WSEAS TRANSACTIONS on FLUID MECHANICS A. T. Skvortsov, P. D. Dawson, M. D. Roberts and R. M. Gailis

Modelling of Flow and Tracer Dispersion over Gomplex Urban Terrain
in the Atmospheric Boundary Layer

A. T. SKVORTSQV, P. D. DAWSON, M. D. ROBERTS and R. M. GAILIS
Defence Science and Technology Organisation
HPP Division
506 Lorimer Street, Fishermans Bend, Vic 3207
AUSTRALIA
Corresponding authoalex.skvortsov@dsto.defence.gov.au

Abstract: A new mathematical model of polutant plume dispersion in an urban environment is presented. The
model uses parameters that explicitly take into account turbulent flow close to the ground and the urban canopy
parameters enabling an analytic calculation of the plume concentration profiles and concentration fluctuations.
Model predictions are compared with some recent experimental data, showing a close match. The model devel-
oped can be used as an analytical tool for predicting CBR plume behaviour in complex urban environments, or as
a prototype and performance check for a new generation of dispersion models.
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1 Introduction

There has been a growing interest in recent years in Source
the modelling of hazards arising from the atmospheric
dispersion of chemical, biological and radiological
(CBR) agents in the environment, and the threat that
they pose to the population and military forces. This
is a particularly challenging problem in an urban
setting. Dispersion of CBR tracer in an atmospheric
boundary layer (ABL) over a heterogeneous (urban) rigure 1: An example of one of the obstacle arrays
canopy is a complex process to be described by | caq inthe experiment.
advanced methods of fluid dynamics, turbulence
theory, diffusion and statistics. Using comprehensive
modelling is computationally intensive and too time 2 A New Modelling Framework
consuming when applied to operational problems
when a reliable outcome has to be produced withina 2 1 Mean Flow in a Complex Canopy
limited time frame. Plume characterisation requires
the development of simplified analytical models of The flow model in a surface layer within and above
turbulent dispersion based on physical assumptions a canopy should correctly describe the average (i.e.
and “first principles” physics considerations. These non-fluctuating) velocity field. The traditional model
models must still be simple enough to be easily for the ABL velocity profile is the celebrated log-law
treated numerically in an operationally viable way. profile
Such models can also provide a theoretical foun- Vs 2 —d
dation for “backtracking” problems, i.e. finding U(z) = ;m( , )> (1)
a CBR source in a complex canopy under various 0
meteorological conditions. The purpose of this paper whereU(z) is the horizontal velocity; is the distance
is to summarise the recent research conducted by from the groundy, is the friction velocity,x = 0.4
DSTO in the development of such models. is Von Karman’s constant; is the roughness height
andd is the so-called displacement height. For the
real ABL flow over the canopy botti and z; should
be considered as fitting parameters.
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Figure 2: The average horizontal velocity profile. The
pink/solid line is for a sparse canopy £ 0.5) and the
blue/dashed line is for a dense canopy=(2).

It has been known for a long time (dating back to
Prandtl, see [9]) that the ABL mean velocity profile
can be fairly approximated by a power-law function:

U(z) = vo (z;()d)m. 2)

In generaly, zg, d, andm may be considered as “fit-
ting” parameters (given or derived from observations).
Obviously expression (2) makes sense onlyzfor d.

It is important to note that for the ABL over a flat
smooth surfacel = 0 and the “fitting” parameters
vy andm can be expressed in terms of the main flow
parameters (see [2])

InRe § o 3 3
V3 27 2InRe’

where Re is the Reynolds number of the flow in the
ABL and the power-law model becomes completely
defined. Observed values af in the atmosphere
range from nearly in very unstable conditions, repre-
senting perfect mixing and a uniform velocity profile,
to nearly1 in very stable conditions, approaching the
Couette linear profile of laminar motion over a plane
surface. For neutral conditions ~ 1/7 [9]. The
value ofm also depends on surface roughness: rough-
ness promotes mixing near the surface, which reduces
the velocity gradient at smadland thus leads to larger
variation inm. A simple estimate for can also be
derived from the conditior/(§) = Uy, where/ is
the boundary layer thickness abd is the velocity of
unobstructed flow. Thus
20 m
(%) @

If 0 is used as a reference height (i.ey = 9) we
can deduce that ~ +/2/c,, wherec, is the drag
coefficient of the underlying surface (canopy).

