developed for 

estimating the equivalent static wind loads that produce a static response of the structure [3]. 
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ABSTRACT: To design transmission towers, the forces acting on them have to be known. Design 

codes used to determine aerodynamic forces are not valid for tall towers. Therefore drag forces on a 

scaled transmission tower and three sections of it are measured in a wind tunnel. Results show 

similar drag coefficients for the entire tower and the different sections. Additionally the flow fields 

in the wake of these structures are measured with PIV. With low lattice densities the effect of each 

lattice element can be seen in the wake, while the lattice structures act as a porous media for higher 

densities. 

 1  INTRODUCTION 

The installed renewable energy sources in non-industrial environments are increasing, leading to a 

need of new power lines. Since electricity storage is not feasible on large scale, the electricity has to 

be redistributed across Europe. Such new power lines have to cross big natural obstacles or existing 

industrial areas resulting in the need of special crossing transmission towers. The tallest towers are 

as tall as 370 m [1]. Design codes are used to determine aerodynamic forces on lattice tower 

structures. These codes (e.g. [2]) are mostly based on slimmer and more condensed lattice 

geometries, what often leads to insufficiently accurate drag force predictions. These predictions are 

mainly based on wind tunnel measurements. Studies on individual lattice elements (e.g. [3]), lattice 

tower segments (e.g. [4]) and whole lattice towers (e.g. [5]) can be found in 

literature, but they are mostly limited to lattice structures with low 

complexity. To our best knowledge, the flow field in the wake of lattice 

structures have neither been studied experimentally nor numerically 

(CFD). Information on the flow field in the wake of lattice structures could 

lead to a better understanding of the flow dynamics around these 

structures, what could help improving the design of lattice structures. 

In this paper we present a wind tunnel study for a scaled (1:100) tall lattice 

transmission tower with a complex geometry (Fig. 1). Aerodynamic forces 

as well as PIV measurements are conducted for different wind speeds and 

wind directions. The measurements are conducted for the whole tower as 

well as segments of the tower. The results presented in this paper are used 

for the validation of a porous media approach, which is used to simulate 

the drag forces of lattice transmission towers with CFD without resolving 

the detailed geometries [6]. These results will be used in the design models 

of the towers to result in a more realistic representation of workload on the 

structure. 

 2  EXPERMIENTAL SETUP 

 2.1  Experimental Facility and Measurement System 

This study was conducted in the closed circuit VKI L1-B wind tunnel in Rhode-Saint-Genèse 

(Belgium). The test section is 3 m wide and 2 m high. 

Fig. 1: Transmission 

tower model. 
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An in-house made 6 component plate balance installed in the VKI L1-B wind tunnel was used for 

the force measurements. Only drag and side load cells were employed for the measurements 

presented in this paper. The maximum uncertainty was +/-0.5N for both components. 

For the PIV measurements, the flow is seeded with 0.9 m Shell Ondina 919 aerosol particles. The 

images are acquired with a 12 bit CCD camera. The camera has a maximum resolution of 2360 x 

1776 pixels. The recording frequency is 15 Hz and 1000 double-frame images are acquired. The 

camera is equipped with a 35 mm F1.4 Nikon objective. For the illumination a diode-pumped Q-

switched dual-cavity Nd:YAG laser with a wavelength of 532 nm, a maximum energy per pulse of 

200 mJ and a laser sheet thickness of 1mm is used. The Image acquisition and PIV vector 

processing are performed with the latest version of the software DaVis 8 from LaVision GmbH. 

 2.2  Model Geometry and Studied Cases 

A scaled (1:100) model of a transmission tower was used for this study (Fig. 1). The total height of 

the entire tower was 192 m (full-scale). The different sections of the tower were 3D printed. First 

the measurements were conducted for three different sections of the tower. After the tower was 

glued together, force measurements were also conducted for the entire tower. The flow fields in the 

wakes of the three tower sections were measured on horizontal planes with fields of view of 

approximately 70 cm x 60 cm. The positions of the horizontal planes are given in Fig. 2 for the 

different tower sections. 

 

Fig. 2: Sketches of the different tower sections and the entire tower. The positions of the horizontal PIV planes are 

given in green. 

A uniform approach flow with low turbulence intensity, neglecting the effect of the atmospheric 

boundary layer, was used. The impact of the atmospheric boundary layer is later studied 

numerically. The force measurements were conducted for wind speeds between 10 m/s and 30 m/s 

for the three tower sections and 10 m/s and 20 m/s for the entire tower (less rigid than the sections). 

Wind directions, with an increment of 15°, between 0° and 90° were used. The wind direction is 

defined as 0°, when the wind is normal to the arms of the tower. The PIV measurements were 

conducted only for a wind speed of 24.4 m/s (turbulence intensity: 1.6%). 

 3  RESULTS 

 3.1  Forces 

In Fig. 3 the drag coefficients for all studied cases are presented. The total surface areas of the 

lattice structures are used to determine the drag coefficients. This has the advantage that the same 

surface area is used for all wind direction and the values for the different wind directions can 

directly be compared. The results for the different wind speeds show that the drag coefficients are 

independent of Reynolds number for wind speeds above 15 m/s. For lower wind speeds there is a 

small Reynolds number dependency for the Section 1 and Section 2. Section 1 and Section 2 have a 
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similar geometry and, as expected, the drag coefficients for these two sections are very similar. 

Section 3 has a denser lattice structure and the drag coefficients are therefore higher (for 0° wind 

direction). For the 0° wind direction the drag coefficients of Section 3 and the entire model are 

almost the same (2.07 and 2.04 respectively). This is not the case for the other measured wind 

directions, where the drag coefficients of the entire model follow more the trend of the drag 

coefficients of Section 1 and Section 2 rather than the drag coefficients of Section 3. For Section 3 

the drag coefficient is decreasing with increasing wind directions, because the frontal area of this 

section is decreasing. For Section 1 and Section 2 and the entire model drag is lowest for wind 

directions of 0° and 90°. For these wind directions only two legs of the structures are exposed to 

high wind speeds, while the other two are in the wake of the legs that are further upstream. The drag 

is increasing for larger wind directions, because the frontal areas of the structures are increasing. 

For a wind direction of 45° the drag is decreasing again, because for that wind direction one leg is 

in the wake of an upstream leg, while the other 3 legs are exposed to high wind speeds. The drag 

coefficients for 0° and 90° are not identical, because the geometries and not exactly symmetrical. 

 

Fig. 3: Drag coefficients for different wind speeds and wind directions for the entire model and the three studied 

sections. The wind direction in the left figure is 0°. 

Additionally to the force measurements, drag forces are also determined based on the PIV 

measurements. The approach presented in Terra et al. 2016 [7] is applied: 

           

 

 

             

 

 

    

   is the drag force,   is the (air) density,    is the free stream velocity,    is the time averaged 

local velocity,    is the ambient pressure and    is the local pressure. The first term represents the 

momentum deficit behind the wind tunnel model and the second term represents the pressure 

difference generated by the presence of the model. The integrals are evaluated along the boundary 

of a domain enclosing the wind tunnel model. If this boundary is chosen large enough the integrals 

only have to be evaluated downstream of the model. Here only the momentum term is taken into 

account, since Terra et al. 2016 [7] showed that the pressure term vanishes at sufficiently large 

distance from the wind tunnel model and the momentum term reaches an asymptotic value. Since 

the flow fields are not measured over the whole height, the total drag force cannot be determined, 

but only the contributions to the total drag force on the positions of the horizontal PIV planes. 

 

Fig. 4: Drag forces determined from the PIV measurements for different PIV planes and different wind directions for 

one plane (Section 3, Plane 1). The wind direction in the left figure is 0°. 
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In Fig. 4 the drag forces determined based on the PIV results are presented. In the left figure it can 

be seen that the momentum term reaches, as expected, an asymptotic value for the studied PIV 

planes. The origin of the coordinate system is defined in the centre of the rotation of the wind tunnel 

models. The results show that for 0° wind direction the arms in Plane 1 of Section 3 contribute most 

to the drag force of the studied planes. This is due to the fact of the high frontal area and the 

relatively high lattice density. The lowest contribution to the total drag has the Plane 2 of Section 3, 

which has a relatively small frontal area. For Plane 1 of Section 3 the impact of the decreasing 

frontal area with increasing wind directions can be clearly seen in the right figure. This effect can 

also be found for the total drag forces of the entire Section 3 (see Fig. 3), where all three arms of 

this section contribute to this effect. The results in Fig. 3 show that effects of local geometrical 

details on the total drag force of a lattice structure can be studied with the approach proposed in 

Terra et al. 2016 [7]. 

 3.2  Flow Fields 

The flow field results of the PIV measurements are presented in this section. Fig. 5 shows the flow 

fields in the wake of the transmission tower sections. Due to strong laser light reflections the flow 

fields could not be measured close to the geometries. Rather strong velocity deficits can be found in 

the wake of the porous structures. It can be seen that regions with higher lattice densities (e.g. legs 

in Section 1, Plane 1) act as a porous media, while in regions with lower lattice densities the effect 

of the individual lattice elements can be distinguished. In the top row of Fig. 5 the results for the 

same PIV plane for different wind directions are given. The results show that the local velocities in 

the wake of the model are strongly reduced, if there are two legs that are in the wake of each other 

(0°, 45° and partially 15°). This confirms that the drag is lowest for wind directions of 0° and 90° 

followed by the wind direction of 45°, because large parts of the structure are in the wake of 

upstream structures leading to reduced drag. Section 1 and Section 2 not only have similar drag 

coefficients (see Fig. 3), but also the flow structures in the wake are similar. This means that the 

conclusions from studying one section with this kind of geometry can be used to estimate the 

aerodynamic forces and flow structures around the other similar sections that the transmission tower 

is consisting of. For the arms of Section 3 the influence of the different lattice elements on the flow 

in the wake are clearly visible. In general the wakes behind the lattice structures are rather long and 

the length could not be evaluated with the fields of view of the PIV measurements. These long wake 

structures can be explained by the rather low turbulence intensity in the approach flow (1.6 %). 

 

Fig. 5: Velocity fields in the wake of tower sections. Pictures of the tower sections taken with the PIV camera are given 

to show the location of the PIV planes. 

Velocity (and turbulence intensity) profiles at different downstream positions are given in Fig. 6. As 

expected the profiles are very symmetrical due to the symmetrical geometries of the different tower 
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sections. For Plane 1 of Section 1 downstream of the legs the influence of the individual lattice 

elements cannot be seen. For the area between the legs the influence of the individual lattice 

elements can be seen close to the lattice structure. Further downstream the velocity profiles also 

between the legs become smoother. The velocities are at all locations decreasing in flow direction. 

