
ABSTRACT

Odor dispersion around a cubic building from roof-
top odor emissions was investigated using computa-
tional fluid dynamics (CFD). The Shear Stress Trans-
port (here after SST) k-ω model in FLUENT CFD 
code was used to simulate the flow and odor disper-
sion around a cubic building. The CFD simulations 
were performed for three different configurations of 
cubic buildings comprised of one building, two build-
ings or three buildings. Five test emission rates 
were assumed as 1000 OU/s, 2000 OU/s, 3000 OU/
s, 4000 OU/s and 5000 OU/s, respectively. Experi-
mental data from wind tunnels obtained by previous 
studies are used to validate the numerical result of 
an isolated cubic building. The simulated flow and 
concentration results of neutral stability condition 
were compared with the wind tunnel experiments. 
The profile of streamline velocity and concentration 
simulation results show a reasonable level of agree-
ment with wind tunnel data. In case of a two-build-
ing configuration, the result of emission rate 1000 

OU/s illustrates the same plume behavior as a one-
building configuration. However, the plume tends to 
the cover rooftop surface and windward facet of a 
downstream building as the emission rate increases. 
In case of a three-building configuration, low emis-
sion rates (<4000 OU/s) form a similar plume zone 
to that of a two-building configuration. However, the 
addition of a third building, with an emission rate of 
5000 OU/s, creates a much greater odorous plume 
zone on the surface of second building in compari-
son with a two-building configuration.

Key words: CFD model, SST k-ω model, Odor dis-
persion, Cubic building, Rooftop emission

1. INTRODUCTION
A large number of industrial, institutional, university 

and hospital laboratories, as well as manufacturing 

facilities, emit a wide range of potentially harmful pol-
lutants (e.g., toxic and odorous chemicals) from roof-
top stacks to urban environments. Therefore, the dis-
persion of potential hazardous exhaust from these 
stacks is of great concern when addressing possible 
consequences of such releases on human health and 
safety, as well as the environment in the stack vicinity 

(Yassin, 2013). Among these pollutants, exposure to 
unpleasant odors is one of the most frequent causes of 
air quality complaints in both industrial and urban 
areas. Odor nuisance is most frequently associated 
with discontinuous emissions generated by restaurants, 
fast food outlets and bars, which may occur for short/
prolonged times, occasionally or on a repetitive basis 
depending on the actual operating hours of the facility 

(Pettarin et al., 2015).
Once odors are emitted from a source, their transport, 

dispersion and fate in the environment is controlled by 
a complex interaction that depends on the strength of 
emissions, meteorological conditions, topographic fea-
tures around the site, stack height and near-field build-
ings. Therefore, it is difficult to predict odor dispersion 
with certainty due to the complex interaction between 
atmospheric flow and flow around buildings.

Near-field pollutant dispersion in the built environ-
ment is characterized by the complex interaction of 
plumes with flow fields perturbed by building obsta-
cles. The dispersion field consists of local emission 
sources and the dispersion of the emissions in nearby 
individual buildings and the surrounding neighbor-
hood (Tominaga and Stathopoulos, 2016).

The main assessment tools in urban physics are field 
measurements, full-scale and reduced-scale laboratory 
measurements and numerical simulation methods 
including Computational Fluid Dynamics (CFD) 

(Blocken, 2015). In the past two decades, micro-scale 
Computational Fluid Dynamics (CFD) simulation has 
been widely used as an emerging analysis method for 
pollutant dispersion around buildings and in urban 
areas, sometimes in lieu of wind tunnel tests. The CFD 
simulation method consists of solving the transport 

(advection and diffusion) equation of concentration 
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based on the velocity field obtained from the Navier-
Stokes equations. CFD can provide detailed information 
about the relevant flow and concentration variables 
throughout the calculation domain. However, it is diffi-
cult to implement various dispersion processes such as 
atmospheric stratification, buoyancy, chemistry etc. to 
the model, whereas they are easily applied to the oper-
ational models (Tominaga and Stathopoulos, 2013).

Odor dispersion in the atmosphere has been the sub-
ject of numerous investigations, while there has been 
less research done on odor dispersion around build-
ings. Odor dispersion under steady winds and constant 
emissions in the presence of few buildings has been 
evaluated using the Re-Normalization Group (RNG) 
k-ε model by Maizi et al. (2010). Dourado et al. (2014) 
presented a fluctuating plume model. However, the 
model appears to over-predict dispersion if compared 
to the wind tunnel data. In spite of the increasing num-
ber of applications based on dispersion models, this 
modeling approach has not yet been adequately vali-
dated to be confidently used for odor impact assess-
ment. Moreover, we are not aware of applications of 
odor dispersion models to more complex urban envi-
ronments (Pettarin et al., 2015).

