Turbulence and dispersion below and above the
interface of the internal and the external boundary
layers

Vincenzo Sessa®, Zheng-Tong Xie®*, Steven Herring®

@ University of Southampton, Southampton, SO17 1BJ, UK
bDstl, Porton Down, Salisbury, SP4 0JQ, UK

Abstract

This study has looked at the development of the internal boundary layer
(IBL) over a block array close to a sharp change in surface roughness and its
effect on dispersion from a ground level source for ratios of the downstream
distance to the roughness length of less than 300. This was done by comparing
a Large-Eddy Simulation (LES) with inflow boundary conditions against a LES
with inlet—outlet periodic boundary conditions and data from a wind tunnel
experiment. In addition to established methods, an alternative approach based
on the vertical Reynolds stress was used to evaluate the depth of the IBL as
it developed over the array which enabled the location of the interface to be
more clearly defined. It was confirmed that the IBL growth rate close
to the change in surface roughness could be described by a power law
profile, similar to the power law formula used in previous studies for
a ratio of the downstream distance to the roughness length greater
than 1000. An analysis of mean concentration and turbulent scalar fluxes
suggested that the presence of the IBL constrained the vertical development of
the plume from a ground level source and so led to trapping of material in the
canopy layer.
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1. Introduction

Urban roughness is heteogenous consisting of different type of surfaces (e.g.

[Antoniou et all 2016} [King et all, [2017; [Vasaturo et all [2018} [Tolias et al.
2018). A change in surface roughness, such as exists at the edge of the city,

or at the junction between the central business district (CBD) and an area of
surrounding low—rise buildings, leads to a region of transitional flow as the tur-
bulent boundary layer takes time to adapt to the new wall condition (e.g.

& Wood, [1985; [Cheng & Castro|, 2002} [Barlow], 2014, [Cao & Tamural, 2007}

Hanson & Ganapathisubramani, |2016)). This transitional flow results from the

development of an internal boundary layer (IBL) above the roughness elements.
It is challenging to identify the interface of the IBL and the approaching bound-
ary layer. The interface may have a crucial effect on scalar exchange. To gain a
deeper understanding of dispersion from a ground level source downstream of a
change in surface roughness, it is important to analyse the development of the
IBL.

analysed a turbulent boundary layer approaching a rural-to—
urban transition region (rough—to—very rough surface change) and found that
on the city scale an IBL began to form at the junction between the smoother ru-
ral and the rougher urban surfaces. However, on the neighbourhood scale, and
close to the ground, the flow was continuously adjusting to changes in rough-
ness and that locally generated IBLs were in equilibrium with the underlying
surfaces. This meant that multiple changes in roughness could lead to overlap-
ping local IBLs and, as a consequence, the IBL assumed a non-homogeneous
3-dimensional structure extending up to 2 — 5 times the mean building height
(Barlow & Coceal, |2008). These findings were supported by those of

|Ganapathisubramani (2016]), who analysed boundary layer development across

a rougher—to—smoother surface change and identified an IBL with two regions:
an energetic region near the wall in which the flow had adapted to the new wall
condition and an outer region in which the flow retained characteristics of the

upstream condition.
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In order to investigate the effects of the IBL it is first necessary to define its
outer limit. Some authors (e.g. |(Cheng & Castrol 2002; |Schlichting & Kestin|
1979) have defined the height of the IBL as the point on a log-linear plot where
the velocity reaches 99% of that for upstream roughness at the same position.
However, this definition is difficult to use because of the uncertainty of mea-
suring differences of 1% experimentally or numerically. An alternative method
(Antonia & Luxton, [1972)) involves plotting the streamwise velocity profile at
a series of locations against the square—root of the height above ground. The
profiles are then approximated by two straight line segments which correspond
to the external and IBLs, and the intersection of the segments defines the height
of the IBL. The method devised by [Efros & Krogstad| (2011)) is similar, but in-
volves plotting the streamwise Reynolds stress against the height. The depth
of the IBL is again indicated by the intersection of two lines. Both of these
methods are based on the “knee” point technique which might be open to inter-
pretation in situations where the differences between the boundary layer velocity
profiles are small. Nevertheless, they are easy to implement and provide a good
indication of the IBL growth rate.

The strength of the step change in roughness between two regions may be
described by the roughness length ratio (zo1/z02), where zg; and zpe are the
upstream and downstream roughness lengths respectively. Despite this, |Jackson!
(1976) used atmospheric and wind-tunnel data to demonstrate that the growth
rate of the IBL is essentially driven by the rougher surface and is not related
to the roughness length ratio, or to the ratio of boundary—layer thickness to
roughness element height. This conclusion is supported by work conducted by
Townsend| (1965) and |Schofield| (1975), which showed that if (z01/202) < 1 (a
change from smoother to a rougher wall) only zp2 is important in estimating
the growth of the IBL.