Mostly the locations of the velocity peaks are not changing in flow direction. For Plane 1 of Section 

1 besides the velocity profiles also the turbulence intensity profiles are given in Fig.6. The locations 

with high turbulence intensities mostly coincide with the locations with low velocities. The 

turbulence intensity profiles smoothen out faster in flow direction compared to the velocity profiles. 

Similar trends as for Plane 1 of Section 1 can be seen for the velocity profiles of Plane 2 of Section 

1, Plane 1 of Section 2 and Plane 2 of Section 3. For Plane 1 of section 2 only smooth profiles in the 

wake of the legs can be found, no effects of single lattice elements can be found. Here the velocities 

in the wake of the legs are increasing in flow directions, while the velocities between the legs are 

decreasing slightly in flow direction. For the arms of the transmission tower the influence of the 

individual lattice elements can be seen in the wake of the structure (Section 3, Plane 1). In 

downstream direction the velocity profiles are getting smoother, but there is not a general trend of a 

velocity increase like for example for Plane 1 of Section 1. Mainly a velocity increase can be found 

at the lateral sides of the arm, while a velocity decrease can be found in the centre of the structure. 

This is probably the case, because the wakes of the individual lattice elements start to interact 

further downstream (compare with Fig. 5). 

 

Fig. 6: Velocity (and turbulence intensity defined as the magnitude of the standard deviation of the velocities divided by 

the velocity magnitude) profiles at different downstream positions and PIV planes. The wind direction is 0°. 

 4  CONCLUSION 

Combined force and PIV measurements have been conducted for sections of a scaled (1:100) tall 

transmission tower. The measurements have been conducted to predict the aerodynamic forces that 

are needed for the design of the transmission towers. The PIV measurements are conducted to better 

understand the flow structures in the wake of lattice structures and to validate CFD simulations. The 

results show that the flow fields around lattice structures are Reynolds number independent above a 

certain wind speed (here approximately 15 m/s). Further the drag coefficients are dependent on the 

wind direction for the here studied transmission tower. The transmission tower has a square shape 

with legs in the corners, which have higher lattice densities compared to the regions between the 

legs. The angular dependency is caused by the fact that for some wind directions parts of the dense 
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regions of the tower are in the wake of other dense regions (e.g. shadow effect of the legs of the 

tower). 

Besides the drag forces directly measured with a force balance, information on the drag forces were 

determined from the PIV measurements. The contribution of a horizontal plane of the transmission 

tower on the total drag of the tower can be determined by the velocity deficit in that horizontal 

plane in the wake of the structure. This approach can be applied to find the region of the 

transmission towers that induce high drag forces, which can be adapted to reduce the drag forces 

and therefore lead to an improved design of the overall structure. 

The results of the PIV measurements clearly show, where the transmission towers act as a porous 

media and can therefore be modelled as a porous media in CFD and where the individual lattice 

elements have an impact on the flow in the wake of the transmission tower and the different lattice 

elements therefore have to be resolved individually in CFD to get accurate flow fields around the 

towers. 

This paper increases the knowledge of the aerodynamic behavior of lattice transmission towers, 

which will help to improve the design of these towers. 
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ABSTRACT: The assessment of the aerodynamic forces acting on transmission towers is of crucial 

importance for their design. These predictions are mainly based on wind tunnel measurements since 

the present codes often lead to insufficiently accurate drag predictions. In the present work an 

approach in which the transmission tower is modelled as a porous media is proposed. The CFD 

simulations are performed substituting the tower design with a representative porous model, 

decreasing considerably the computational cost of the evaluation. A validation against experiments 

and classical CFD simulations is performed in order to assess the applicability of the developed 

approach. 

 1  INTRODUCTION 

The installed renewable energy sources in non-industrial environments are increasing, leading to a 

need of new power lines. Since electricity storage is not feasible on large scale, the electricity has to 

be redistributed across Europe. Such new power lines have to cross big natural obstacles or existing 

industrial areas resulting in the need of special crossing 

transmission towers. Design codes are used to determine 

aerodynamic forces on lattice tower structures. These codes, [1], 

are mostly based on slimmer and more condensed lattice 

geometries, what often leads to insufficiently accurate drag force 

predictions. These predictions are mainly based on wind tunnel 

measurements [2]. CFD simulations for complex lattice structures 

are computationally very expensive. Therefore, only few CFD 

studies can be found in literature, which focus only on parts of 

lattice structures [3]. However, the introduction of a 

computationally more efficient CFD approach, which gives reliable 

results for aerodynamic forces, could make CFD an appropriate 

instrument to predict aerodynamic forces during the design stage of 

complex lattice structures. 

A CFD study, where the aerodynamic forces of a scaled 

transmission tower are predicted, is presented in the present work. 

The classic CFD simulation of the complete transmission tower 

would require excessive computational resources and time, 

certainly not suitable with industrial requirements. A simplification 

of the problem is therefore needed with the aim to obtain accurate 

information on the drag force acting on the structure. For this 

purpose, the transmission tower presented in Fig. 1 can be seen as a 

porous structure. The proposed porous media approach is 

computationally much more efficient compared to the CFD 

simulations that resolve the detailed geometries. 

 

 Fig. 1 - Transmission tower 

model.  
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 2  Force evaluation: classical and porous approach 

The parameter of interest in the design phase of a transmission tower is the aerodynamic load acting 

on it. Considering the designer view point, there is no interest in the evaluation of the flow field 

around the individual lattice elements. As a consequence, the complex geometry can be simplified 

to a porous media with the proper resistance, from which the representative integral information 

needed can be extracted, i.e. the aerodynamic forces acting on the tower. The developed modelling 

approach is compared to the classical CFD approach, in order to highlight the challenges in setting 

up and running a CFD simulation of complex lattice structure and therefore the advantages of using 

the here proposed methodology. 

 2.1  CFD set-up of the detailed geometry 

RANS (Reynolds-Averaged Navier-Stokes) simulations are performed on the detailed geometry 

shown in Fig. 2 using simpleFoam, the incompressible steady solver of OpenFoam 4.1. The 

geometry is imported without any further simplifications and corresponds exactly to the geometry 

used for the experiments. The mesh is created in parallel with snappyHexMesh generating 

hexahedral dominant meshes that conforms to the considered surface after iterative refinement. A 

particular attention is put on capturing properly the bars corners, in order to resolve the flow 

detachment at the correct position as it may influence largely the forces determination. The total 

number of cells for the results shown in the present paper is about 35M. A convergence study, which 

is not presented here, indicates that accurate enough results are obtained with the used mesh 

resolution. 

The computational domain used is a box shape around the model (0.36x0.36x0.31 [m]), extending 1 

[m] upstream and 2 [m] downstream in the streamwise direction of the transmission tower, 1 [m] in 

the crosswise flow direction and 1.5 [m] from the ground. No slip boundary conditions with wall 

functions are applied on the transmission tower and ground surfaces, allowing an arbitrary mesh 

refinement at the wall surface. Zero pressure is imposed at the domain outlet in the streamwise 

direction and uniform velocity is imposed at the inlet of the domain. This is justified by the 

experiments where the tested mock-up is placed on a plate above the wind-tunnel wall to decrease 

the influence of the boundary layer at the floor. Slip conditions are used to other external 

boundaries. As the model is symmetric, only one half is computed with symmetry boundary 

conditions. Turbulence intensity and turbulence length scale are fixed to similar values as observed 

in experiments, i.e. T.I.=1.5% and l=0.2 [m] respectively. The k-ω SST turbulence model is used 

with second order accurate schemes for all variables. As the convergence process leads to naturally 

unstable flow, the pressure forces are averaged over the last 500 iterations to obtain the results 

reported in Fig. 4. 

 2.2  Porous model 

The transmission tower is considered as a single block with homogeneous porosity, whose pressure 

drop can be evaluated with the Darcy-Forchheimer law: 

        
 

 
     (1.1) 

where:  p represents the gradient of pressure; U is the flow velocity; μ and ρ represent the viscosity 

and the density of the fluid taken into account, i.e. air in the present case; D and F are the Darcy and 

Forchheimer coefficient. 

The flow around the studied geometry is fully turbulent due to the bluff body geometries and the 

high velocities, thus the main contribution to the pressure loss is given by the quadratic term of the 

Darcy-Forchheimer law. As a consequence, the contribution of the Darcy term to the pressure loss, 
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i.e. the linear term of Eq. 1.1, has been considered negligible in the present work. Therefore F is the 

only unknown of the formulation. In order to evaluate the pressure gradient trough the porous media 

representing the tower structure, the Forchheimer coefficient F has to be estimated. The force given 

by the porous media must be representative for the integral force of all elements of the transmission 

tower. The tower is composed of a large number of L-shaped elements, hence the Forchheimer 

coefficient, F, could be determined according to: 

     
   
  

 (1.2) 

The geometrical characteristics of the tower as well as the drag coefficients of the different lattice 

elements have to be known to determine the coefficients needed for the porous media approach. In 

particular, the needed geometrical characteristics are: the frontal area of the transmission tower, AFt, 

and the volume of the porous media representing the tower, Vm. The drag coefficient of an L-shaped 

element, CDe, can be found in literature or evaluated through wind tunnel measurements or CFD 

simulations. For this purpose, the experimental results of Prud’Homme et al. [4] have been used in 

the present work. Note that the interaction between the individual lattice elements cannot be 

neglected, thus an average drag coefficient that takes into account the influence of the shielding has 

been considered. All the parameters of Eq. 1.2 are known or can be directly computed, thus the 

evaluation of the Forchheimer coefficient is straightforward using the proposed formulation. 

The coefficient F is a user-defined parameter, which has to be specified in the setup of the CFD 

simulation. The solver porousSimpleFoam uses the values imposed for the calculation of the 

pressure gradient through the porous model, which is added as a source term in the Navier-Stokes 

momentum equations. The simulations are performed considering the same computational domain 

and boundary conditions used for the classical CFD simulations, in order to represent the conditions 

of the wind tunnel experiments. 

 
 

Fig. 2 – Model of the base-module of the transmission 

tower geometry for the classical CFD analysis. 
Fig. 3 – Model of the base-module of the transmission 

tower geometry for the porous CFD analysis. 

 3  RESULTS 

The accuracy of the developed model is evaluated through a validation against wind tunnel 

experiments [5] and CFD simulations of the base-module of the tower geometry. Among the 

different parts of the tower, the validation study described in the present work regards the base-

module of the tower, Fig. 2, and the complete tower design, Fig. 1. Due to the abundance of details 

present in the studied structure, the only classical CFD simulation carried out on a detailed 

geometry regards the base-module tower geometry. A CFD simulation of the complete tower would 
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not be feasible with the resources available. Moreover, the computational resources and time needed 

for such simulations do not fit the interest of industry, which look for reliable results in a short 

period of time. The aim of the present study is the evaluation of the aerodynamic force acting on the 

transmission tower, thus the drag force represents the variable of main interest and therefore it will 

be used as variable of comparison during the validation study. 