V) = AUy, a4 =

Uo
ar~ —
Ux
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Figure 3: Measured velocity profiles for a simulated
urban canopy at different positions relative to canopy
objects.

Based on the so-called distributed drag approach
it has been recently shown [6] that the entire influence
of the canopy on the ABL flow (2) can be described
by only one parameter that describes the ratio of the
canopy surface area to the total area. For an array of
identical cylinders (similar to Fig. 1) this parameter is
approximately equal to:

21y,
Sctbr

€

(5)

7o

where all parameters in this formula are determined
by the canopy morphologyH is the canopy height,

7o is the radius of the cylinders anyg, is the packing
density of canopy elements). The limiting values of
e correspond to sparse (> 1) and densee( < 1)
canopies. We have developed a consistent theoretical
framework that allows us to derive a “modified” ve-
locity profile U(z) (2) for a given value ot, i.e. for

a given canopy. Our approach is based on “smooth”
matching of the two solutions of momentum balance
(below and above the canopy) near the canopy top (for
details see [8]). In this way we have derived an alge-
braic system for functiong(e), zo(e) to account for
the effect of the canopy:

(6)
The solution of the last equation in system (6) pro-
vides a value ob (¢) that should be substituted in the
first two equations to obtair(¢), zo(¢) and hence a
“canopy-modified” profileU (z) (2), (1). We found
that for a largee valued(e) — 0, zp(e) — 0 as a
power law (i.e. rather slowly) and(e) = zp(e) = 0
if H = 0. It should be emphasized that in the pro-
posed framework, the entire morphological variety of
canopies manifests itself only in different values of the
parametee.

2ek?

g

1 Jeo
, —4/— = tanh

(1_0)7

a 20
H H
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Figure 4: Concentration data fit to the “clipped”
mockl for different downstream distanceS. (for the

left column andC), for the right column). The hori-
zontal axis is the distance from the ground (left col-
umn) and cross-stream distance from the source posi-
tion (right column).

Examples of velocity profiles calculated with (2),
(6) are presented in Fig. 2. In Fig. 3 we present our
experimental data from a water channel experiment
([5]). The urban canopy was modelled by an array
of cubic obstacles that were packed in regular or ran-
dom patterns (see Fig. 1). The velocity measurements
were conducted in various positions within a canopy
cell (including wake areas). The solid line in Fig. 3
is our model prediction, which represents an aver-
age velocity profile for the whole cell. This is to be
compared to the individual point measurements of ve-
locity within each cell, which vary significantly from
point to point. The point C2 corresponds to the po-
sition directly behind the obstacle (wake area) with a
clearly visible reverse flow (negative velocity). Our
simplified models attempt to capture the “averaged-
over-cell” behaviour. For a variety of obstacle array
configurations, we observed a reasonably good agree-
ment between our model and the measured velocity
profiles.

2.2 Mean Concentration Profile

For the derived velocity profile in and above the
canopy we computed the mean concentration field
from the advection-diffusion equation for mean con-
centrationC'. Itis known that for the power-law mean
wind velocity profile (2), an analytical solution can be
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Figure 5: Concentration data fit to “variakié model
(see text). All notations are as in Fig 4.

represented by

C(x,y,2)

Cy(z,y)Cx(x, 2),

()

with analytical expressions fof', and C, derived
from the advection-diffusion equation of turbulent
dispersion [9], [10], [11]. HereC,(z,y) is the
concentration profile in the direction (crosswind),
C.(z, z) is the vertical concentration profile.

Under the assumption that the source is on the
ground, adopting the velocity profile (2),(z, y) has

aGaussian shape (see [2], [9], [10], [11])

— 1
Cy(z,y) = —n?/2), 8
y(x y) \/%O'y eXp( n / ) ( )
wheren = (y — yo)/o,. Parametero,(z) is a

plume crosswind spread that increases with the down-
wind distance (see (13)) and the vertical concentration
obeys a stretched-exponential profile (see [9], [10],

[11)): _
C.(z,z) = Cyexp(—(CY). 9)

Here( = f.Bz/o,, o.(x) is a vertical plume spread
(defined below);

T(2/) I'(3/a) 1

T T(1/a) 7T T(1/a) BY (10
andI'(-) is the gamma function,
m
Co = G20 (@) , (11)
Vo0 \ Oy
where(Q), is an emission rate of the source,
aB fltm L (14m N\ o
~tia o R () P (E) )
(12
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There are two conventional models of turbulent
diffusion for which the value of the parametein (9)
can be derived analytically: the model with a conju-
gate diffusivity profile & = 1 + 2m) and the model
with a linear diffusivity profile & = 1 + m), for
details see [11], [9]. For neutral stability conditions
m < 1 and the two profiles are almost identical.
Overall we found that the model of conjugate diffu-
sivity profile provides a better agreement with our ex-
perimental data.