Bradley| (1968) conducted the first atmospheric experiments on IBL devel-
opment due to an increase in surface roughness. His observations showed that
the growth rate of the IBL was independent of wind speed and described well by
Elliot’s formula (Elliottl |1958)) which also indicates that the IBL development
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is independent of the roughness length ratio:

L) ®

where X is the distance from the step change, § is the depth of the IBL, and
P and a are the exponent and the coeflicient of the power—law formula respec-
tively. found that the coefficient a varied from 0.6 to 0.9 and that
P=0.8 for X/zp2 > 1000. His work has been further confirmed by
Pendergrass & Arya, 1984). Elliot emphasised that the exponent P = 0.8 in

Eq. [l was only valid for X/zp2 > 1000 as it relied upon assumptions of constant
stress and a logarithmic profile that were only valid downstream of that point.
He showed that closer to the roughness transition point the development of the
IBL could be fitted with a similar power law relationship, but with a lower

exponent P and greater coefficient a.

|Cheng & Castro| (2002)) performed an experimental study of the flow field

immediately downstream of a roughness transition in which they fitted their
experimental results for the IBL at distances of X/zp2 < 1000 by applying
Eq. [[] using an exponent P = 0.33 and a coefficient a = 10.56. This confirmed
Elliott’s finding that the exponent P decreased while the coefficient a increased

as X/zp2 was reduced. In their work [Cheng & Castro| (2002) defined the IBL

height as the location where the velocity was 99% of that for upstream roughness
at the same height. This led to significant scatter in the derived IBL height due
to the difficulty of measuring 1% differences experimentally.

Large-Eddy Simulations have demonstrated the capability to model turbu-

lence, dispersion and heat transfer in urban environments (Baker et al., 2004}

[Fuka et al., 2017; Hanna et al., [2002; Kanda et al., 2004; Xie & Castro, 2006).

The majority of LES flow and dispersion studies have focussed on the street—
scale below and immediately above the canopy and used simple periodic inlet—
outlet boundary conditions. Very few numerical studies have analysed the char-
acteristics of turbulent flow as it passes over a change in roughness. Two which

have are those by [Michioka et al.| (2011)) and |Tomas et al.| (2017)). Both of these

applied the LES approach using the inflow boundary condition method to com-
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pute the flow over arrays of obstacles with various aspect ratios with the aim
of better understanding the dispersion mechanisms. However, their focus was
limited to examination of the advective and turbulent pollutant fluxes around
the array obstacles up to the canopy height, and they did not examine IBL
development. To the authors’ knowledge there have been no numerical stud-
ies or experimental works which have specifically addressed the effects of IBL
development on gas dispersion.

In this paper we examine LES predictions made using the inflow generator
proposed by Xie & Castro| (2008), and then identify how the height of the IBL
evolves over a psuedo rural-to—urban transition region using a similar approach
to those proposed by [Efros & Krogstad| (2011)) and |Antonia & Luxton| (1972),
but based on using the vertical Reynolds stress. This was done with the objective
of understanding the extent to which the dispersion of a neutrally buoyant gas
from a ground-level point source is influenced by the interaction of the external
boundary layer and IBL. The governing equations are briefly described in Sect.
Details of the numerical settings including geometry, mesh and inflow conditions
are given in Sect.[3] LES predictions for turbulence and dispersion are discussed

in Sect. [d] Finally, the conclusions are summarised in Sect.

2. Governing equations

In LES the filtered continuity and Navier-Stokes equations are written as

follows:
ou;
ot - or;  pdx; Ox; ( p +V6xj> ®)

where the filtered velocity and pressure fields are w; and p respectively, v is the
kinematic molecular viscosity and p is the density. The standard Smagorinsky
subgrid—scale (SGS) model was applied to determine the isotropic part of the
residual stress tensor 7;;:

Tij = —2V7.Sij (4)
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where E—j = % (gg? + %) is the filtered rate of strain and v, is the SGS
J 7

residual viscosity. The SGS residual viscosity v, is modelled as:

vy = (CsA)?*S (5)
where S is the characteristic filtered rate of strain, the filter width A was taken
as the cube root of the cell volume and the Smagorinsky coefficient as Csg = 0.1.
The Van Driest damping function was applied in the near wall region.

The Smagorinsky model supplemented with a wall-damping function is known
to be less accurate near a flow-reattachment point or in free—shear layer regions
(Inagaki et al.,|2005). However, (Castro et al.| (2017) compared the performance
of the dynamic mixed time scale sub—grid model (Inagaki et al., [2005) and the
standard Smagorinsky over an identical array of uniform blocks and their results
revealed only small differences in the spatially averaged mean velocities and tur-
bulence stresses. Based on those results the standard model and wall-damping
function were adopted for the simulations reported here.

The filtered transport equation for a passive scalar is:

oc ou,C 0 oC
R _%[(K+KT)%]+S (6)

where C' is the filtered scalar concentration and S is a source term. The second
term on the left—hand side is the advection term and the first term on the right—
hand side is the diffusion term. K is the molecular diffusivity and K, is the
SGS turbulent diffusivity computed as:

Vr

- Se,

e (7)

where Sc, is the subgrid Schmidt number. A constant Schmidt number of
Se,. = 0.7 was assumed.
3. Numerical settings

The LES model was implemented within the open-source CFD package

OpenFOAM version 1.7.1. A second-order backward implicit scheme in time and



140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

second—order central difference scheme in space were applied for the discretisa-
tion of the terms in Egs. [Bland [6] Flow and turbulence within the domain were

simulated as a half channel. An efficient inflow turbulence generation method

(Xie & Castro, 2008) was used at the inlet, with periodic conditions at the lat-

eral boundaries and a stress—free condition at the top of the domain (y = 12h,
where h = 70mm is the uniform height of the array element). The Reynolds
number based on h and the free stream velocity U,.; = 2m/s at y = 12h was
approximately 12,000. The averaged CFL (Courant-Friedrichs-Lewy) number
was 0.2, based on a time step resolution of 0.0014s. Flow and second-order

statistics were initialized for 40s and then averaged over 180s (180 flow—passes).