 3.1  Base-tower drag validation 

The results of the validation concerning the base-module geometry of the tower are shown in Fig. 4. 

The comparison includes the experimental and CFD (classical approach) results at flow angles of 

α=0° and α=90° and the CFD results of the porous media approach at α=90°. In spite of the 

symmetry of the real base-module tower geometry, different Drag-Velocity curves have been 

obtained experimentally at the two different flow angles. The flow angle dependency is partly due 

to slight asymmetrical details created in the experimental model during the manufacturing process 

and partly due to the experimental setup [5]. A CFD simulation on the detailed geometry at α=0° 

confirmed the presence of slight asymmetrical details already in the STL model. On the other hand, 

all the numerical simulations concerning the developed model have been performed only at a flow 

angle of α=0°, since the case present in the reality is symmetric. 

The porous model shown in Fig. 3 has been initially placed in a domain representative of the wind 

tunnel, as in the classical CFD simulations, to ensure the same conditions as in the experiments. The 

results obtained with the described setup are shown in Fig 4.1 and highlight a good agreement 

between the CFD simulations of the detailed geometry and the experimental results while the 

porous model considerably underestimates the drag force. The present behaviour was expected and 

already observed in literature [6]. The porous region represents an obstacle to the flow, which looks 

for lower resistance passages. As a consequence, the mass flow through the porous media is lower 

than the one hypothesized for the calculation of the Forchheimer coefficient. A correction factor 

dependent on the flow velocity and flow angle should be applied in order to increase the 

Forchheimer coefficient applied to the porous model and to obtain the correct force. Its 

characterization would require the support of various experiments or CFD simulations, being the 

correction most probably highly case dependent, and therefore far from the scope of the present 

project that aims at developing an efficient way to predict the forces acting on a transmission tower. 

  
4.1 – Wind tunnel domain validation 4.2 – Channel domain validation 

Fig. 4 – Validation study of the base-module of the transmission tower design. 

The correct mass flow rate through the porous media can be assured with a channel simulation in 

which the porous model covers the whole section of the channel and it is placed at half of the 

channel streamwise length. The results obtained with the channel simulation, Fig. 4.2, show a 

strongly improved agreement between the drag forces predicted by the model and the experimental 

results, validating the methodology proposed. The maximum deviation in terms of the measured 

force between the experimental results at α=90° and the proposed model is of 0.9%. On the other 
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hand, the maximum deviation at α=0° is of 25% with an average deviation of 13.9%. The deviation 

of the model prediction from the experimental results obtained at α=0° is comparable to the one 

obtained through the classical CFD analysis on the detailed geometry, while the model predicts 

accurately the drag at α=90°. A reliable result is therefore attained, considerably reducing the 

computational power and time needed. 

 3.2  Transmission tower drag validation 

The applicability of the model needs to be validated also in the case in which the complete tower 

geometry is involved, being interested in the evaluation of the overall influence of the flow on the 

transmission tower for design purposes. The validation study regards a comparison between the 

experimental results and the drag force evaluated with the developed model at a flow angle of α=0° 

and α=90°, as shown in Fig. 5. Differently from the base-module validation case, a comparison at 

flow angles of α=90° is necessary for the full tower because of the asymmetric geometry of the top 

of the tower. A detailed CFD simulation of the complete tower has not been carried out due to the 

excessive time and computational power needed. The results obtained with the proposed model 

have been attained through a channel simulation, since it better satisfies the hypothesis of the model 

providing more reliable results, as discussed in the Section 3.1. 

 

Fig. 5 – Validation study of the complete transmission tower design. 

The results comparison highlights an agreement between the drag force measured experimentally 

and the one predicted by the model. The maximum deviation on the evaluated drag force between 

the model predictions and the experimental values is of 4.5% at a flow angle of α=0° and of 1.4% at 

α=90°, thus a reliable force prediction has been obtained. 

 4  CONCLUSION 

One of the paramount aspects to take into account during the design phase of a transmission tower 

is the evaluation of the aerodynamic forces acting on it. The existing codes [1] often lead to 

insufficiently accurate drag force predictions for the present problem, thus their assessment is 

usually performed through experimental tests. In order to speed up the design process, the present 

work aims to develop a reliable model to support the CFD investigation. The use of the proposed 

porous media approach considerably decreases the computational power and time needed for the 

force evaluation in comparison with a classical CFD simulation of the detailed tower geometry, not 

even feasible for the full complete design. The simulations have been carried out considering a 

uniform velocity as inlet condition in order to reproduce the wind tunnel experiments. Nevertheless, 

the developed method does not exclude the use of an atmospheric boundary layer as inlet velocity 
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profile. 

The model has been validated against wind tunnel experiments. A comparison with CFD 

simulations of the detailed geometry has also been carried out, but only for the base-module 

geometry. The results of the developed model are in good agreement with the experimental ones, 

reporting a maximum deviation of the predicted drag from the experiments, acting on the full 

transmission tower, of 4.5% at a flow angle of α=0° and of 1.4% at α=90°. In order to attain a 

reliable evaluation of the force acting on the structure, a channel simulation must be performed in 

order to respect the hypothesis of the model and guarantee the correct mass flow rate through the 

porosity region representing the geometry chosen. 
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ABSTRACT: The World Health Organization reports that lower respiratory tract infections account 

for a large proportion of the global burden of disease. Fully addressing aerobiological threats requires 

contributions from the flow and dispersion research community. Pathogenic matter from an infected 

host is released into the ambient environment as a bioaerosol. As microscopic infectious droplets 

disperse in air, infection occurs for a subset of exposed potential hosts. Dispersion of infectious 

bioaerosol was studied using a virus proxy. Φ6 bacteriophage was continuously aerosolized into an 

environmental chamber and recovered by either filtration or cyclonic sampling. The concentration of 

recovered viable pathogen is reported. 

 1  INTRODUCTION 

The disability-adjusted life year (DALY) is a measure of time lost due to ill-health, disability or early 

death; it is a public health metric to quantify the combined morbidity and mortality for any global 

region. Even with pneumonias in immunocompromised patients with HIV/AIDS and respiratory 

tuberculosis excluded, the Global Burden of Disease Project by the World Health Organization 

reported that lung infections accounted for > 6% of the total human DALYs in 2002, which is 

substantial relative to that of other well-known diseases (Fig. 1a). The burden of lung infection per 

capita was twenty times greater for the poorest communities than for the wealthiest, and it was a 

substantial proportion of the infectious disease burden for both economic groups (Fig. 1b) [1]. 

(a)                (b)  
Fig. 1: Lung infection (a) contributed a relatively significant burden of disease and (b) was the leading cause of 

infectious disease for both the poorest and wealthiest humans in 2002 (reproduced from [1]) 

2002 anno Domini was not anomalous with respect to lung infection as lower respiratory tract 

infection (LRTI) was the leading, 2nd-leading and 3rd-leading cause of global DALYs in 1990, 2005 

and 2015, respectively [2]. Of the top three leading causes of global DALYs in 1990 (LRTI, preterm 

birth complications and diarrhoeal diseases), only LRTIs remained in the top three after 25 years of 

progress in healthcare. For all ages in 2015, a staggering 1,030,486,000 DALYs were attributed to 

LRTI (e.g. influenza virus, bronchitis, pneumonia, bronchiolitis and tuberculosis) and an additional 

28,684,000 DALYs were attributed to upper respiratory tract infection (e.g. the common ‘cold’, 
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tonsillitis, sinusitis, laryngitis and influenza virus). Furthermore, LRTI affects youths and elders in 

particular. For 2015, it was the leading cause of DALYs for post-neonatals (28 to 364 days old) and, 

at best, only dropped to the sixth-leading cause of DALYS for all age categories up to 9 years old, 

although progress was made as DALYs decreased from 2005 to 2015 for these youth age categories. 

For 2015, LRTI was the 6th-leading cause of DALYs for people aged ≥ 80 years and, at best, dropped 

to the 9th-leading cause of DALYS for all age categories down to 60 years old. However, DALYs 

increased from 2005 to 2015 for elderly age categories. The age-standardized rates attributed to LRTI 

and to all causes for 2015 were 1,428.5 and 34,445.7 DALYs per 100,000 persons, respectively. 

In addition to combating naturally-acquired respiratory tract infections, more research on the spread 

of infectious bioaerosols will help contain biosecurity breaches in agriculture [3, 4], laboratory-

acquired infections [5–7] and bio-terrorism/-crime [8, 9]. Although these are relatively low 

probability events, they pose non-negligible potential consequences and risks. Fully addressing 

indoor aerobiological threats requires contributions from microbiologists, public health experts, air 

quality specialists, engineers and the flow and dispersion research community [10, 11]. 

A pathogen is aerosolized after it is released into the ambient environment through a cough flow or a 

sneeze or exhaled breath from an infected host or by other modes of release in the case of bioaerosols 

in general (Fig. 2). As microscopic infectious droplets disperse in air and are respired into the airways 

of exposed humans, infection and symptoms of respiratory illness occur for a subset of all exposed 

potential hosts who possess an unfortunate combination of host susceptibility factors [12, 13] for a 

given biological pathogen. Deposition of infectious particles on indoor environmental surfaces opens 

up the surface-to-surface route to infection, with the possible entry of pathogen into a human body 

through even micro-abrasions or trivial wounds. Pathogens also may be transferred from fomites to 

hands, from hands to the face, and then into the respiratory tract by inhalation. Furthermore, deposited 

pathogenic matter can be re-suspended into air by mechanical vibration, by ventilation systems or by 

footfall or other human movements that disturb contaminated surfaces; thus providing further 

opportunity for dispersion of the infectious matter. However, the physical processes leading to 

inactivation of infectious matter or mitigation of infection (such as solar or synthetic irradiation 

[14, 15]; photocatalytic oxidation [16, 17]; desiccation, surface inactivation, salt toxicity or pH 

modification which are all believed to be modulated by water content or ambient humidity [18]; and 

dilution to less than an infectious dose) can disrupt infection at any stage in the infection process. 

