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Abstract: The effects of aemospheric siable stratfication oo the wind pattern and polhuant concentrations within two-Gimensional urban street
canyons are investigated using a k-epstlon turbulence model TEMPEST. The mfuences of two mncident stable stratified sheared auhuleny
weflows are caleulated and compared. The mumerical similation results demonsirate significant influgnces on the wind structure and polluian
concentrations within the street canyvons duc to different building configurations as well as incwent stably stratified boundary conditions,
[n particular, changes n the recirculating Pow pattern above the street and on top of the canyon butldings affects the polluant transport within
and out of the street canyon. The influences are much weaker after the second or third downstream styest canyon.

o INTRODUCTION

The term street canyon refers 10 a refatively narrow street between
a tow of buildings. The street canyon is the basic geometric unit
comprising the urban canopy.  Air flow within the urban boundary
fayer is dominated by microscale inflaences.  Most studies on
poltatant dispersion in an urban area using numerical methods have
heen primarily site specific.  In Zhang and Huber (19935), the
effects of neutral stratification on the flow and dispersion inside a
group of Kealized street canyons were investigated. This paper is
a continued effort of the study.

In thes paper, we apply the same numerical model {the TEMPEST)
to mvestigate dispersion inside the same group of Wealized (two-
dianensional} urban street canvons wih upstream flow normal (o
the canyon.  Five two-dimensional cases were studied and
compared to investigate the effects stable stratificaton on
concentration fevels in the vicinity of the street canyon with five
canyon configurations. The results provide some nsight into the
generalized flow structure as well as the dispersion patterns under
stably stratified boundary condition with different geometric
configurations.  Only emissions from a ground source are
gxamined herein.  The effects of the canyon geometric
configurations and number of ¢he canvons in the wind direction
under stable stratification on the concentration fiekl are discussed.

2. MUMERICAL SIMULATION
2.4, Intreduction to the TEMPEST Maodel:

The TEMPEST (Transieni Energy Momentum amd Pressure
Equations  Solstion @ Three-dimensions)  moedel i a
three-dimensional, time-dependent, nonhydrosiatic  numerical
model that was developed at Battelle Pacific Northwest Laboratory;
it Tag heen applied fo a broad range of engineering and geophysical
problems (Treot and Evier, 1989), The TEMPEST model includes
the ability o account for small density variations through the
Boussinesg approximaden.  Cylindrical, Cartesian, or polar
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coordinates may be ased. It Tas the ability to use variable grid
spacing along any coordinate, and the inflow/outflow boundaries
can be either specified or computed,  Turhulence s treated by
using a turbulent kinetic energy/dissipation {k-=) model.  The
solution  technique in TEMPEST is similar to the SMAC
(Simplified Marker-And-Cell) technique (Amsden and Harlow,
1971, whereby at each time step, the momentum equations are
sulved explicitly and pressure equations inplicitly; temperaure,
surbulent kinetic epergy (TE), dissipation of kinetc energy
(DEE), and other scaler transport equations are solved by using an
implicit continuation procedure. The standard formulation for the
k-e turbuience model (Trent and Evier. [989) 15 used i our
simulation, and a staggered grid system 15 adopted.

The goveming equations for the k-6 model {as used i TEMPEST)
m a Cartesian coordinate systern are presented below. We negleat
olecular diffusion in comparison with merbulent diffusion in the
momentum  pquations, and  cenfine our sioudations w0 the
atmospheric swrface layer over a small domain (say, Skm >,
s¢ that Coriolis effects can also be neglecied. The governing
eguaiions, subject (o Boussinesq approxinmtions and Reynolds
AVETREIRE, are:
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where U, is the ith mean velocity component, tis fime, dp s the
deviation of density from ity reference value p,, 3P s the deviation
of pressure from ity reference value, v, Is an effective viscosiy
whicl is the s of molecular viscosity (which s neglected in our
sirmmiations) and marbwlent eddy viscosity. g s the #h component
of acceleration due to gravity, ¢, 18 the specific heat of air at
constant pressure; Pry s the murbulent Prandtl munber, s the
volumetric heat generation rate, C; 15 the mean mass fraction o1 the
ith comsticuent, D is the effective masy diffusivity 1o the jth
direction {which is the sum of wrbulent and molecular mass
diffssivitiesy, S, is the mass generation rate, and k is the twrbulem
kinetic energy (TKE), which is defined as:
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where u, v and w are the velocity fluctuations o the x, y and 2
directions, respectively. The above equations treat density as 2
constant (incompressible Bow) except in the body force term of the
memeni equation, which allows us 10 shnulate the stratification.
The Reveolds siresses and fuxes lave sometime been modeled or
parameterized using the gradisnt transport relations to close the
above systen of equations, TEMPEST uses a ke furbulence
modet to close the above system of equations by providing
estimtes of effective mubulent viscosity and mass diffusivity. This
is accomplished by using transpont equations for the nubulent
ldnetic energy ke
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where v, is the kinenatic (molecular) viscosity:
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Here S i the shear produciion rerm, G is the booyaney term in the
TKE equadon (7), defined as:
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where o, o, and o, are three of the smpirical constants in Ke=
models, The effective diffusivity of momentum is estimated as v,
= I KYe. The effective diffusivity of mass is D = +/5¢,, where
Sy s the hwbulent Schmidt number,  The standard values of
constants which have been used for most engineering applications
((Gibson and Launder. 1978; Zhang et al., 1993) used in the