3.1. Geometry, mesh and resolution

Although computational power is increasing, the simulation of most real
urban scenarios still represents a challenge, especially when large and complex
geometries have to be analysed. In studies to improve the understanding of
building aerodynamics it is therefore usual to represent urban configurations in
their simplest form as an array of cuboids in regular or non—regular patterns

(e.g. Hanna et al., 2002} Xie & Castro|, 2006).

X/zys

Figure 1: The array configuration: dimensions of buildings and streets, the coordinate system,
the flow direction, the distance from the leading edge X/zo2, the position zs and zs of source

S and measurements location P.
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The array of regular cuboids modelled in this paper represents part of a larger
array used in a wind tunnel experiment designed to simulate a neighbourhood
scale region in which statistical homogeneities should exist. On the basis that
the length of the streets should exceed the building height h, to establish devel-
oped street-canyons flows, (Castro et al.| (2017) adopted cuboid obstacles with
dimensions 1h(length) x 1h(height) x2h(width). The section of the array mod-
elled is shown in Fig. [I| where the street units parallel to the x axis are 1h long
and referred to as ‘short streets’ hereinafter. Street units parallel to the z axis
are 2h long and referred to as ‘long streets’. The rectangular array comprised
48 aligned blocks with h spacing, which considering the single block unit leads
to a plan area density of A, = 0.33.

The dimensions of the modelled domain were 29h x 12h x 12h within a uni-
form Cartesian grid of resolution A = h/16. Simulations by |Castro et al.| (2017)
at this resolution yielded LES results for turbulence that agreed well with higher
resolution Direct Numerical Simulation (DNS) data. The top boundary was
placed at y = 12, which is very close to the boundary layer height in
the wind tunnel. [Castro et al.| (2017)) performed a sensitivity test of
smaller domain heights (y = 6h,8h or 10h) and recommended a top
domain of at least six canopy heights in order to capture the most
important turbulence features. Computations were made for the 0° wind
direction by assuming that the mean wind flow was perpendicular to the front

face of the cuboid elements as indicated in Fig.

8.2. Scalar source

A passive scalar was released from a ground—level point source within the
array of cuboid elements. The shape and size of the point source were identical
to that reported in |[Fuka et al.|[(2017). The source was positioned at the middle
of a long street after the seventh row of buildings (Fig. [1]) where the downstream
flow would be fully developed (Hanna et al., 2002). Because the modelling used
a uniform grid, the shape of the source only approximated the source used in the

experiment. The diameter was represented by 4 cells and so measured 0.25h,
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while the height was one cell (h/16). A constant scalar flux release rate was set

for each cell inside the source volume.

3.8. Inflow conditions

The simulation of flow over a rural-to—urban transition region requires a
continuous specification of inlet turbulence. This was achieved by using the
inflow turbulence method developed by [Xie & Castro| (2008]) to generate a syn-
thetic turbulent inflow with exponential-form correlations in time and space.
The used inflow method proved to reconstruct energy—containing re-
gion and inertial sublayer of the spectra in high fidelity. Moreover,
(Bercin et al., 2018) showed that the use of exponential-form correla-
tion functions as a model approximation is more advisable than that
of Gaussian-form.

12

10

y/h

Figure 2: Vertical profiles of prescribed integral length scales at the LES inlet £ = —2.5h.
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Figure 3: (a) Vertical profiles of laterally averaged mean velocity from LES at inlet and pre-

scribed mean velocity from experiments. (b) Vertical profiles of prescribed Reynolds stresses

at the LES inlet and experimental values.

The generated turbulence satisfied the prescribed integral length scales and

Reynolds stress-tensor values. The integral length scales L., L, and L. in the

streamwise, vertical and lateral directions respectively were estimated from data

presented in Castro et al| (2006) and shown in Fig. [2| Xie & Castro| (2008])

performed LES for different length scale combinations imposed at

inlet (i.e. L, L, and L, factored by 0.5, 1 or 2). It was found that the

results of mean velocity and turbulent stresses within or immediately

above the canopy were insensitive to the precise inflow length scales.

The prescribed mean velocity and Reynolds stresses were obtained from the

wind tunnel experiment reported in |Castro et al.| (2017) by assuming lateral ho-

mogeneity. Fig. shows the prescribed mean velocity profile. |Castro

et al.[(2017)) fitted the profile in the usual log—law form U = “7 In <

z—d

=)

with 297 = 1.8mm, d = 0 and by assuming x = 0.41. They also estimated

that the friction velocity u* is 0.067U,.s at 7h upstream of the array.

This is consistent with the peak Reynolds shear stress measured at

the same location.

10
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4. Results

The turbulence and dispersion predictions produced using the inflow method
were compared against LES predictions made using periodic boundary condi-
tions at the inlet and outlet and the wind tunnel experiment data reported in
Castro et al.| (2017). The Reynolds numbers of the flows over the array were
similar in all three cases.

A representative atmospheric boundary layer profile was generated in the
experiment by a set of Irwin spires at the entry of the working section and
an array of thin 2D plates (height ~ 0.3h) placed upstream of the cuboid ar-
ray. As mentioned, the experimental and LES value of the upstream
roughness length was zp; = 1.8mm whereas the roughness length of the
array of cuboid elements was zp2 = 5.6mm as in |Castro et al.| (2017)).
This meant that an IBL was created from the leading edge of the array which
developed in the downstream direction.