 
 
 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Processes, key parameters and routes of infection by a bioaerosol 

The near-source air flow and expelled particle trajectories from human sneezing, coughing or 

breathing have been studied and modelled [19–26]. Expelled droplet or particle size distribution has 

been characterized [27–33]. Development of dispersion models, verified with quantitative maps 

combining air flow velocity with viable pathogen concentration has begun [34–36] but further results 

are needed to fully characterize the infectious behaviour of many significant types of respiratory 

pathogens. Infectivity has been modelled in a simplified manner. In the context of designing upper-

room ultraviolet germicidal irradiation (UVGI) systems, early work with two-zone and three-zone 

mixing models was extended using commercial CFD software (ANSYS; CFX 5) in order to predict 
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the effect of irradiation on dispersing contaminated indoor air [37]. An exponential decay dose-

response relationship and an inverse-square UV irradiation field were combined with a scalar 

transport equation for the micro-organism concentration field, and solved together with the Reynolds-

Averaged Navier-Stokes (RANS) equations for airflow momentum and a standard k-ε turbulence 

model. A two-zone model of a room underpredicted the micro-organism concentration near their 

source and a three-zone model of a room underpredicted the distances that micro-organisms spread 

from their source. Due to the practical challenges of recruiting statistically-significant numbers of 

humans who are naturally infected with infectious respiratory disease (e.g. mutability and variable 

seasonality of diseases, complexity of forecasting infectious outbreaks, or necessary bio-ethics 

criteria and constraints on recruitment of the study population), artificial means of generation and 

controlled release of aerosolized pathogen for laboratory study are needed to acquire the data needed 

to improve modelling and understanding of infectious bioaerosol dispersion. 

 1.1  Aim 
The aim of this paper is to present results describing the dispersion of infectious bioaerosol by 

continuous aerosolization and to discuss its relevance to the transmission of human respiratory disease 

through indoor air. A companion paper [38] discusses human cough flow and the associated 

bioaerosols, using the same experimental facility. 

 2  METHODOLOGY 

Beyond typical methods used to study the motion of turbulent multi-phase flow, the required 

experimental methodology includes introducing an infectious bioaerosol into a carefully controlled 

test space wherein dispersion of the bioaerosol can be studied and sampling of the infectivity in the 

air (i.e. recovery of the dispersed pathogenic matter) can be undertaken at known locations. 

 2.1  Continuous aerosolization of a bacteriophage proxy for human respiratory virus 
A bacteriophage is a virus that infects and replicates within a particular bacterial host. Φ6 of the 

Cystoviridae virus family only infects Pseudomonas bacteria (typically the plant pathogen P. 

syringae) [39] and its behaviour resembles that of influenza virus [40]. Hence, it has been used as a 

proxy to study communicable viruses affecting humans. Φ6 bacteriophage (Félix d’Hérelle, Québec 

City, QC) was cultured in plates of soft agar at 25 °C, mixed gently with 5 mL of sterile culture media 

for 20 minutes and centrifuged at 3,500 RPM for 10 minutes at room temperature. Titration by plaque 

assay in P. syringae confirmed that the pathogen concentration in the filtered lysate was 1010 plaque-

forming units per millilitre (PFU/mL). A Collison nebulizer [41–44] (Fig. 3) with a back pressure of 

138 kPa enabled continuous aerosolization of a mixture of one part of Φ6 lysate to fourteen parts of 

phosphate-buffered saline and bioaerosol was expelled at 6 L/min for 20 minutes during each trial. 

(a)               (b)  

Fig. 3: (a) Photograph and (b) schematic of a Collison nebulizer reproduced from [42]  
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 2.2  Conditions in the test facility 
The bioaerosol was studied in a cubic environmental chamber of 1.8 m3 volume [15, 45]. Flow 

disturbances were minimized in this enclosed space. Internal air temperature (21 to 26 °C) and 

relative humidity (41 to 58 %) were monitored and found to be representative of the typical range 

within a room during summer in a humid continental climate. The outlet of the Collison nebulizer 

was positioned at the inlet to the test chamber and sealed with plastic sheeting. The test chamber was 

constructed from wood panels secured with metal fasteners with glass windows for optical access. 

Interior seams were sealed with silicone and internal and external surfaces were both coated with 

matte black paint. The test chamber was sufficiently sealed to prevent substantial escape of introduced 

bioaerosol, yet permitted equalization of internal and external pressures. The only airstream 

introduced into the test chamber was from the Collison nebulizer, with the total introduced volume 

corresponding to 2% of the test chamber volume. 

 2.3  Biological sampling 
Trials were completed in triplicate with two types of aerobiological sampling devices, in sequence. 

After the continuous aerosolization of bacteriophage was completed, chamber air was drawn through 

samplers at a rate of 4.00 ± 0.04 L/min for 30 minutes using a standard constant-flow air sampling 

pump (Airchek 224-PCXR3, SKC Inc, USA). Polytetrafluoroethylene (PTFE) membrane filters of 

1.0 μm pore size and 37 mm diameter were mounted in open-faced cassettes and suspended inside 

the environmental chamber from the roof, on the chamber centreline, at 1 m height above the chamber 

floor, and at two distances from the bioaerosol inlet (0.5 m and 1.0 m). Two-stage cyclone samplers 

developed at the National Institute for Occupational Safety and Health (BC 251, NIOSH, USA 

[46, 47]) were also suspended from the roof at various locations in subsequent trials that quantified 

the proportions of non-respirable particles (aerodynamic diameter > 4 µm) and respirable particles 

(aerodynamic diameter of 1 to 4 µm). Particles with aerodynamic diameter < 1 µm were deposited 

on a terminal PTFE filter.  

 2.4  Pathogen control during experiments 
A pulsed xenon ultraviolet lamp (prototype, Solaris UV Technologies, Canada) was mounted on a 

vertical wall of the test chamber with the bulb centre at 0.80 m above the test chamber floor. A new 

spiral bulb was installed at the start of the study. Unobstructed line-of-sight was maintained between 

the lamp and the internal surfaces of the test chamber. Light reflections within the test chamber were 

negligible. The lamp emission was characterized with a 2048-element CCD array spectrometer 

(USB2000+, Ocean Optics, USA) as broadband white light containing three local spectral peaks in 

the germicidal UVC band (230, 248 and 261 nm wavelengths). The pulse frequency and duration of 

each flash of irradiation were set to 15 Hz and 100 µs, respectively. Emission at wavelengths of less 

than 190 nm was filtered. Exposures were automated with a trigger and timer. Pulsed irradiation 

treatments of at least ten seconds (total on-off cycle duration) resulted in significant disinfection. 

A vacuum system (Emerson, USA) was attached to an exit orifice on the test chamber wall opposing 

the wall with the bioaerosol inlet. It was operated between trials to evacuate the airborne contents of 

the test chamber into a separate exhaust containment and filtration unit. Each evacuation of the test 

chamber air was sustained for 30 minutes resulting in 25 test chamber volumetric air-changes. 

At the end of each work shift, a 5% bleach solution was aerosolized into the test chamber with the 

Collison nebulizer for 15 minutes. The Collison nebulizer, NIOSH cyclone sampler and sample 

handling tools were autoclaved for 20 minutes at the start and end of each work shift. Disposable 

contaminated items such as PTFE cassettes were segregated in a biohazard waste bag and autoclaved. 

 3  RESULTS 

Fig. 4 shows the recovered bacteriophage concentrations from PTFE filters. The sampling locations 

were at 1 m height on the chamber centreline and at two distances downstream of the bioaerosol 

source. It is evident that significant quantities of infectious viral matter remain viable out to at least 

1 metre from their source. 
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Fig. 4: Concentrations of Φ6 pathogen recovered by filtration in the far-field of the bioaerosol source 

Fig. 5 shows the recovered bacteriophage concentration from NIOSH cyclone samplers. The 

sampling locations were at half of the aerosol inlet height (0.4 m above the chamber floor) and at 

corner locations. The recovered bacteriophage concentrations in the first (Fig. 5a) and the second 

(Fig. 5b) stage were uniformly low and one to two orders of magnitude less than extracted from the 

PTFE filters. No viable bacteriophage was recovered from the terminal filter (< 1 µm particles) of the 

NIOSH devices. 

(a) (b)  
Fig. 5: Concentrations of Φ6 pathogen recovered by cyclonic deposition for aerodynamics particle size (a) > 4 microns 

and (b) 1 to 4 microns, at corner locations 

 4  CONCLUSIONS AND FUTURE WORK 

Fully addressing aerobiological threats requires contributions from microbiologists, public health 

experts, air quality specialists, engineers and the flow and dispersion research community. 

Knowledge of infectious particle dispersion in air can be improved by laboratory experiments. High-

volume bioaerosol trials, aiming at statistically-significant findings, favour artificial 

bioaerosolization. Specialized intrusive sampling equipment to quantify the concentration field of 

viable infectious particles released into air and careful pathogen control and disinfection measures in 

the laboratory are basic requirements for this work. Viable aerosolized virus was recovered up to one 

metre distance from its source. Higher concentrations were recovered with filters than with cyclonic 

samplers. Further work should confirm the spatial distribution of aerosolized pathogen in the chamber 

and simultaneously carry out velocimetry and bioaerosol sampling. 
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ABSTRACT:  The present study considers a generic cross hot-wire probe (XHWA) employed to
measure both the longitudinal  and the vertical  velocity component  in a  high Reynolds  number
boundary layer developing over a staggered cube array. Stereoscopic PIV measurements performed
in a vertical plane are used as input in the equations for the effective cooling velocities of the two
wires used to simulate the XHWA measurements and estimate its performance. The influence of
both the wire angle and the role of the non-measured third component are investigated. A consistent
underestimation of the velocity variances and the Reynolds shear-stress is reported, the wall-normal
component being the most affected. For a 45° probe, it is shown that the non-measured component
is responsible for this underestimation that reaches almost 20% just above the roughness elements. 