TEMPEST are:
(o, 0. 0., C. C., G,
97 1.44, 0.09

C,. Sc;, Pryy e
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2.2, Boundary Conditions:

Two sets of stable stratified approaching flow were applied w0 10
mumerical sinmlations.  The simulations with the lightdy stable
stratified approach flow are designated as case L those with the
extreme (more) stable stratified approach flow are designated as
case M,

In hoth cases Loand M, oc,n,0,0=40w/mes o7 w.d,=0.03333m Kis
5 8 7p11t,d where p=1.212kg/m’ is the density of the air at 11 m;
c = 1 004.67mY 57K iy the specific heat of air. 1o case L, we have
=0.29mys and 8, =0, 11K In case M, we have u,=0.1 Tm/s and
={1,29K.

In hoth cases, the Iogarithm distributed approaching flow and
temperature fields are used (Lacser and Arya, 1986), assuming
=01 m
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where = is the von-Karman constant, Le,, ==0.4; 8, s the
reference potential temperature, Le., 6= 293K (20°C); L is the
Onukhov length which is defined ss: L= 6.u./xg,, and g is the
gravity acceleration velocity.  The boundary layer .aczglzt his
obtained from: h=0.445,L/8" (Businger and Arya, 1974), where



=10y is the Corielis parameter,

In other words, i case L, the Obhuichov length L=3Tm, which
represents the upstream approaching flow is slightly stable, and the
corresponding mixmg layer height b=162m.  In case M, the
Obhukhov  fength L=3.1m, which represents the upsmream
approaching flow is slightly stable, and the corresponding mixing
layer height b=23m.

The narbulent kinetic energy (TKE) i the approach flow used the
refationship from Lacser and Arva (1986):

ke 492 (1- 2R uf (1)
h
The boundary conditions for dissipation of TKE & are resolved by

using the formula at the steady state from Brost and Wyaggard
{1978):

)

2.3 Simauiation Configuration and Model Set-Up:

30m (souree) | i+
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Figure 1: The side view of the generalized 2-13 buildings
and the street canyons for muumerical simunlations.

The buildings were arranged (o provide cases having 1, 2, or 4
street canyons.  The mfluences of the rwo-dimensional butlding
heights are examived by using combinations of a 60m building
height (BD) and 7 90m building height (8B2). In all cases, the
huilding width s constant at 120 m and the urban street canyon
{SCY width is 60 m, The pollutant source is located at the center
of the street with a width of half’ of the street canvon (e,
Louree = 30m) (Figure 1),

A variable-spaced grid of 37 cells m the vertical direction is used
m all simulations: and the variable-spaced grid in the longitadinal
direction depends on the length of the domain, it varies from 86
cells (for ore canyon) to 170 (for four canyons). The smallest cell
dimension (3 m) w the domain is one twentieth of the building
height.
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LA L . ase 1 . Canyon Configuration
(lightly stable) | {more stable) :

L1 w1 B1-5C-B1

L2 i B1-5C-B2

L3 M3 B2-5C-B1

L4 M4 82-5C-B1-5C-82

L3 WIS B2-5C-BI-SC-B2-8C-BI1-8C-B2

Table §: Geometric condiguration and upsiream boundary
conditions for numerical simulations {SC=Streer Canyomn).

The computed fields of U;, k, and & from TEMPEST a3 discussed
above, are used to caloulate the concentration ficld for the sireet
level sources ander five different street canyon types in each case
group (sec Table 1), The concentration feld was calcutated by
selving concentration (ranspont equation (Zhang ot al.| 19935 with
the first-order closare scheme.

Considering  the  computng  tme  and  machine  memory
requirements, these idealized vwo-dimensional street canvon
simulations are possible on either a personal computer or a
WOTkStation.