The development of the IBL was captured by the simulation made using
the turbulence inflow generation method with prescribed turbulence statistics
(8 , but was not by the simulation based on using periodic boundary con-
ditions (PBC) at the inlet and outlet. This was because the PBC simulation
effectively modelled the array as a single repeated unit of an infinite domain.
One might therefore expect the inflow boundary condition (IBC) simulation to
give a more accurate prediction of flow characteristics measured in the exper-
iment, not only within the IBL but also above it when compared to the PBC

simulations.

4.1. Flow and turbulence
For a simulation to accurately predict the dispersion of a pollutant it must
accurately predict the turbulence statistics of the flow. This was assessed by
examining the mean velocity and second—order statistics in the middle of the
short streets (e.g. position P of Fig. [l normalized by the reference velocity.
For the IBC case the results were averaged at the four locations equivalent

to point P in Fig. [I| after the seventh row of cuboids at x = 15h. Whereas the

11
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PBC results produced by |Castro et al.| (2017) were averaged over all equivalent
locations within the array. The experimental data were averaged in time over 3
minutes, but not in space. The wind tunnel errors were assumed to be 2% for
U, 10% for w/'u’ and 5% for v/v’ and w/w’, respectively.

The IBC predictions for mean velocity (Fig. were found to be in good
agreement with the experimental data below the canopy and up to y = 2h.
Above that height, the IBC results slightly over—predicted while the PBC under—
predicted the mean velocity.

Fig. [Ab] shows that the streamwise Reynolds stress was predicted more ac-
curately by the IBC simulation than the PBC. The peak stress occurred at the
canopy height and was successfully captured by the IBC. The Reynolds stress
profile above the canopy was also well predicted. The PBC simulation under-
predicted the peak streamwise stress at the canopy height, and over—predicted

the streamwise stress for y/h > 3.

12
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Figure 4: (a) IBC and wind tunnel mean velocity profiles measured at * = 15h and spanwise
averaged for position P in Fig. m Periodic mean velocity values were averaged at all similar
points across the array. Corresponding profiles of streamwise normal stress (b), lateral normal

stress (c) and vertical normal stress (d).

The lateral Reynolds stress, w/w’, was well predicted by the IBC below and
immediately above the canopy as shown in Fig. but at greater heights it
under-predicted the stress compared to the wind tunnel data.

The vertical stress (shown in Fig. was well predicted by both IBC and
PBC simulations. Nevertheless, the inflow method gave more accurate results
immediately above the canopy height. Close to the top of the domain, both LES
computations underestimated the vertical stress because the vertical velocity
gradient was fixed to zero by the symmetric boundary condition.

The results show that imposing inflow turbulence using IBC captured the
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transition from a rough to a very rough wall and led to predicted Reynolds
stresses that were in better agreement with experimental results below and
immediately above the canopy than those obtained from the PBC approach.
This confirmed that the IBC method provided a better approach to predicting

the characteristics of the flow below and immediately above the canopy.

4.2. Growth of the internal boundary layer

The transition from the relatively smooth surface ahead of the array to
the much higher roughness of the array itself causes an IBL to develop from
the leading edge of the obstacles. The IBL increases in depth as it develops
downstream through the array and the flow within it is characterised by having
greater turbulent kinetic energy (TKE) than that in the external boundary
layer above it. As TKE is the primary driver of dispersion, it is expected that
the location of the interface between the internal and external boundary layers
will be have an important influence on the dispersion of material from a source
within the array.

Three methods were used to determine the interface between the internal
and external boundary layers along the length of the array in the IBC simula-
tion. Method I was that developed by |Antonia & Luxton| (1972). Fig. [5| shows
the result of applying method I using normalized velocity profiles obtained by
averaging over 48 lateral positions, for nine streamwise locations (a vertical off-
set is imposed for ease interpretation). The regions related to the internal and
external boundary layers were then linearly fitted to a residual error of less than
2%.

The first velocity profile was taken at © = —2.5h (3h upstream of the leading
edge LE of the array in Fig.|l) where the mean velocity profile approaching the
urban array is shown. There is no IBL at that point, and the profile cannot
be linearly fitted. At the second location, at * = 2h (1.5h downstream of the
leading edge) the profile is distinctly different and has two linear fits, whose
intersection identifies the edge of the IBL (z = 2h, y = 1.8h). Following the

same approach, the edge of the IBL can be identified for a further 7 downstream

14
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Figure 5: Laterally averaged mean velocity profiles in 9 streamwise locations: 1 upstream and
8 downstream of the leading edge (LE). The velocity profiles are shifted upwards to facilitate

interpretation.

Method II was that developed by [Efros & Krogstad| (2011)) based on plotting

the streamwise Reynolds stress component normalized by the friction velocity
u*, i.e. W+, against the height normalized by the domain height H. Method II
was applied by calculating the streamwise stress profile at the same z-locations
and averaged over 48 lateral positions as previously. The profiles within the
external and IBL were then linearly fitted to a residual error less than 5%.
The edge of the IBL was again found at each location and its growth with
downstream distance is shown in due course.

The flow over an array of cuboid obstacles is a complex, anisotropic 3D
turbulent flow. This complexity means that if the TKE generated upstream of
the leading edge is similar to that produced downstream, then identifying the
interface between the internal and external boundary layers may be difficult.