 1 INTRODUCTION

In spite of the availability of Laser  Doppler Velocimetry (LDV) or Particle  Image Velocimetry
(PIV), hot-wire anemometry (HWA) is still widely used in research laboratories for the study of
turbulent flows. Combination of several hot-wires can give access to several velocity components.
In particular,  X-wire (or crossed-wire)  anemometry is  one of  the most  widely employed probe
configuration  as  it  allows  for  the  estimation  of  the  Reynolds  shear  stress  <u'w'>.  Despite  its
obvious  advantages,  XHWA is affected by several  sources  of  error  in  high-intensity turbulence
flows such as rectification, influence of the non-measured velocity component (i.e the component
normal to the wire-plane,  v in the present case) or the effect of the finite separation between the
wires [1, 2, 3]. These shortcomings lead to an underestimation of <u'w'>, a bias reported in studies
of atmospheric flows developing over urban-like roughness and which has been attributed to the
highly turbulent nature of the flow and the existence of intense ejection and penetration events [4,
5].
The present study considers a generic XHWA probe employed to measure the longitudinal velocity
u and the vertical velocity w (parallel to the wire-plane) in a high Reynolds number boundary layer
developing  over  a  25-m-long  fetch  of  staggered  cube  array  [6,  7].  Instantaneous  3-component
stereoscopic PIV measurements performed in a vertical plane are used to fed the equations for the
effective cooling velocities Ueff  of the two wires [1] which take into account the wire angle with the
longitudinal direction (aligned with the probe axis), the non-measured velocity component v normal
to  both  u and  w,  and  the  sensitivity  of  the  wires  to  the  normal  and  the  tangential  velocity
components.  Taking  into  account  the  geometry  of  the  probe,  PIV predicted  effective  cooling
velocities are recombined to compute the velocity components uhwa and whwa measured by the virtual
XHWA probe. In the present work, the often overlooked influence of the non-measured component
v is investigated.
In  the  next  section,  both  the  hot-wire  probe  modeling  method  and the  experimental  setup  are
presented. Results are presented in the third section. The last section is devoted to the conclusions.

 2 METHODOLOGY

 2.1 XHWA probe modeling

As introduced by [1] and later used by [2], the present study relies on the modeling of a generic
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cross hot-wire probes using the concept of effective cooling velocities which link the three velocity
components of the investigated flow to the instantaneous effective cooling velocity that controls the
thermal exchange between each wire of the probe and the fluid. Only probes symmetric with respect
to their longitudinal axis are considered here. When the XHWA probe is set to measure  u and  w,
each  wire  being  sensitive  (but  differently)  to  both  the  normal  and  tangential  components,  the
effective cooling velocities read:

{ U eff 1
2

=u2
+h2 v2

+w2
−(1−k2

)[ucos (ϕ)−w sin(ϕ)]
2

U eff 2
2

=u2
+h2 v2

+w2
−(1−k 2

)[ucos(−ϕ)−w sin(−ϕ)]
2
   (1)

where U eff 1 and U eff 2 are the cooling velocities of the wires at an angle ϕ and −ϕ with the
longitudinal velocity component u, respectively, and h and k are sensitivity coefficients of the wires
to the normal and the tangential  velocity components, respectively.  These two effective cooling
velocities can be recombined to compute the velocity components uHWA and wHWA measured by the
virtual XHWA probe. This recombination corresponds to the probe calibration that is usually done
in laminar or low-turbulence level flow by varying the wind speed and rotating probe around an
axis normal to the u-w plane. This commonly used calibration process does take into account the
effect  of  the non-measured velocity component  v.  Solving equation (1)  for  uHWA and  wHWA as  a
function of U eff 1 and U eff 2 is therefore done by dropping the terms involving v (see [2] for more
details). In the present study, the SPIV database are used as input to obtain simulated uHWA and wHWA

velocity components as measured by a virtual XHWA probe subjected to the investigated flow field:
for each SPIV field, at each location x,  z,  uPIV,  vPIV and wPIV   are used in equation (1) to compute

U eff 1 and U eff 2 which are then re-combined to estimate uHWA and wHWA using the approach from
[2]. The simulated effective cooling velocities are therefore the results of the complete interaction of
the flow with both wires and account for the probe geometry. The sensitivity coefficients h and k
can be set to zero independently to investigate the influence of the  v component (via  h) and the
influence of the velocity component tangential to each wire (via k). If non zero, h and k are set to
1.05 and 0.2, respectively, values usually reported in the literature [1, 2, 8].

 2.2 Experimental set-up

Experiments  were  performed  in  the  large  atmospheric  boundary layer  wind tunnel  at  LHEEA,
Nantes, France which has a 24m × 2m × 2m working-section. The simulation at the scale 1:200 of a
suburban-type  atmospheric  boundary  layer  developing  over  an  idealized  canopy  model  was
achieved by using five vertical, tapered spires of height of 800 mm and width of 134 mm at their
base, a 200 mm high solid fence across the working section located 0.75 m downstream of the inlet,
followed  by a  22  m fetch  of  staggered  cube  roughness  elements  with  a  plan  area  density  of
λ p=25 % [6]. The cube height was h=50 mm. The measurements were performed with a free

stream velocity U e=5.8m.s−1 m.s-1,  at  a  longitudinal  location  of  19.5  m after  the  end of  the
contraction.
Stereoscopic PIV measurements were conducted in a vertical plane aligned with the main flow, in
the  center  of  the  test-section.  Two  2048×2048  pixels  12  bits  camera  equipped  with  105  mm
objective  lenses  were  employed  in  a  stereoscopic  configuration  satisfying  the  Scheimpflug
condition. A Litron 200 mJ Nd-YAG laser, located under the wind tunnel floor was employed to
illuminate the region of interest. The time-delay between two images for PIV processing was set to
dt  = 500 μm. The flow was seeded with glycol/water droplets  (typical size 1 μm) using a fog
generator. Both the synchronization between the laser and the cameras and the calculation of the
PIV velocity vector fields were performed using the DANTEC FlowDynamics software. A set of N
= 4000 velocity fields was recorded. A FFT-based 2D-PIV algorithm with sub-pixel refinement was
employed with 32×32 final interrogation windows, using an overlap of 50%. Spurious vectors were
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detected by an automatic validation procedure whereby the SNR of the correlation peak had to
exceed a minimum value, and the vector amplitude had to be within a certain range of the local
median to be considered as valid. Once spurious vectors had been detected, they were replaced by
vectors  resulting  from a linear  interpolation  in  each direction from the surrounding 3×3 set  of
vectors. A pinhole model was employed to reconstruct the three-component vector fields from the
two-component vector fields from each cameras. The final spatial resolution is 1.72 mm and 2.20
mm in the longitudinal and vertical directions, respectively. 

 3 RESULTS

In  the  following,  the  Reynolds  decomposition  is  used  to  decompose  any  quantity  u into  its
fluctuating part u' and its mean <u>, where <> represents the ensemble average over both time and
the longitudinal direction x. The standard deviation of ui is denoted σui .

 3.1  Flow characteristics

The main flow characteristics reported in Table 1 show that the simulation of a high Reynolds
number atmospheric boundary layer is achieved, whose displacement height d and roughness height
z0 are those of an urban boundary layer. The reader is referred to the work of [6] for more details
regarding both the experimental setup, the scaling of the flow and its statistics.

U e  (m/s) u*/U e δ/h h+
δ

+ d /h z0/h

5.8  0.073  22.7  1430  32400  0.59  0.11

Table 1: Main characteristics of the investigated boundary layer

Fig. 1: Vertical profile of the mean and variance of the longitudinal velocity component from both SPIV and single
hot-wire probe (left) and turbulence intensities and normalized Reynolds shear stress from SPIV (right).

Profiles throughout the entire boundary layer of both the mean and the variance of the longitudinal
velocity are shown in Fig. 1, left, confirming the presence of a well-developed logarithmic region.
Figure  1,  right,  shows  profiles  of  the  turbulence  intensities  of  the  three  components  and  the
normalized Reynolds shear stress  <u'w'> measured in the lowest part of the boundary layer via
SPIV. In the investigated region, turbulence intensities are always higher than 10%, reaching 50% at
canopy top for the longitudinal component, confirming that this region, of crucial interest for the
study of the roughness sublayer and the constant shear-stress region [6], is particularly challenging
for thermal anemometry. It must be noted here that the turbulence intensity of the lateral component
v, rarely reported in the literature, is larger than that of w, in most of the investigated region. A bias
of the components uHWA and wHWA measured by XHWA can therefore be anticipated.
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 3.2 Error in the XHWA probe measurements

The methodology presented in Section 2.1 is employed here to simulate XHWA measurements in
the region corresponding to 1<z/h<5. The effect of the wire cooling by the tangential velocity is not
considered  here  (k=0)  as  it  has  been  well  studied  in  the  past  [1].  The  focus  is  first  on  the
rectification effect, that is the influence of the wire angle and its link with the angle θ between the
instantaneous velocity vector and the direction of the mean flow. It is shown in Fig. 2, left, that, as
expected, the relative error (σuHWA

2
−σuPIV

2
)/σuPIV

2 between the original statistics from the SPIV and
those calculated from the simulated XHWA signals increases with decreasing wire angle ϕ . This
error increase is directly linked to a reduction of the acceptance cone angle of the probe when ϕ

decreases,  the  instantaneous  flow angle θ lying  more  frequently outside  the  acceptable  angle
range, taken here as ±ϕ as shown by the evolution of NL in Fig. 2, right.

Fig. 2: Left: vertical evolution of the relative error between the variances or Reynolds shear stress measured by
XHWA and SPIV with ϕ=60° (symbols), ϕ=45 ° (solid lines) and ϕ=30 ° (dashed lines) (with h=0

and k=0). Right: Mean flow angle in the x-z plane (blue) and number of occurrence NL of absolute instantaneous angle
|θ|  larger than the wire angle ϕ (red)(SPIV measurement).

The influence of the non-measured velocity component v (which is normal to the plane x-z formed
by the two wires)  is  investigated by setting  h to  1.05 while  keeping ϕ=45 ° and  k = 0.  The
relative error between the original SPIV statistics and the ones estimated from the XHWA probe is
shown in Fig. 3. Taking into account the lateral component has a dramatic effect on the statistics of
the measured velocity components, the relative error increasing by a factor of two. As with the
effect of the wire angle, the bias is toward a systematic underestimation of the all the statistics, the
Reynolds shear stress and the variance of the vertical component w being the most affected. Error
on  the  variance  of  u is  indeed  below  4% in  the  region  z/h>2  where  rectification  effects  are
negligible. This is in full agreement with the observed bias of XHWA measurements in flow over
rough wall  reported  in  the  literature  [5].  However,  the  cause  of  this  underestimation  has  been
attributed in the past to the occurrence of strong penetration and ejection events in the roughness
sublayer  causing  rectification,  whereas,  as  shown  here,  the  use  of  three-component  PIV
measurements highlights the major influence of the lateral component. To confirm the influence of
the lateral component and its impact on the XHWA measurement accuracy, joint probability density
functions (jpdf) between ~v 2

=v2
/(u2

+w2
)|PIV and the difference between the instantaneous values

of either u', w' or the shear-stress u'w' obtained via SPIV and simulated XHWA have been computed
for h=1.05. Results for h=0 (not shown here) were checked and confirmed the decorrelation of the
error with v. The quantity ~v 2 is used to highlight the relative importance in the cooling process of
the non-measured component compared to the components of interest. Results obtained at z/h=1.17
and 2.98 are presented in Fig. 4.
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Fig. 3: Vertical evolution of the relative error between the variances or Reynolds shear stress measured by XHWA and
SPIV with h=1.05 (symbols), h=0 (solid lines) (with ϕ=45 ° and k=0).

u'PIV-u'HWA w'PIV-w'HWA u'PIVw'PIV-u'HWAw'HWA

Fig. 4: Joint probability density functions between the normalized lateral component ~v 2
=v2

/(u2
+w2

)|PIV and

the difference between the SPIV and the XHWA velocity fluctuations, computed at (top row) z/h=2.98 and (bottom
row) z/h=1.17 with h=1.05, ϕ=45 ° and k=0. Note the logarithmic scale of the color contours.