3. RESULTS AND DISCUSSIONS
3.1 The inflyences of the Canvon Configurations;
30,1 Single Canyon:

Five simulations with two different building type (Bl & B2)
combinarions were conducied {0 investigate the infhuence of
peometric configurations on the dispersion inside the idealized
urban street capvons under stable strafified approach flow.  We
fourdd that our current findings support our conclusions in our
previous paper (Zhang and Hubher, 1995),

Only cases M, M2, and M3 (consisting of one canyon) and M3
{four canyons) are presented here. Flgures 2, 3, and 4 display the
concentration conjour fickls around & fwo-dimensional street
canyon, All of fhe one-canvon cases (M1, M, and M3) have a
very simifar flow pattern before the upstream edge of the upwind
building. The flow struciure before the upstream building had
neghigible effents on the everall dispersion Helds, A recirculation
zone exists on the op of the upstream building in all three cases,
Inhoth cases MU and M2 (Fig. 2, Fig. 3), the How st above the
first building recirculation zone passes smoothly downstream,
teniding 1o remain at the same level above the ground, Io case M3
{Fig. 43, tlow above the recirculaing zone remaims at he same
vertical Jevel above the voriex on the top of the upsiveam butlding
as it passes over a recirculation region over the downstream
huildimg. The reversed flow on top of the upstreant building draws
the pollutants from the canvon to the roof of the upstrean: huilding
i all three cases.




Figure 2: Dispersion flelds around street canyon in case M () streambmes; (by Contours of the constant

concentrations. The concentration levels are {g/m’n
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Figure 3: Dispersion fields around strest canyon i case M2, The contour levels are the same as in Figure 2.

Figure 5 Dispersion fields around street canvon in case 1.3, The contour fevels are the same as in Figure 2.
gl v )




in case M1, wih the buildings on both sides at an equal height,
there was one single large vortex generated in the gap between the
buildings. The size of this vortex s about the size of this gap.  In
case M2, with the downwingd building 1.5 times as tali as the ong
upwind, the flow passing over the first building s somewhat
blocked by the second one. Again a single vonex i formed in the
canyon. The
M1 and M2 depend on the relative beight of the buildings at both
sides of the canyon. [ncase M2, the upwind building is 1.5 dmes
higher than the downwind one, and the flow goes downward ag &
passes. This downward flow had a tendengy 0 form a big wake
behind the upstream builting. Since there s a second building
this potential wake, the flow bits the second buiiding roof and goes
back upstream, forming two counter-direction recirculating
vortices: The clockwise one that is larger and stronger overlaps the
step-down building, and the canvon itsell generates a secondary
countter-clockwise vortex at the bottom of the canvon.

The differences in camyon configurations result in differen
dispersion patterns, and the maximum conceniration shifis from the
downstream stde of the canvor in U3 o the upstream side of the
canvon in M1 and M2 (Fig. 2 and Fig. 3). The concentration o
the upstream side of the canvon is twice as bigh as that oo the
downstream of the canyon in case b1 and M2, whereas  the
concentration downstrearn of the canyon 15 several times as high as
that on the upstreans side of the canyon in M3 (Fig. 4.

I cases M1 and M2, both the height and length of the wake behind
the downstream building depend mwinly on fhe downstream
butlding hesght, In case U3, the strong reversed flow above the
second buikding elevates the flow above the canyon, and it tends 10
increase the height of the wake. However, the resulting wake
lengtit behind this building i3 smaller than that in case M1 due o
the strong stably stranfied upstreamn flow. We will discuss the
phenomena in the next section.

3.1.2 Multiple Canyons:

fn urban atmospheric environments, most situations have several
canyons in a row. So, we extended onr simulations o include
cases mvolving two and four canyons.

When two 0T more street canyons are involved {cases M4 and
M3). we found that the flow and dispersion patterns i the first
canyon simply depend on the upstream conditions and the relative
heights of the buildings beside the cawyon: those ingide the
following canyons have fow and similar dispersion patiems.
Figure 6 presents case M5 with four canyons i the downwind
direction. The concerdmtion corgour pattern inside the firgt canyon
is very similar to that in case M3: that inside the second canyon is
similar to that in the second caryyon i the 12 (Figure 5, which has
the lightly stable stratified inflow, but has dramatic ditferences
from that w1 case M2, The contoar pattern inside the fourth canyon
still has some of the characteristios of L4, Our results show that
the dispersion fields have steady structire afier two canyous.