A more accurate method for defining the edge of the IBL helps to

15
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analyse flow and dispersion mechanisms over such roughness transi-

tion regions, in particular in some specific scenarios such as in stable

stratification (e.g.Kanda & Yamao}|2016)). A step change over cuboid

elements with uniform height, perpendicular to the flow direction, de-
termines a more visible interface. The interface is more well-defined
as greater is the difference between the TKE below and above it.
Therefore, a more accurate method for defining the edge of the IBL
helps to analyse flow and dispersion mechanisms over such roughness
transition regions.

Given that the IBL grows in the vertical direction and a laterally homoge-
neous flow is assumed above the canopy, then it may be hypothesised that the

use of a wall-normal parameter may make identifying the interface easier.

o inlet: x=-2.5h #x=2h Ax=4h I 3.06
Ex=6h @x=10h Ex=14h
mx=18h ®x=20h ®&x=22h [2.06

Figure 6: Laterally averaged vertical Reynolds stress profiles at 9 streamwise locations: 1
upstream and 8 downstream of the leading edge (LE). The stress profiles are shifted downwards

to facilitate interpretation.

This paper tests a method based on the wall-normal turbulent variance

v/v’, referred to as method III. Fig. |§| shows the vertical Reynolds stress profiles

16



s normalized by the friction velocity u*, i.e. v'v’ +, plotted against the height

37 normalised by the domain height H, in a similar way to applying methods I and
»s  1I. The Reynolds stress profiles for the external and IBL regions were linearly
no fitted to a residual error of less than 1%.

100

M method I ——Power (method I)

@ method II —— Power (method II)

@ method ITI —— Power (method II)
11 1‘0 160

Xz |

02

Figure 7: IBL depth & derived by using the mean velocity U (method I, square green), the
streamwise stress u/u’ (method II, diamond blue) and the vertical stress v/v’ (method III,

circle red). These data fit to power—law profiles with lines respectively.

330 Fig. [7] shows the result of fitting the IBL depth data derived from the three
s methods to the (1958) power-law formula (Eq.[I)). The residual error of

s the power—law fit for method I (U) was less than 3% with exponent P = 0.18

;3 and coefficient ¢ = 13.59:

2 1359 (X)MS, 8)

202 202

334 The residual error of the power-law fit for method II (uv/vu’) was less than
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6% with exponent P = 0.22 and coefficient a = 12.42:

LRESTP <X>0'22. )

202 202

Lastly, the residual error of the power—law fit for method IIT (v'v) was less

than 2.5% with exponent P = 0.21 and coefficient a = 12.71:
0.21
z%g =12.71 (;;) . (10)

The fitted results (Egs[8HI0) from the three methods all confirmed that near
the step change in roughness (X/zp2 < 300) the exponent P of the power—law
formula is much lower than the value P = 0.8 found in literature for X/zgs >
1000. Moreover, the estimated coefficient a is much higher than the range
of values suggested by |Elliott| (1958). This is perhaps not surprising as the
fitted results are dependent on the details of step change in roughness and the
characteristics of the roughness elements.

The fitted results from the three methods are consistent. Of the three meth-
ods analysed here, the IBL heights derived from method III were fitted to the
power—law formula with the lowest residual error. The coefficient @ = 12.71 is
not significantly different from a = 10.56 obtained in |Cheng & Castro| (2002)),
which studied the height of an internal boundary layer over an array of two-
dimensional rib-type roughness elements at a range X/zp2 < 1000. Nevertheless,
the exponent P = 0.21 was significantly different from that P = 0.33 found by
Cheng & Castro| (2002). Again, this is owing to the difference of the roughness
elements between the current study and |Cheng & Castro| (2002)). We specu-
late that the two-dimensional rib-type elements used in (Cheng & Castro| (2002)
may yield a steeper IBL than that by using the three-dimensional cuboid type

elements in the current study.

4.8. Point source dispersion

The point source dispersion was simulated by a source placed at point ‘S’ in

Fig.[[]at z = 14h and z = —1.5h. Although the source size and location were
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similar in the experiment and LES simulations, the source shape was substan-
tially simplified in the LES.

The mean scalar concentration C' was normalized as follows:

_U.L%,

where the characteristic length L,.y was the building height h and @ was

the emission rate. Because LES predictions with inlet—outlet periodic
boundary conditions differed from the experimental wind profile and
turbulence statistics above y ~ 3h (Castro et al., 2017), the mean
velocity at y = 3h and * = —2.5h was chosen here as the reference

velocity U,.. Similarly, the scalar variance ¢/¢’ was normalized as:

0 (12)

Coceal et al| (2007) defined the near—field as being within a distance of

2
_ [VC’C’UTLfefl
dc* = | ——| .

2 ~ 3h from the source. Within the near—field the results are likely to be affected
by the source shape, size and location, but in the far—field (> 3h) turbulent
mixing would be expected to show little memory of the source characteristics
and the results are expected to be insensitive to the shape of the source.