For the plume spread we assume [10]

r — X

1/a
)" o) = Do)
(13)
with D = 0, /0y, = 1.74[9] (04, 0, are the standard
deviations of velocity fluctuations in the vertical and
horizontal directions near the surface) and

1
et
Y

(14

o.(x) = Hz <

20

H =+ [ea(1+ m)/a] 77 g = [ap 2%

“T/a)

whereaq is defined in (3).

It should be emphasized that the model (8), (9)
explicitly takes into account the flow shear (parameter
p), the underlying surface influence (no-flux boundary
condition9,C = 0 atz = 0) and the strong turbu-
lence anisotropy in the surface layer (paramédidr
As such this model is an evident generalization of the
well known Gaussian plume models. Note however
that even in the limiting case: = 0 (the wind speed
independent of the height), the adopted model (9) be-
comes exponential and thus is different from the cele-
brated Gaussian plume model.

Itis evident that the solution given in (9) is a valid
representation for the concentration profile above the
canopy top (i.e. foe > d ). In order to have a con-
sistent profile for allz it should be matched with the
tracer concentration modelled within the canopy (i.e.
for z < d). Two models of the concentration profile
within the canopy were validated. The first model was
a “clipped” profile, where we simply assumed that
C,(2) = C,(d) for z < d. The justification for such
a model is the strong process of turbulent mixing that
occurs within the canopy that should “smooth out” all
concentration gradients. The data fit to the “clipped”
model for different downstream positions is presented
in Fig. 4. The left column is the vertical concentration
profile and the right column is the lateral structure of
the plume with a Gaussian fit.

The second evaluated concentration model was
based on allowing the variation ef with height to
provide the best data fit i.,ece = «(z). The ratio-
nale behind this framework was the known limiting
values ofa: @« = 1+ 2m for z > d, anda = 2
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Figure 6: Examples of intermittency profiles as a
function of inverse mean concentration: slices across
the centre of the plume for different downstream posi-
tions (top row - no-obstacle canopy, bottom rowA
regular obstacle array). Straight lines correspond to
(18).

for z < d (Gaussian diffusion in stagnation areas near
the canopy floor). As a reasonable approximation we
proposed that

a(z) = (1+2m)(1 + pexp(—z/d)), (15)
where¢ = (1 — 2m)/(1 + 2m) is a function of the
velocity profile parametem and canopy parameter
(sinced = d(¢)). Itis worth noting thatC', in (9)
depends ona in rather a convoluted way (not only
through an exponential power) causing a complex de-
formation of the concentration profile even with minor
change im(z).

The data fit to the “variable” model is presented
in Fig. 5 (left column). As in Fig. 4, the right col-
umn is the lateral structure of the plume with a Gaus-
sian fit. In general we observe that both models are
in good agreement with the experimental data. The
data fits are nearly indistinguishable downstream of
the source. Closer to the source the “variabfe
model seems to be a better representation of the ver-
tical plume structure. The better performance of the
“variable " model can be attributed to the more ad-
equate description of the process of turbulent mixing
in the canopy layer (i.e. mixing is changing within
the canopy with height). The “clipped” model corre-
sponds to constant mixing in the canopy. For dense
canopies, where near the ground is a stagnation flow
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file as a function of inverse mean concentration: slice
across the centre of the plume, different downstream Figure 8: Parameter§ = Z_CQ/Z2 (top graph) and
positions (top row - no-obstacle canopy, bottom row ¢, = y_g /762 (bottom graph), see text.
- 1H regular obstacle array). Solid line is (19) with
w=1/3 whered(-) is the delta functiony is the intermittency
parameter{ = 1 corresponds to the no-intermittency
zone, height dependence is not so important (see [6]) case),y)(C) is any “regular” concentration PDF (see
and both models produce very similar results. [5]).
A simple model of intermittency can be devel-
) _ oped based on the following physics-based considera-
2.3 Concentration Fluctuations tion. Let us assume that tracer is advected in the form
of consolidated structures (blobs, sheets [4]). Thisis a
realistic assumption since the system is far from equi-
librium, so the tracer distribution is far from being
perfectly mixed. The existence of discrete structures
of tracer suggest that Poisson statistics may provide a
useful framework for describing tracer fluctuation be-
haviour, with “an individual event” being attributed to
the “tracer blob” passing a particular point of the flow.
Then for the probability of: occurrences of such an
event we can apply the celebrated formula of the Pois-
son distribution