The SST k-ω accounts for the principal turbulent 
shear stress and uses the across-diffusion term in the ω 
equation to blend both the k-ω model and k-ε model 
and to ensure that the model equations behave appro-
priately in both the near-wall and far-field zones. 
Thus, the SST k-ω model offers a superior simulation 
performance as compared with the individual k-ω and 
k-ε models (Menter et al., 2003). Recently, The SST 
k-ω model is increasingly being used to predict pollut-
ant dispersion around barriers and isolated building 

(e.g., Kim and Jeong, 2015; Kim et al., 2014; Ram-
poni and Blocken, 2012; Lin et al., 2009).

In this respect, the aim of this paper is to investigate 
the influence of upstream rooftop odor emissions on 
near-field buildings. For this purpose, the CFD simula-
tions were performed for three building cases, namely, 
an isolated cubic building, two cubic buildings and 
three cubic buildings, respectively. The SST k-ω 
model was used to simulate the flow and odor disper-
sion around cubic buildings in this study.

2. MATERIALs AND METHODs

2. 1  Numerical Method
FLUENT CFD software (FLUENT ver.14, 2012) 

was used to simulate wind flow and odor dispersion 
around various configurations of cubic buildings. The 
Reynolds-averaged conservation equations for mass 
and momentum were used to simulate the processes of 

interest. Mass and momentum conservation equations 
are written as follows;

 ∂ui
-----= 0 (1) ∂xj

 ∂ui        ∂ui         1  ∂p     μ   ∂2ui        ∂  
-----+ uj

 -----= - --- -----+ --- ---------- ----- (ūi′uj′) + gi  ∂t         ∂xj         ρ  ∂xi     ρ  ∂xj
 ∂xj     ∂xj 

 (2)

where uj is the velocity of j component, t is the time, xj 
is the j coordinate, ρ is the air density, μ is the dynam-
ic viscosity; gi is the gravitational body force;

                    1       ∂ui     ∂uj      2           
- ūi′uj′ = - --- μt

 (-----+ -----)- --- kδij (3)
                     ρ       ∂uj     ∂ui      3

is the Reynolds stress; μt is the turbulent viscosity.
The turbulence kinetic energy, k, and the specific 

dissipation rate, ω, are obtained from the following 
transport equations (FLUENT ver.14, 2012):

 ∂             ∂                ∂         ∂k     
--- (ρk) + ---- (ρkui) = ---- (Γk

 -----) +G̃k-Yk + Sk (4)
∂t           ∂xi              ∂xj       ∂xj     

and

 ∂              ∂             
--- (ρω) + ----- (ρωuj)∂t             ∂xj           

     ∂          ∂ω        
= ----- (Γω -----) + Gω-Yω+ Dω+ Sω (5)    ∂xj         ∂xj      

In these equations, G̃k represents the generation of 
turbulence kinetic energy due to mean velocity gradi-
ents, Gω represents the generation of ω, Γk and Γω rep-
resent the effective diffusivity of k and ω, respectively. 
Yk and Yω represent the dissipation of k and ω due to 
turbulence. Dω represents the cross-diffusion term. Sk 
and Sω are user-defined source terms.

2. 2  Evaluation of Odor Intensity
Hydrogen sulfide (H2S) was selected as an odorous 

fluid and was also presumed to flow along with clean 
dry air. According to Lin et al. (2009), the modeled 
fluid was defined as clean air and H2S and its mass 
fraction at the odor source is defined as;

                 Ocg × mH2SYs = --------------------------------- (6)
       (PaM/RT) + Ocg × mH2S

where Ys is the odor mass fraction at the inlet of the 
system boundary, which is the ratio of the odorous gas 
mass to that of the total air mass in 1.0 m3 and is dimen-
sionless Pa is the atmospheric pressure of 101,325 Pa 
at sea level, T the temperature in K; M the molecular 
weight of dry air or 0.028966 kg/mol; R is the univer-
sal gas constant of 8.31432 J/(mol·K); Ocg the odor 
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source concentration in OU/m3, and mH2S the mass of 
H2S required to produce one odor unit, expressed as 
kg/OU, and mH2S =7.0×10-9 kg/OU. An odor unit (OU) 
is defined as the number of times an odorous air sam-
ple needs to be diluted with clean air to be no longer 
detectable by 50% of a team of panelists. This diluted 
concentration is also referred to as the threshold level 