0.7 T T T T T T 0.8

—inflow or b o —inflow |
06 . 4 N . .
o wind-tunnel "o i o wind-tunnel
. . n . .
os | == periodic noo | 0.6 - i ----periodic
05 [
« 0.4 \*
‘b \U 0.4 |
03 ©
03[
0.2
02|
01 01}
0 0 g
-8 -8 6
(a) (b)

Figure 8: (a) Inflow, periodic and wind tunnel normalized mean concentration values measured
at z = 16h and y = 0.5h, resulting from a source at z = 14h and z = —1.5h. (b) Normalized

mean scalar variance measured at * = 16h and y = 0.5h.
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The IBC LES concentration data were compared against the PBC LES and
wind tunnel experiment data reported in [Fuka et al. (2017). The first com-
parison was of data taken in the near-field along a lateral line at * = 16h and
y = 0.5h. For both sets of LES data the averaging process was long enough
(180 flow—passes) to give fully converged results. The results for the dimension-
less mean concentration and scalar variance are shown in Fig. [8a] and Fig. [0
respectively. The wind tunnel standard error for the mean concentration C' was
2% .

Both PBC and IBC results for mean concentration in the near—field (Fig.
showed two non-symmetric peaks located in alignment with the corners of the
upwind obstacle. Recalling that the source was located in the centre of the long
‘street’ (position z = —1.5h), the IBC highest peak was located on the right side
of the source and the PBC highest peak on the left (when looking downwind).
In contrast, the experimental data showed a single peak on the right side of the
source at z = Oh.

The flow around the obstacle downwind of the source determines how the
scalar plume divides into the left and/or right channels. In the experiment and
the IBC case the plume was found to be mainly transported down the right-
hand street, rather than the left. The asymmetry in the experimental results was
suspected to be due to imperfect alignment of the array and/or a small effective
offset in the flow direction. The wind tunnel alignment error is expected to be
of the order of 0.25° (Fuka et al., |2017)).

The PBC LES simulation had periodic boundary conditions applied to the
lateral sides of the domain, so symmetric results might be expected in the span-
wise direction. That the results were found to be asymmetric was perhaps due
to strong 3-dimensional anisotropic turbulence leading to non-zero spanwise ve-
locity on the lateral boundaries.

Whether the peaks matched on either the right or left side close to the source
was considered to be arbitrary, and of little importance to the results of any far—
field analysis. The near-field LES and wind tunnel results were both sensitive

to the local flow details at the 0° wind direction. Except for the peak alignment
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discrepancies discussed above, the LES with IBC simulation captured the lateral
size of the plume and scalar peak mean values well.

Numerical predictions and measurements of the spanwise scalar variance
at a height of y = 0.5h and distance x = 16h are compared in Fig. The
experimental results again show a higher peak to the right of the source position,
indicating that the plume drifted to the right, whereas the LES with PBC results
show a higher peak to the left of the source. The LES with IBC shows two
peaks which are almost symmetric about the source position. These results are
consistent with those discussed above. As no standard error data are available

for the experimental scalar variance measurements no further conclusions can

be drawn.
0.12 T T T T T T 0.25
—inflow ° —inflow
o1l M N o wind-tunnel | o o wind-tunnel
) I~ . . e . . 7
Vo -.—-periodic ~ ©  --periodic

'

01

0.05

Figure 9: (a) Inflow, periodic and wind tunnel normalized mean concentration data measured
above the canopy at # = 16h and y = 2h, for a source at z = 14h and z = —1.5h. (b)

Normalized mean scalar variance measured at x = 16h and y = 2h.

Fig. [9a] and Fig. [0b] show a comparison of the spanwise variation in mean
concentration and variance data above the canopy at y = 2h and x = 16h. In
this case some of the wind tunnel sampling stations might approach or cross the
edge of the plume. If this was so, fluctuations in concentration and intermittency
would make accurate agreement between modelling and experiment difficult to

achieve. Fig. also shows that the mean concentration profiles are not in a
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Gaussian shape. Nevertheless, the IBC results were found to be in fair agreement
with the wind tunnel measurements, with both the magnitude and the lateral
size of the plume being well predicted.

Although the alignment of both the IBC and experimental plumes on the
same side is considered to be fortuitous, the higher peak is well captured and
the lower peak only slightly underestimated. The double peak of the measured
variance was also fairly well predicted by the IBC method. The PBC results
were also in fair agreement with the wind tunnel measurements in terms of
magnitude and the lateral size of the plume. In contrast to the experimental
and IBC LES results, the PBC LES results show almost symmetric double peaks
for the mean concentration, although there is more asymmetry in the variance.
The IBC results were qualitatively closer to the experimental data than the
PBC ones.

From the results above, it appears that based on the array geometry and
locations examined, the IBC method leads to a superior prediction of scalar
dispersion than the PBC one, in that it captures the asymmetry observed.
This is believed to result from the better agreement between measurements

of Reynolds stresses and IBC predictions immediately above the canopy §
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—inflow —inflow

35 . 1
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Figure 10: (a) Inflow, periodic and wind tunnel normalized mean concentration measured at
z = 18h and z = —1.5h, resulting from source at * = 14h and z = —1.5h. (b) Normalized

mean scalar variance measured at x = 18h and z = —1.5h.
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Further comparisons were made between simulations and measurements of
mean concentration and variance in the far—field along a vertical line at = =
18h, 2 = —1.5h (Fig. [10a] and Fig. [I0b). Examination of Fig. [[0a] shows that
both LES IBC and PBC predictions for mean concentration and concentration
variance are in fair agreement with the experimental results below y = 1.5h.
However, the IBC predictions are consistently better than the PBC ones above
y = 1.5h. Given the differences observed in the near-field, the similarity between
these IBC and PBC far—field results confirms that beyond two rows downstream
of the source, the effect of the difference in size and shape of the source becomes

negligible and one can expect more accurate comparisons.