When v is taken into account, the instantaneous difference between the original SPIV signals and
the simulated XHWA ones becomes non-negligible with a clear negative correlation between the
velocity difference for the u'PIV-u'HWA component and ~v 2 (Fig. 4, right, bottom), the impact on w' is
not as marked with a bias toward both negative and positive velocity difference but results in a
negative correlation w'PIV-w'HWA difference and ~v 2 (Fig. 4, center, bottom). It must be noted here
that one cannot directly relate the information provided by the jpdfs (as in Fig. 4) to the variance
difference  (as  in  Fig.  3)  but  one  would  have  to  evaluate  the  jpdfs  of  the  quantity
{(u 'PIV−u 'HWA)(u ' PIV+u ' HWA)} against ~v 2 .  The  instantaneous  shear-stress  is  therefore  also

impacted by the lateral component leading to an underestimation of the shear-stress by the XHWA
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probe the shear-stress  being negative (the jpdf  of {u 'PIV w ' PIV−u 'HWA w 'HWA } gives  directly the
difference of the mean shear-stresses) (Fig. 4, right, bottom). Results obtained at z/h = 2.98 where
rectification influence is non-existent for the ϕ=45 ° probe show similar trend, with a narrower
spread  of  velocity  difference  (Fig.  4,  top  row),  confirming  that  the  presence  of  the  lateral
component,  intrinsic  to  turbulent  flows,  has  an  immediate  impact  on  the  accuracy  of  XHWA
measurements.

 4 CONCLUSION

The performance of the measurement of the longitudinal and vertical component via an XHWA
probe in the lower part of a high Reynolds number atmospheric boundary layer developing over an
urban terrain has been investigated. The present approach relies on SPIV measurements used to
model a virtual XHWA probe by using the effective cooling velocity concept in which the three
velocity components of the flow can be taken into account in order to estimate the longitudinal and
vertical components u and w, respectively, as measured by the XHWA probe. Influence of both the
wire angle and the presence of the non-measured lateral component v have been studied separately.
As reported in the literature, strong instantaneous flow angles (that can be related to the occurrence
to  ejection  and  penetration  events)  overranging  the  acceptance  cone  angle  of  the  probe  cause
rectification of the XHWA signal and lead to an underestimation of the u and w variances and shear-
stress <u'w'>. In the absence of lateral velocity, for a probe with a wire angle ϕ=45 ° , this effect
has been found to be confined in the roughness sublayer, for z/h<2. Taking into account the lateral
velocity v in the probe model showed that these non-measured component is a major source of error
leading to  a  consistent  underestimation  of  the  flow statistics,  with  the  strongest  impact  on  the
variance of the vertical velocity and the Reynolds shear-stress. Given the intrinsic three-dimensional
character of turbulent flows, XHWA measurements are doomed to be affected by the error caused
by the non-measured component v, leading to a systematic underestimation of crucial statistics such
as  <u'w'>.  It  will  become  negligible  only  when ~v 2

=v2
/(u2

+w2
) is  small.  Even  if  not

demonstrated in the present paper, it must be noted that large values of ~v 2 are not necessarily
associated  to  strong  ejection  and  penetration  events.  Therefore,  when  performing  shear-stress
measurements via XHWA, one has to pay great attention to the magnitude of the turbulent intensity
of the often overlooked lateral component and be aware of the presence of a non-negligible bias
toward smaller values. Whenever possible, triple hot-wire probes, PIV or LDV, which present their
own difficulties and sources of error, should be employed.
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ABSTRACT: Using data from a scaled wind tunnel street canyon flow, the present  paper shows
how a simple, first order “dead zone” model, based on the use of a characteristic exchange velocity ,
originally developed for pollutant dispersion in rivers, may be successfully applied to provide a
direct link between the dynamics of the vertical velocity measured at roof-level across the canyon
and the magnitude of the mass-exchange between the canyon and the flow above. It will also be
shown that the dynamics of this flow region are due to both the local effects driven by the canyon
geometry and the upstream flow regime.

 1 INTRODUCTION

Although  simple  from a  geometrical  point  of  view,  the  idealized  two-dimensional  (2-D)  street
canyon model reproduces the main features of most common street configurations, notably the case
for which the upstream wind is perpendicular to the street axis where the ventilation is largely
driven by vertical exchanges between the canyon and the flow above. This configuration has been
well-studied,  with  the  time-averaged  (steady)  flow  regimes  being  defined  and  illustrated  as  a
function of the canyon streamwise width (W) to height (h) ratio [1]. The three regimes - “skimming
flow” (W/h < 1.5), “wake-interference flow” (1.5 < W/h < 3) and “isolated roughness flow” (W/h >
3)  -  have  since  been  much-quoted  in  the  literature  even  though,  at  the  time  he  made  these
definitions,  Oke [1]  noted that  this  classification ignored turbulence,  that  is  any unsteady flow
dynamics.  The standard practical model that has been used for the past two decades to predict street
canyon dispersion, the Operational Street Pollution Model (OSPM) [2], considers the canyon flow
to  be  a  steady vortex  with  dispersion  computed  by a  plume model.  Although traffic  produced
turbulence [3] and meandering of the incident wind direction are considered, the unsteady canyon
flow dynamics are not. Hence, in terms of urban air quality assessment, street canyon flows are
conventionally considered to comprise one or more large-scale mean vortices, or flow recirculation
regions, upon which relatively small-scale turbulence is superimposed. However, even on a time-
averaged basis, there is no sharp demarcation of the regimes defined by [1]. The high degree of
variability  in  basic  aerodynamic  parameters,  such  as  roughness  length,  z0/h,  and  zero  plane
displacement, d/h, for different planform geometries (2-D parallel streets, 3-D block regular arrays
and real urban regions) having the same plan area packing density, λp, was highlighted by [4], which
also attempted to relate those parameters to the three flow regimes.

The present work is a wind tunnel study at approximately 1:250 scale of two different canyons
(aspect  ratio  W/h = 1 and 3) immersed in  the same upstream roughnesses in which flow field
measurements have been undertaken using Particle Image Velocimetry (PIV). The present paper
address the following questions: (1) Can the vertical mass-exchange between the canyon and the
boundary layer above be described by a relatively simple first-order “dead-zone” model and (2) Can
that model be modified to encompass the influence of both the canyon geometry and the upstream
roughness? Hence, using a relatively idealized building configuration, the present study is the first
step towards quantifying the unsteady behaviour of the flow and its implication in terms of canyon
ventilation for different canyon flow regimes. The focus is on the large-scale unsteadiness of the
shear layer separating from an upstream canyon edge, its impact on the instantaneous flow field
within the canyon and its link with the oncoming boundary layer. Although the geometry studied
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here  is  simple  compared  to  any real  urban  environment,  examining  and  quantifying  the  flow
dynamics for such well-defined cases will eventually allow for the application of those findings to
the interpretation of the flow regimes for more complex cases. 

 2 METHODOLOGY

 2.1 Experimental set-up

The experiments were conducted in the low-speed, boundary layer wind tunnel at Ecole Centrale de
Nantes,  France,  which  has  working  section  dimensions  of  2m (width)  × 2m (height)  × 24  m
(length). Full details of the experiment may be found in [5].

TABLE 1 - Main characteristics (friction velocity u*, displacement height d and roughness length z0) of the three 
upstream flow configurations (adapted from [5])

Upstream roughness (p) Notation u*/Ue d/h z0/h

Staggered cubes (25%) cub 0.066 0.892 0.061

2D bars, 1h spacing (50%) b1h 0.047 0.980 0.008

2D bars, 3h spacing (25%) b3h 0.072 0.552 0.143

Six flow configurations were investigated: two canyon widths of  W/h = 1 or 3, with 3 different
types of upstream roughness elements (50 mm cubes arranged in a staggered array with λp = 25% or
50 mm square section, two-dimensional bars that spanned the width of the tunnel, with an element
spacing of either 1 or 3 h) (Fig. 1 left). The canyon building length was L = 30h, with the canyon
height h = 50 mm. The velocity fields were measured in a vertical plane in the centre of the canyon
aligned with the free stream flow direction (Fig. 1 right). A Dantec particle image velocimetry (PIV)
system set up in stereoscopic configuration was used to measure the three velocity components. A
frequency of 7 Hz was used between pairs of pulses and 5,000 pairs of images were taken in each
experiment.  The final spatial  resolution was 0.83 and 1.68 mm in the longitudinal  and vertical
directions, respectively. The free-stream velocity was Ue = 5.9 m/s, from a Pitot-static tube located
at x = 15 m, y = 0 m and z = 1.5 m, giving a Reynolds number, based on canyon height, of Reh = 1.9
× 104. The main characteristics of the three upstream flow configurations are given in Table 1.