The approach outlined above models the development
of a “mean plume” within a complex environment.
This is the time averaged behaviour of a real dispers-
ing plume, or equivalently, the average pattern that
would be seen if an identical release of material was
performed many times. Model analysis of CBR events
also requires the development of “concentration real-
isation” models that give a statistically sound repre-
sentation of possible instantaneous patterns of plume
dispersion. This is important to enable the investiga-
tion of uncertainty or risk in CBR hazard assessments,
as well as to provide realistic synthetic environments exp(—A)Ak
for operational analysis studies. Prob(k,\) = ————,
It is well-known that tracer fluctuations are very k!

intermittent, so a correct description of intermittency \yhere )\ is the average number of occurrences.

tracer flgctuatiqns (see [5], [13]). Intermittency (i.e_. Prob(0,\) = exp(—A) irrespective of any statistical
the fraction of time when concentration is zero) mani- properties of “blobs distribution”. This results in the

fests itself as a “singular” term in the PDF (Probability  fo|jowing formula:
Density Function) of tracer concentration (see [5])

(17

C
F(O) = (0) + (1= (©), (9 1—y~ew(-f5—). @9

max
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where we have used the obvious relationships=
Prob(0,A), A = BC/Cpazy B = —In(1 — Yinaa)-
Thus we may expect that intermittency factoexpo-
nentially decreases witll and that this behavior holds
for a wide range of surface flow regimes (canopies)
since it is not based on a specific mean concentration
profile C. We also expect that the parametgihas

a rather universal value. Our “data fitting” estimate
providess ~ 0.75.

The formula (18) was validated with our data
from a water channel experiment. The results are pre-
sented in Fig. 6 wherén(1 — ) is plotted against
Cmaz/C 0On a log-log scale, so straight lines corre-
spond to (18). The solid line corresponds to the value
B = 0.75. As we can see the relationship (18) holds
for a wide range of parameter values: concentrations,
downstream positions and types of obstacle arrays.

Our next step was to developed a simple model

for concentration intensity = @/52 — 1 whichis a
universal parameter describing tracer fluctuations. In

order to have a closed model we needed to express the

concentration intensityin terms of the mean concen-
tration C' (7). An important result was found in [5]
where it was shown that for Gifford’s isotropic mean-
dering plume model

Cma$ v
1
7+ ( C ) s

(19

with0 < w < 1.

A similar formula can be derived in another sim-
plified case - tracer dispersion in a surface layer with
a strong velocity gradient. As a reasonable approx-
imation in this case we can neglect any “weak” de-

pendency on cross-stream direction and consider only

the two-dimensional problem (dispersion from a point

A. T. Skvortsov, P. D. Dawson, M. D. Roberts and R. M. Gailis

time series [16]) has been developed based on the
so-called “fluctuating plume” approach, where over-
all fluctuations are represented as the combined effect
of slowly oscillating plume meander and fast in-plume
fluctuations. Thus, for the conditional PDF of concen-
tration in the absolute framg the following general
representation was adopted ([5]):

F(C, 1) = / £(C, T =R fo(R)dRe,  (20)

wheref, is the PDF of centroid meander= {y, z},

fr is the concentration PDF in the relative frame (as-
sociated with plume centroidR.(t) is the position of
the centroid. Development of realistic models f6r
and f. requires the application of rather complicated
statistical methods and are described in detail in our
other publications (see [5], [13], [12]). The mean cen-
troid position can be calculated from (7) by (46p

R = fr_C(a:,r)dr7 21)
JC(x,r)dr

It is well-known that the PDF for horizontal me-
ander is always close to Gaussian [5], so it can be
completely characterized by its first two statistical
moments (or by meak, and standard deviation.,,).
Because of the “averaged” symmetry of the ABL flow
in the cross stream directidni. ~ 0 and there is only
one free parameter in this model [5]. We proposed the
following model

oy = Foy(20/Zc)'1?, (22

whereF ~ (.2 (data fit), Z.. is defined by (21).