3.2 Effects of Stable Stratifications;
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s and shape of the vortices inside the canvon for

Ag g demonstration of the effects of different stable stratfication,
the results from only e pair of stmalations (L3 and M3) are
prissenied (Figares 4 and 5),

The effects of stable stratification is sirongly felt on the mean and
wrbulence fekds when the approach flow becomes exiremely stable
{case M. Sumilar as discussed m Zhang o al (1995), when the
approzch flow 1 only slightly stable {case L), the flow felds
pehave more Hke a fully developed turbulent flow, and hence
garbalence plays an imporiant part in the diffusion process (Figure
Sy I other words, the enbanced wrbulence mixing and thickening
of the shear layers shed {from the windward edges of the building
apparently promote flow reattachment on the building surfaces.
There arg several orders of magnitude difference about the
concentration on the roof of the first budding between the two
groups (L and M) Polltants emitted within a canvon will
senerally not he transporied o the front of the upstream buildings.
The recireglanng flow ghove the upstresm mniding depends mors
stromgly on the upstreamn boundary condinional than the relative
canyon configurarion.

The fow pattern changes dramatically inside the canvon, Flow s
stronger because of the exireme stably strafified  appearance
upstream flow.  The stromger vorez on the top of the canvon
frapsfers  the  polutants  downstreamn of  the  caoyon, e
concentration on the top of the secomd huilding in case M3 15
fugher than that of case L3,

We shoukd mention here, the recirculating wake size mside and
above the canvon s much smalier that those with the same canyon
configuration, but in the neutrally stratified approach flow (Zhang
and Huber, 1995).  However, the flow passing the first building
still reattaches further away from the canyon, the reattachiment
point is at the downstream bullding top, and the resulting reversed
flow is stronger, which produces a secondary recirculation circle
at the bortom of e canyort in case M3, I case L3, the flow falls
downward as i passes the first block.  This downward flow
reattaches inside the canyon. The flow does not even reach the
second butiding roof Hke that ip M3, which has an opportuniey o
form two counter direction recirculating vortices.

Zhang et al (1993) showed that for a neutral approach tiow, the
less the upstream purbulesce, the larger s the cavity size behind
the huikling. The ambient turbulence tends 1o induce reattaclhunent
on the roof. which in tum seduces the size of the cavity size
behind the building. In case L, the turbulence in the upstrean is
sronger than that in case M, all the recirealations on the top of the
upstream buillding disappear in case L. In case M, the sirong
stably stratificd envivonment tend 1o promote the strong dowoflow
behind the second building. The wake size behind the second
huitding is smalier that m group L.

Similar effects of the upstream stable stratification on the
dispersion around street canyons are found in gther cases.

4. CONCLUSIONS



Cur study was limited to the cases investigated. A different ratio
of building height to sireet canvon width will influence dispersion
patterns i the vicinity of the canyons. This is one of the
comtinuous effects on the subject. Our results in this paper are
consistent with the conclusions we reached in our previous paper,

The stable stratification combined with canvon  geometric
configuration  have significant infhuences on the concentration
fields in the vicimty of urban street canyons.,

Pollutants emited within & canvon will generally not be ttansported
to the fromt of the upstream buildings. The recirculating flow
ahove the upstream bullding depends more strongly on the
upsiream  boundary  conditions  than  the  relative  canyon
configuration.  The flow and concentration pattern mside the
canyon depend on both the upstream flow conditions (stable
stratification) amd the relative heighus of the buildings on both sides
of the canvon.  The dispersion fields behind the downstream
huilding depend on both the flow characteristics within the canvoen
and the downstream building height,. The sirong stable
stratification has large effects on twe flow and dispersion structure
m the vicinity of the canyons, it tends o decrease the turbulence
mxing inside the recirculating zones. The vertical and horizonial
diffusion is wenkened by the stratificaton, cspeciglly inside the
wakes, The mean flow ends to be stronger.

The high concentration stays on the upstream side of the bulldmg,
except W the step-down canyon cases M3, M4, and M5, which
lave the extremely stable stratified mflow,

When there is more than one canyon in the downwind direction,
the upstream  stably strafied fow conditions can be very critical
to the dispersion flelds mside the first canyon, but they are not as
Hnporant o e concentration fields side the consecutive
canyons. The dispersion fields i the vicinity of the first canyon
are very smmilar to the corresponding cases involving only one
canyon and the same upstream boundary conditions. The fields in
rhe vicinity of the following canyons appear to depend more on the
relative geometric configaration on two sides of the canyon than
the degree of the stable stratification in the upsoeam.  In other
words, the strong stable stratification in the upstremz flow has
miniinal effects on the dispersion beyond the first canyon.
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