Fig. 1: Canyon and roughness configurations (left: only c1hcub and c3hcub are shown for brevity) and employed PIV
setup (right)

 2.2 Analysis methodology

A first-order “dead-zone” model is used to investigate the influence of both the canyon geometry
and the upstream roughness configuration on the mass exchange between the canyon and the above
flow. This approach was originally developed to model accidental pollutant spills in rivers to take
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into account the influence of the main channel geometry heterogeneities on dispersion phenomena.
The focus was on bank heterogeneities such as groyne fields, side arms or harbors, which can be
considered as dead zones (zones where flow velocity is very slow compared to the main river). The
contact regions between the main channel and these lateral dead zones, where exchange of mass and
momentum take place, are characterized by strong velocity shear favoring the formation of mixing-
layer-like  coherent  structures.  These  are  very  similar  to  what  happens  at  roof  level  when
considering  the  interaction  between streets  and the  above boundary layer  flow in  cities.  For  a
detailed review of the mass-exchange between channel lateral heterogeneity and the main stream in
rivers, the reader is referred to [6]. The first-order model derived for the mass-exchange between
the main stream and a dead-zone is here employed to model the mass-exchange between a canyon
of height h, width W and lateral extension L. When considering the time-evolution of M, the mass of
a tracer dispersed within the canyon, the dead-zone model reads as:

dM
dt

=−ELW (Cc−Cabl)            (1)

where E is the exchange velocity into the main stream averaged over the canyon width and Cc and
Cabl are the concentrations in the canyon and atmospheric boundary layer, respectively. The tracer
mass in the canyon is given by M=Cc LWh. The above equation for dM/dt therefore reads as

dCc

dt
=

−E
h

(Cc−Cabl)            (2)

For  a  constant  exchange  velocity  E,  the  time-evolution  of  the  concentration  within  the  cavity
corresponds to an exponential decay with time, with a characteristic time Tc=h/E. This time-scale,
also called mean residence time [6], can be seen as the transport time across the interface between
the canyon and the flow above of a volume of fluid corresponding to the cavity volume [7]. As
noted  by  [6],  the  characteristic  time  Tc can  be  evaluated  from  direct  measurement  of  the
concentration  response  of  the  canyon  configuration  (with  the  above  equation)  or  by using  the
indirect method proposed by [6] and [7], as described below. In a study of mass-exchange between
groyne fields and a main river, it was proposed [6] to estimate the instantaneous exchange velocity
E(t) by:

E(t)=
1

W
∫

−W /2

W /2

|w(x , z=h , t )|dx            (3)

where w(t) is the instantaneous vertical velocity at roof level. It must be noted here that, following
[7], the factor 1/2 included by [6] is omitted. Using this approach, it becomes obvious that the mass-
exchange between the canyon and the above flow is driven by the characteristics of the vertical
component  w(t) at  roof  level.  In  the  following,  given  the  similarity  between  the  present
configuration  and  those  investigated  in  the  framework  of  tracer  dispersion  between  bank
heterogeneity and the main river,  the validity of the first-order dead-zone model and the above
definition of the exchange velocity based on the vertical component at roof level are assumed. The
exchange  velocity  E(t) is,  therefore,  employed  to  investigate  the  influence  of  the  canyon
configuration on mass-exchange with the atmospheric boundary layer.

 3 RESULTS

The definition  of  the  exchange velocity  E(t) being based on the  absolute  value of  the  vertical
velocity w(t) along a horizontal line at roof level, its main characteristics must be linked not only to
those of the shear-layer developing from the upstream building and across the canyon but also to the
canyon geometry, in particular its aspect ratio W/h. In terms of the mass-exchange between the main
river  stream  and  the  lateral  dead-zones,  both  aspects  have  been  investigated.  Laboratory
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experiments [8] have shown the link between the average exchange velocity E(t) and the velocity
scale us defined from the Reynolds shear-stress u ' w ' spatially averaged over a horizontal line at
z=h, namely:

us=⟨|u ' w '|
1/2 ⟩= 1

W
∫

−W /2

W /2

|u' w '|
1/2

dx            (5)

where ⟨ . ⟩ is the spatial averaging operation along the horizontal line across the canyon at z=h.

Fig. 2: Evolution of the exchange velocity as a function of (left) the shear stress velocity scale us and (right)
the hydraulic radius RH. Closed symbols: W/h = 1, Open: W/h = 3. Upstream roughness: 1h bars (red

squares), 3h bars (blue circles) and 25% cubes (purple triangles). Data for river groynes [6] (brown +) and
canonical cavities [9] (orange stars) also shown

 They found a linear relationship between the two quantities. The same approach has been tested in
the present study and it is shown in figure 2, left, that, despite the difference between the flow
configurations, the same conclusion can be drawn. The mass-exchange between the canyon and the
above flow is mainly driven by the shear-layer dynamics [8]. In agreement with previous studies of
cavity-river interaction and with what one would expect, the stronger the shear-stress, the larger the
exchange velocity. This also translates into; the wider the canyon, the stronger the exchange and the
more the flow regime tends to a wake interference regime (i.e largest displacement height d/h and
friction velocity u*/U e ). In order to take into account the influence of the dead zone cavity on the
mass-exchange characteristics, [6] proposed a length scale similar to a hydraulic radius defined as
the ratio between the cavity cross-section area W .h divided by its lateral boundary W +2 h .
They showed that the factor two in the denominator had no dynamic role in the physical problem
and could be omitted. The resulting length scale used was, therefore, defined as:

RH=
W .h
W +h

             (6)

In their experimental study of the mass-exchange between groyne fields and main stream in rivers,
it  was  shown that  the  normalized  mean  exchange  velocity E (t )/U e scaled  linearly  with  the
normalized hydraulic radius RH /h [6]. This scaling was shown to hold quite well when various
geometries of groynes were considered (including groynes with backward or forward slope). Figure
2 right shows the same scaling applied to the present data. It can be seen that, even if the values of
the normalized exchange velocity E (t )/U e of each of the two investigated canyon geometries (i.e
W/h = 1 and W/h = 3) are grouped together with similar values, a scatter still exists, showing that, in
the present case, the geometry of the cavity is not the sole factor governing the dynamics of the
shear-layer where the mass-exchange takes place. It must be noted however that, in spite of the
differences between the present flow configurations and those investigated by [6], the values of
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E (t )/U e found  here  (taking  into  account  the  factor  1/2)  are  in  good  agreement  with  those
predicted by the scaling derived by those authors. However, a major difference exists between the
flow configurations investigated by [6] and street canyon flows immersed in atmospheric boundary
layers: groynes are very similar to fences, the thickness of the obstacle being small when compared
to its height, therefore clearly defining the location of the flow separation over the obstacle, whereas
in the case of buildings whose width can be of the same order of their height (or equal, as in the
present case), the location of the flow separation depends on the regime of the upstream flow. As
shown by [4], the latter ranges from skimming flow, for which the flow separation is located at the
downstream corner of the upstream building of the canyon, to wake interference regime in which
the flow separation occurs at the upstream corner of the upstream building. The location of the
separation point affects the dynamics of the shear-layer and, therefore, the mass-exchange between
the canyon and the above flow [5].

Fig. 3: Variation of normalized exchange rate with two different normalized length scales. Closed symbols:
W/h = 1, open symbols: W/h = 3. Upstream roughness: 1h bars (red squares), 3h bars (blue circles) and 25%

cubes (purple triangles). Data of [9] (orange stars) also shown.

Here,  an  attempt  to  improve  the  parametrizations  presented  in  the  literature  is  proposed  by
including characteristics of the upstream boundary layer. Changing the flow regime from skimming
to wake interference has a direct impact on the friction velocity u* and the displacement height d
of the oncoming boundary layer. Figure 3 left shows how incorporating the normalized friction
velocity u*/U e in  the  scaling  of  [6]  improves  the  prediction.  The  flow configurations  are  no
longer grouped solely based on the canyon geometry as both the canyon geometry and the upstream
flow characteristics are now included. A linear relationship between the average exchange velocity

E (t )/U e and the new parameter u*/U e . RH /h is found to agree quite well with the present data.
The  second  scaling  proposed  here  attempts  to  include  only  length  scales,  namely  the  canyon
geometry and the displacement height of the oncoming boundary layer, in a modified hydraulic
radius

~
RH :

~RH=
(h+h−d ) . W
( h+h−d )+W

            (7)

When compared to  the original  definition provided by [6],  the quantity h−d is  added to the
vertical dimension of the canyon to take into account the fact that, when the flow regime shifts
toward a wake interference regime (i.e decreasing  d/h), the flow separation location shifts to the
upstream corner of the upstream building, inducing a thicker shear-layer with a stronger flapping
motion,  regardless  of  the  canyon  geometry  [5].  Using  this  modified  length  scale

~
RH ,  the

different  flow configurations,  depending  on its  canyon geometry and upstream boundary layer
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characteristics, are now clearly differentiated (Fig. 3, right). Again, this modified scaling results in a
linear relationship between the average exchange velocity E (t )/U e and the modified hydraulic
radius. Both scalings also lead to the same conclusion regarding the link between the intensity of
the mass-exchange and both the characteristics  of  the canyon geometry and the upstream flow
regime (i.e smallest exchange corresponding to the narrowest canyon and an upstream skimming
flow  regime,  the  strongest  resulting  from  the  combination  of  the  widest  canyon  and  greatest
displacement height and friction velocity). 

 4 CONCLUSION

The mass-exchange between a street canyon and the lower atmosphere has been investigated using
data  obtained  from  wind  tunnel  experiments  for  a  set  of  six  different  flow  configurations
comprising two canyon widths and three different upstream flows. Based on available results from
the  literature for  similar  configurations,  such as  river  groynes,  aerodynamic  cavities  or  aquatic
vegetation canopies, the validity of a dead-zone model to represent the global time-evolution of the
concentration of a tracer contained in the canyon has been postulated here. This model, based on the
use of a characteristic  exchange velocity,  allows for a direct link between the dynamics of the
vertical velocity measured at roof-level across the canyon and the magnitude of the mass-exchange
between the canyon and the flow above. The analysis of different scaling laws to link the mean
exchange velocity to characteristics of both the canyon and the upstream flows, as well as to the
canyon dimensions, have confirmed the importance of the shear layer dynamics developing at roof
level and across the canyon in driving the canyon mass-exchange. A geometrical scaling parameter
based on the canyon dimensions, adapted from the literature by taking into account the nature of the
upstream flow regime via the use of the its displacement height, has been shown to enable the
derivation of a simple linear model for both the mean exchange velocity and its standard deviation.
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ABSTRACT: Understanding thermally-driven flows induced by solar heating, under conditions of 
low or high inertial forces, is crucial in the light of recent policy strategies on urban design with 
environmentally friendly buildings and efficient and sustainable use of energy within the building 
sector. The objective of this study is to experimentally investigate thermally and inertially-induced 
urban street canyon flow. Towards this objective, scaled-down test-models of typical street canyon 
geometries suitably were deployed to in a water channel. In these experiments, the windward face of 
the model building is at ambient temperature Tamb, while the leeward face is kept at a relatively higher 
level. Three model street canyons were examined, namely for H/W of	2 3, 1 and 2, where H and W 
are the cross-sectional canyon height and width respectively. A two-dimensional Particle Image 
Velocimetry (PIV) system was used to acquire planar velocity vector maps of the urban street canyon 
flow. The maps extend from the water-channel floor up to 1.5H. In this work, a buoyancy non-
dimensional parameter is also introduced, in order to help scrutinize the various street-canyon flow 
regimes. 
 
 1  INTRODUCTION 

During the last years, a lot of studies have been published in order to investigate the flow field in 
urban street canyons under different conditions. Such research results are useful to regularity 
authorities for the application of policies that (i) create conditions for indoor and outdoor thermal 
comfort (ii) improve the breathability of urban areas [7] that is the capacity of an urban setting to 
remove heat, pollutants and moisture from within street canyons and (iii) for the minimization of 
building energy demands. A wide range of studies covering these issues follow different approaches. 
There are field measurement studies that address the problem in the real/large scale [2,3], smaller-
scale studies conducted in the laboratory using wind tunnels [1,4] and water channels and simulation 
studies with the use of numerical models [5,6]. Each of these approaches has its advantages and 
disadvantages but all of them lead to results which are useful for comprehending in different ways 
the flow field in a realistic urban environment. 
 