4.4. Interface effects on dispersion

The mechanisms that affect dispersion below and above the urban canopy
depend on the position of the source. For example, if the source is placed in the
wake of an obstacle in a recirculation zone, the plume is effectively transported
upwards either by the mean flow or by the turbulent Reynolds stresses (Fuka
et al., [2017; Tomas et al., |2017; Brixey et al., [2009). The dimensionless vertical

flux components were defined in [Fuka et al.| (2017) as follows:

___h?
T =V C— 13
a 0 (13)
2
oy, = 0/ =(VC =V C)— (14)

Q

where v’ and ¢ are the vertical velocity fluctuation and the scalar fluctuation
respectively and V is the mean vertical velocity. It is these fluxes, the advective
vertical concentration flux (Eq. and the turbulent vertical concentration flux
(Eq. , that determine the exchange of pollutants between the canopy flow
and the boundary layer above.

In the wakes of obstacles the mean vertical velocity and the vertical veloc-
ity fluctuation are not negligible, and both flux components contribute to the
upwards transport of the scalar. Above the canopy the mean vertical velocity

decreases significantly because the flow is predominantly parallel to the array
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canopy, nevertheless, the vertical fluctuation component may still remain sig-
nificant. This means though that the vertical turbulent concentration flux may
contribute more than the advective flux to the upwards transport of the plume

above the canopy and close to the IBL interface.

100v'c™ 1 0 ] 0 ; .
6 . L L
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- - 4 - - interface
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Figure 11: Turbulent vertical flux v/¢’* profiles scaled by 100 at four locations downstream of
the source position (zs = 14h and zs = —1.5h, Fig. . The black dashed line shows the IBL

interface over the block array.

In Fig. the vertical turbulent flux profile v/¢’* (Eq. calculated by
using LES IBC and LES PBC predictions is shown at four streamwise locations
downstream of the source. The black dashed line represents the interface of
the IBL as calculated in § [£.2] using method III. The vertical profiles in Fig. [T1]
suggest that the edge of the plume grew from the source and matched the
interface after 2 rows of cuboids, as further downstream both the interface and
the edge of the plume were found to be approximately at the same elevation.

The IBC turbulent flux profiles at all the x—locations analysed decayed
sharply when approaching the IBL interface. Looking at the flux profiles at
(x — x5) = 2h, a much sharper decay is observed in the IBC profile as the inter-
face is approached than in the PBC one. Similarly, at positions (z — z5) = 4h
and (z — x5) = 6h the IBC flux profiles decay more rapidly than the PBC pro-
files when approaching the IBL interface. However, at position (z — x5) = 8h,

the IBC vertical flux was observed to be higher than the PBC flux below the
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interface, but lower above it. This trend shows that vertical transport of the
scalar between the internal and external boundary layers is being constrained
by the interface. Moreover, because the IBL interface is defined using method
III, the distinct changes in vertical flux profile appear related to similar changes

in the vertical Reynolds stress v/v' noted in §

Dispersion from a ground-level point source is a 3D problem. In order to
understand whether vertical constraint by the IBL interface enhanced the lateral
spreading of the plume, the lateral turbulent fluxes were also analysed. The

turbulent component of the lateral concentration flux was defined as follows:

c_WC)’g (15)

where w’ and ¢’ are the lateral velocity fluctuations and scalar fluctuations

wx T Tk
turb — WC _(

respectively, and W is the mean lateral velocity. The lateral turbulent flux
regulates the diffusion of the plume in positive or negative spanwise directions

and determines the lateral extent of the plume.

0.45 0.01
—IBC 0.4

0.35 0.005
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Figure 12: (a) Spanwise normalized mean concentration predictions at z = 18h and y = 1.5h.
(b) Spanwise normalized lateral flux predictions at x = 18h and y = 1.5h, resulting from a

ground level source at * = 14h and z = —1.5h.

Fig. and show the LES IBC and PBC mean concentration and
lateral flux predictions at = 18h (i.e. two rows downstream from the source)
and y = 1.5h in the spanwise direction. The spanwise location of the source is

z = —1.5h, and the mean concentration is normalized as in Eq. [T}
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In common with the results at z = 16h and y = 2h shown in Fig. [0a] the
IBC mean concentration in Fig. shows a higher peak located to the right
of the source (z = —0.5h) and a lower peak on the left (z = —2.5h). Whereas
the PBC mean concentration shows one symmetric peak close to the source’s
position. The double peak in the IBC mean concentration means that there are
two zero—crossings of the IBC lateral flux (Fig.[12b)). Between z = —2.5h and
z = —0.5h, the magnitude of the IBC lateral flux is much greater than that of
the PBC flux. Outside of this range, the fluxes are very close in magnitude.

We fitted the mean concentration profiles to Gaussian distributions, and
found that the width of the Gaussian profile for the IBC plume was slightly
greater than that of the PBC. This is interesting given the greater lateral flux
of the IBC. Fig. [da] shows that the mean streamwise velocity immediately above
the canopy in the IBC simulation and the experiment are greater than that of
the PBC, which yields a shorter convection time for the plume to develop. This
might explain why the plume width above the canopy of the IBC is only slightly
greater than that of the PBC.

- 0.35 0.008
—IBC 0.3 0.006
0.25 0.004
0.002
0.2 .
* : 0
© 015 |2
-0.002
0.1 -0.004
0.05 -0.006
0 -0.008
6 5 4 3 2 1 0 1 2 3 6 5 -4 3 -2 1 0 1 2 3
zh z/h
(a) (b)

Figure 13: (a) Normalized mean concentration prediction at z = 20h and y = 1.5h. (b) Inflow
and periodic normalized lateral flux predictions at x = 20h and y = 1.5h, resulting from a

source at x = 14h and z = —1.5h.