A functional form of the PDF for vertical centroid
meander is less straightforward since it is skewed due

source in t.he vertical plane). For suc_h a problem all g anisotropy caused by underlying surface and flow
concentration moments can be described by the same gradients. Based on Large Deviation Theory we have
universal profile [7], saC? ~ C. Then fori we proposed a model where the PDF for vertical plume
arive at the same expression as (19), but now with  meanderZ, can be described by a Gamma distribution

w = 1. These results provide a solid foundation for
an assumption that the functional relationship of (19)
should hold in a more general case (i.e. when the
plume is strongly anisotropic and 3D effects cannot

be neglected). We also expect the “shape” parameter

w to have a rather universal value.
The above assumption was validated with our ex-

perimental data and the results are presented in Fig. 7.

The value ofi + 1 is plotted against,,,../C' in the
log-log scale, so straight lines should correspond to
(18). Again, we can see that the relationship (18)

[12]:

Jez(Q) ~ Cail exp (—(), (23)

where( = Z./b and, based on the properties of the
Gamma distribution [1], parametetsand b can be
expressed in terms of the the first two momentg of
ab=Z,, ab® =272 — 7, = o>.. Since a mean cen-
troid positionZ, can be calculated from (21) the dis-
tribution (23) effectively has only one free parameter

& = Z_CQ/Z2 ). For plumes in the ABL the estimate

holds over a wide range of the model parameters. The £ — 1 < 1 hdds over a wide range of parameters

solid line corresponds to the “fitting” value = 1/3.
A more advanced model of plume concentration
fluctuations (including generation of a “synthetic”

ISSN: 1790-5087
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[9], so the value ofzb®> seems to be rather small. In
Fig. 8 we presented values of the paraméieterived
from our water channel experiment. We observed that
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Figure 9: Fluctuation intensityas unction of down-
stream position.

a typical value of¢, ~ 1.05. To describe the sta-
tistical properties of horizontal centroid meander we

calculated a similar parameter = YCQ/Z2 and also
presented it in Fig. 8. We found that the value of this
parameter was rather universal for a given obstacle ar-
ray and may be strongly affected by its morphological
structure.

For in-plume fluctuations we used the model pro-
posed in[5]. The PDF, for in-plume concentration
C, we expressed in a form similar to (23) with=
C,./C, using profile (8) forC, (with different “rela-
tive” spreadss ., (), o,.(x)). The “relative” spreads
ory(x), 0. (x) can be determined from a “squared”
rule [5]: o2 = 02, 4+ 07,, o, = o2, + 07,. Parame-
tera in (23) can be expressed in terms of the relative
fluctuation intensity; defined previously:a = 1/i?
(for details see [5]). For the downstream evolution of
i we used an approach developed in [15] (based on
two-patrticle statistics). Thus we obtained

i) = (%)S (1+ (T/fo)i +J(T)v)

wheres = pq, p = (2 + 2m)/(¢f), B = 1 + 5m/3,

w = 2m/(qB), T = x/z20, To = xo/20, To IS a scale

of the tracer source. The value of paramegtdepends

on the regime of relative tracer dispersion in the plume
and is always within the range< ¢ < 5. For a clas-
sical Richardson regimg = 3, for a surface layer
turbulence regime = 2 [9] and for a convective layer
regimeq = 5 [14]. In general; is defined byr? ~ t9,
wherer is the average distance between tracer parti-
cles. The value off cannot be estimated analytically
and was derived from data fif (~ —1.5).

Obviously this model is valid only until > 0 and
further downstream we need a modified expression for
i. Nevertheless for short-range dispersion modelling
(24) seems to be sufficient. The data fit for the ana-
lytical form (24) is presented in Fig. 9 with parameter

-1, (29
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q=3.

Equations (23) and (24) provide a simple yet uni-
versal parametrization of tracer plume statistics with
given mean flow and canopy parametess £g, m, €).

3 Conclusions

Physics based models of a plume in an urban canopy
allow a simplified (but still adequate) analytical de-
scription of pollution transport in a complex environ-
ment which is particularly useful for CBR applica-
tions. The proposed theoretical framework has been
validated against our experimental data (water chan-
nel experiment) and has provided a close match. The
proposed framework can help to validate and justify
some more empirically based and heuristic assump-
tions of some operational dispersion models. Our
modelling framework can thus be used as a valuable
performance check of such models, or be extended to
an operational model prototype, able to be linked to
larger modelling systems.
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