Despite the abundant literature that exists on urban street canyon flows, only few deal with thermal 
effects in canyons and even fewer studies have dealt with non-uniform thermal forcing. The aim of 
this study is to perform lab-scale experiments making use of the whole-field measurements that the 
technique of PIV offers in order to highlight the competitive influences of thermal and inertial forcing 
on the flow field inside street canyon of uniform cross-sectional geometries but of different aspect 
ratios and under conditions of non-uniform heating and various inertial forces. Moreover, analysis 
and interpretation of the flow regimes are analysed and classified in terms of a dimensionless 
buoyancy parameter. For this purpose, a street canyon was scaled down in a water channel 
experiment, in which the windward building wall surface remained at the ambient temperature Tamb, 
while the leeward building wall surface was kept at a constant temperature higher than Tamb. At the 
same time a horizontal fluid flow was induced above the building height. This setting, combining the 
inertial and buoyancy forces, promotes and induces circulations within the canyon. A detailed 
description of the overall methodology is provided in Section 2, while the acquired results are 
presented and discussed in Section 3. Finally, the conclusions of the study are given in Section 4. 
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 2  METHODOLOGY 
 2.1  Experimental set-up 
The main flow set-up consists of a water channel located at the premises of Environmental Fluid 
Mechanics laboratory of the University of Cyprus, UCy-EFM lab. The main section of the water 
channel (Fig. 1) is 13.75m long and has a 309x450 mm cross-section (Width x Depth). The intake 
section (#7 in Fig. 1) contains: (i) a honeycomb section followed at a distance by, (ii) a perforated 
plate of 60% open area (or, porosity), followed by, (iii) a mesh with spacing 1 by 1 lines per mm. 
Following this flow preparation arrangement, a trip-wire is placed on the floor and the side walls of 
the flume to establish the starting location of the turbulent boundary layer in the channel. The use of 
water as a medium for fluid dynamics laboratory experiments has a lot of advantages relative to the 
air as medium, which is commonly used when using the principles of non-dimensional analysis [1]. 

 
Fig. 1: Water flow channel apparatus: (1) centrifugal pump; (2) shut-off valve hand wheel for flow rate 

regulation; (3) flow rate meter; (4) pressure line; (5) incline adjustment facility; (6) flow rectifier; (7) intake 
flow preparation section; (8) modular centre element; (9) switch box; (10) overflow sensor; (11) outflow 

element; (12) tank; (13) shut-off valve; (14) fixed bearing; (15) trip wire; (16) urban canopy model; and (17) 
measurement area. 

A LaVision Flow Master PIV system was used to measure the flow velocity field in the interrogation 
window area as illustrated in Fig. 1. The field of view extends up to a distance of 1.5H from the 
rooftop level reaching a total height from the ground of 2.5H. Standard hollow glass-sphere tracer 
particles were seeded into water in order to trace the flow field. A laser sheet of mean thickness 
0.10mm over the measurement plane was used to illuminate the flow field. The size of the field of 
view was approximately 0.15 × 0.15 m. The laser is a 125 mJ frequency-doubled Nd:YAG at 532 nm 
(supplied by Litron Lasers). In order to minimize as far as possible the light reflections of the laser 
light the building surfaces facing inwards the street canyon model were painted black. 

 

 
Fig. 2: Figure shows (a) the experimental setup, and (b) the location of the thermocouples and foil on the 

leeward face of the test-model along with the corresponding time-averaged temperatures. For this example, 
the average heated surface temperature is assumed to be 34.5 oC. 

 
The temperature difference (ΔΤ) between the two surfaces was achieved with the use of a power 
supply with maximum power of 450 Watt and Current setting in the range 1-15 VDC. A strip of 
stainless steel foil with 0.08mm thickness of given resistance was applied on the leeward surface of 
the canyon model. The foil was heated by receiving heat from the power supply, gradually adjusting 
each time the voltage, so that we could maintain the temperature on the surface of the block steady 
and uniform as far as possible. The monitoring of the temperature in the experimental setup was 

(a)                                                                      (b)
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achieved by using 16 thermocouples of which 15 thermocouples were applied on the heated surface 
(see Fig. 2) and one thermocouple was used to monitor the ambient temperature. 
 
 2.2  Dimensional analysis 
The dynamic similarity between the scaled-down laboratory model and the full-scale geometry is 
important in order to extract useful conclusions about the actual prototype. For this reason, two fluid 
dynamic dimensional parameters; Reynolds number (Re) and buoyancy parameter (B) were 
calculated in order our model to fulfill the essential similarity criteria so that prototype performance 
can be predicted from model performance. The Reynolds number is a non-dimension number that 
gives a measure of the ratio of inertial forces to viscous forces for given flow conditions and describes 
the type of the flow i.e. if the flow is laminar or turbulent: 

 0Re
u H

v
  (1) 

where 
0u  is the free stream velocity, H is the street canyon height and ν is the kinematic viscosity of 

water. 
 
To classify the flow in terms of the buoyancy forcing influence, the buoyancy parameter B is 
calculated [2]. The buoyancy parameter gives a measure of the ratio of the buoyancy forcing (due to 
the horizontal temperature difference) to the inertial forces with inclusion of the street aspect ratio as 
follows: 

 
 2

0 1 /

g T H
B

u H W

 
       

 (2) 

where g  is the gravitational acceleration, is the temperature difference between the leeward and 
windward surfaces and α is thermal expansion coefficient. 
 
 3  RESULTS AND DISCUSSION 

In this section, the time-averaged velocity field maps for the three canyon aspect ratios, H/W, with 
their corresponding buoyancy parameter B values, are presented. The mean free stream velocity, the 
temperature difference between the two surfaces in the canyon and the magnitude of the 
dimensionless parameters ReH for every different experimental setup are summarized in Table 1. 
 
Table 1: Recapitulation of the parameters that was used of each experimental setup; mean free stream velocity 
(uo), Temperature difference (ΔΤ), Reynolds number in the canyon (ReH) and buoyancy parameter (B). 

 H/W=0.667 H/W=1 H/W=2 
a/a u0 

[m/s] 
ΔΤ 
[oC] 

ReH Β u0 

[m/s] 
ΔΤ 
[oC] 

ReH Β u0 

[m/s] 
ΔΤ 
[oC] 

ReH Β 

1 0.016 7.5 1040 4.163 0.019 6,5 1233 1.816 0.011 5.5 713 1.923 
2 0.018 6.5 1227 2.543 0.025 5.0 1660 0.763 0.020 3.5 1327 0.354 
3 0.024 6.5 1620 1.458 0.034 4.0 2293 0.318 0.026 3.5 1713 0.209 
4 0.040 4.5 2660 0.359 0.036 4.0 2387 0.289 0.040 3.5 2647 0.088 
5 0.056 4.5 3740 0.182 0.041 3.0 2733 0.164 0.041 3.0 2760 0.069 
6 0.074 3.0 4947 0.068 0.075 3.0 4973 0.049 0.060 2.5 4020 0.027 
7 0.106 2.5 7067 0.028 0.129 2.0 8600 0.011 0.095 1.5 6313 0.007 
8 0.133 1.5 8867 0.010 0.174 1.0 11600 0.003 0.165 1.5 11000 0.002 
9 0.164 1.0 10933 0.005 0.220 0.8 14667 0.001 0.183 1.0 12200 0.001 

 
The visualization of the results of the measurements that were performed in the water channel are 
presented in Figs. 3-5. The mean flow velocity within the modelled street canyon for H/W=0.667 is 
shown in Fig. 3, while Fig. 4 and Fig. 5 illustrate the mean flow velocity for H/W=1 and H/W=2 
respectively. The dashed red line on the left side of the canyon indicates the heated surface. 
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Fig. 3: Visualization of mean flow field, inside and outside the canyon for ratio H/W=0.667. The dashed red 

line on the left side of the canyon indicates the heated surface. Free-stream flow is from left to right. 
 

 
Fig. 4: Visualization of mean flow field, inside and outside the canyon for aspect ratio H/W=1. The dashed 

red line on the left side of the canyon indicates the heated surface. Free-stream flow is from left to right. 
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Fig. 5: Visualization of mean flow field, inside and outside the canyon for aspect ratio H/W=2. The dashed 

red line on the left side of the canyon indicates the heated surface. Free-stream flow is from left to right. 
 
The presence of a primary recirculation cell is discernible on all the acquired velocity fields. In the 
case where the aspect ratio of the canyon is H/W=0.667, the recirculation cell is shifted to the 
windward surface, while in the cases where H/W=1 and H/W=2, the recirculation cell is located in 
the center of canyon. Moreover, in all tested cases of canyons, the skimming roughness regime as 
well as some wake interference flow regimes appear above the canyon area. Only in the case where 
the H/W=2 (see Fig. 5) and the mean free stream velocity is relatively low ( Re 2300H  ) and the 

temperature difference between the surfaces relatively high ( 0.2B  ), the structure of the flow above 
the canyon is somewhat different without a specific structure. A possible explanation for this result 
can be the combination of low mean free stream velocity and high temperature difference between 
the surfaces, resulting to heat diffusion in different directions. This must be due to the low flow rates 
both inside and outside the canyon in combination with the relatively high temperature differences 
on the two surfaces, resulting in the diffusion of heat in different directions, thus creating this 
undefined structure. Generally the presence of the buoyant forcing from leeward wall heating, 
strengthens the TKE of the center vortex mainly when low Reynolds number occurs, because 
buoyancy acts in the same direction as the main flow. Moreover the higher velocities in the canyon 
are observed at the top of the canyon, close to the windward surface, where fluid enters from the free 
flow. 
 

 4  CONCLUDING REMARKS AND FUTURE WORK 

In this paper, we investigate buoyancy-driven flows arisen due to differential heating within urban 
street canyons using the PIV method in laboratory experiments. Different canyon aspect ratios were 
examined in order to support the parameterization studies for investigating the flow mixing within 
the canyon. Future work will process the experimental data in order to determine thermal and inertial 
circulation regimes using the buoyancy parameter. The results of normalized mean free stream 
velocity (at the horizontal centerline) versus the non-dimensional parameter B in a logarithmic plot 
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will be compared with published results of laboratory experiments, numerical simulations and field 
measurements, carried out under the same conditions. 
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