Following the same approach, the mean concentration and the lateral turbu-
lent flux were analysed at 2 = 20h (three rows downstream) and y = 1.5h over

the spanwise direction (Fig. and respectively). The peak PBC mean
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concentration in Fig. is again greater than that of the IBC. The magnitude
of IBC lateral flux in Fig. is also again greater than the PBC flux near
the core of the plume, and the width of the IBC plume was again found to be
greater than that of the PBC. These findings are all consistent with those in
Figs. and

The mean concentration and lateral turbulent flux profiles in Figures 12 and
13 suggest that the lateral spreading of the IBC plume is greater than that of
the PBC plume. This is consistent with the greater lateral Reynolds stresses
observed in the IBC profile than in the PBC profile at y = 1.5k shown in Fig.

In the IBC simulations vertical transport of the scalar between the inter-
nal and external boundary layers is constrained by the lower TKE above the
interface. The vertical constraint on the vertical Reynolds stress and the en-
hancement of the lateral Reynolds stress lead to increased lateral spreading of
the IBC plume. This results in the lower mean concentrations observed in the

IBC simulation than in the PBC one in Fig. and

. 2 o 1 0 1 0 1 0
B IBC 3% peak
5 ® PBC 3% peak

-+ 4 - -interface

o] 1 2 3 4

5
(x-)/h

Figure 14: Dimensionless scalar concentration C" scaled by 2 in four locations downstream
of the source position (zs = 14h, z; = —1.5h, Fig.[1). The black dashed line shows the IBL
interface. The plume edge is taken as 3% of the local peak in both LES simulations.

Finally, in order to determine the position of the edge of the plume compared

to the IBL interface, vertical profiles of the dimensionless mean concentration
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were taken downstream of the source in several streamwise locations at z =
—1.5h (Fig.[14)). The results of both PBC and IBC simulations were normalized
as in Eq. [[T] and compared. The origin of the coordinate system was fixed at
the source position.

As far as we are aware, there is no generally accepted definition of the plume’s
edge. Therefore, the edge of the plume was identified here by considering the
3% value of the local-peak mean concentration measured at the canopy height.
The aim here was to evaluate whether or not the predicted development of the
plume when using the IBC method differed from that using the PBC. Hence,
the choice of the percentage at which to define the plume edge was not critical.
Nevertheless, sensitivity tests made using 1%, 5% and 10% values of the local
concentration peak all showed similar plume growth rates.

The development of the plume when using IBC was found to be visibly
different from the one by using PBC. This is shown in Fig. in which the plume
edge in the IBC simulation appears to asymptote to the IBL interface. Whereas
when inlet—outlet PBC are used, the roughness boundary layer grows indefinitely
up to the top of the domain which allows the plume to continue to expand
vertically. This is a result of the interface between the internal and external
boundary layers only existing when the inflow method is applied. Within the
simulated LES domain, the plume development appears to be influenced by
the IBL interface location which leads to trapping of the scalar in the IBL and

greater lateral spreading.

5. Conclusions and discussion

LES with prescribed IBC was used to simulate a rural-to—urban transition
region where the change in surface roughness generates an IBL at the leading
edge of a regular array of cuboids. The LES with IBC was found to provide an
accurate simulation of the flow which predicted the TKE to be greater below
the interface of the IBL when compared to the TKE obtained from LES with
inlet—outlet PBC.
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To our best knowledge the growth rate of the IBL depth has been evaluated
for the first time by analysing the vertical Reynolds stress profiles in several
streamwise positions. The vertical Reynolds stress method was found to define
the IBL interface more clearly than existing methods based on mean streamwise
velocity and streamwise Reynolds stress. It was further found that the IBL
growth rate derived from the vertical stress method followed the power—law
formula with a similar coefficient a as that derived by |Cheng & Castro| (2002)
in the near roughness transition region (X/zp2 < 1000), but with a significantly
lower exponent P = 0.21 compared to P = 0.33 derived by |Cheng & Castro
(2002). We speculate this is owing to the difference of characteristics of the
roughness elements within a range X/zg2 < 1000.

LES predictions of turbulence and dispersion from a ground-level point
source were compared against wind tunnel measurements reported in |Castro
et al.| (2017)) and [Fuka et al.| (2017)). The impact of the interface between the in-
ternal and external boundary layers on dispersion was then analysed by studying
vertical and lateral profiles of dimensionless mean concentration and turbulent
fluxes downstream of the source. The IBC vertical scalar turbulent flux pro-
files decayed more rapidly than the PBC profiles when approaching the IBL
interface. We speculate that the distinct changes in IBC vertical flux profiles
appear related to similar changes in the vertical Reynolds stress. Furthermore,
the lateral spreading of the IBC plume was found to be greater than that of
the PBC plume, this was found to be correlated with greater values of lateral
turbulent Reynolds stress. These features led to the plume’s upper edge in
the IBC simulation differing distinctly from that obtained by using inlet—outlet
PBC. It is concluded that the presence of the IBL constrains vertical spreading,
and so leads to trapping of the scalar. The development of the interface be-
tween the internal and external boundary layers will also be affected by thermal

stratification conditions, and further work should seek to quantify this.
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