(Lin et al., 2007).
The advection - diffusion (AD) module was applied 

to study the species transport process by analyzing the 
mass fraction of pollutants in the mixture. FLUENT 
analyzes the mass diffusion process based on the fol-
lowing equations (Riddle et al., 2004):

                      μtJi = - (ρD + -----) ∆

y (7)
                     Sct

where Ji is the diffusion flux of the mixture (kg/m2s), ρ 
is the density of the mixture (kg/m3), D is the mass dif-
fusion coefficient of the pollutant in the mixture (m2/
s), y is the mass fraction of the pollutant (kg/kg), μt is 
the turbulent viscosity (kg·s/m). Sct is the Turbulent 
Schmidt number.

2. 3    Computational Domain and Boundary 
Condition

Fig. 1 shows the computational domain and bound-
ary conditions. The domain was conceived following 

the COST Action 732 (Franke et al., 2007) and AIJ 

(Tominaga et al., 2008) guidelines. Its dimensions are 
equal to 25H × 11H × 6H (H = 10 m is building height) 
in the streamwise (x), lateral (z) and vertical (y) direc-
tions, respectively. Atmospheric stability was fixed to 
be in a neutral condition in this study. To compare the 
experiments by Li and Meroney (1983) and to test the 
effect of the same building in streamwise direction, 
cubic building was selected in this study. The three 
kinds of building configurations used in this study are 
shown in Table 1. Each configuration has five different 
emission conditions, namely 1000 OU/s, 2000 OU/s, 
3000 OU/s, 4000 OU/s and 5000 OU/s, respectively. 
So, simulation cases comprise a total of 15 cases. For 
all cases a single wind direction perpendicular to the 
building face was considered.

Inlet velocity profile of the horizontal wind velocity 
in a neutral stability condition is defined as (Pieterse 
and Harms, 2013);

      u*     z                     
u = --- ln --- (8)
       κ     z0   

As illustrated by Lin et al. (2007) the vertical profile 
of temperature can be defined as follows;

T(z) = -γd (z + zs) + Ts (9)

Where, T(z) is the air temperature (K) at z, γd is the 

Fig. 1. Computational domain and boundary conditions.
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dry adiabatic lapse rate of 0.01 K/m. zs is a height of 
1.35 m above the earth’s surface; Ts is the air tempera-
ture at zs in K.

As presented in Pieterse and Harms (2013) the pro-
file for the turbulent kinetic energy k and the turbulent 
dissipation of inlet ε for the neutral stratified atmo-
spheric boundary layer is defined as follows;

k(z) = 5.48u*
2 (10)

           u*
3  

ε(z) = ---- (11)
          κz  

3. QUALITY AssEssMENT AND 
AssURANCE sTUDIEs

3. 1  Grid sensitivity study
In terms of overall grid resolution, Tominaga et al. 

(2008) advised a grid-convergence study until the pre-
diction result does not change significantly any more 
with increasing grid resolution. To perform the grid 
sensitivity study, a one-building configuration case was 
selected. According to Blocken (2015), Franke et al. 
(2004) state that the grid should be fine enough to cap-
ture the important physical phenomena like shear lay-
ers and vortical structures with sufficient resolution. 
For urban and building models, they advise to use at 
least 10 cells per cube root of the building volume, and 
10 cells in between every two buildings. So, three grids 
with cubical cells of 1.0, 0.5 and 0.4 m around build-
ing surfaces corresponding to cell counts of 10, 20 and 
25 along the building height and facet were generated. 
Franke et al. (2004) advised to keep the stretching ratio 
below 1.3 in regions of high gradients, to limit the trun-
cation error. Franke et al. (2004) also advised the use of 
hexahedral cells over tetrahedral cells, as hexahedral 
yield smaller truncation errors and better iterative con-
vergence. To this end, outside the building block array 
an expansion ratio of 1.1 was applied to the cells re-

sulting in final grids of 269,630, 664,000 and 938,720 
hexahedral cells, respectively. The grid sensitivity study 
presented the comparison of the mean horizontal wind 
velocity U along vertical profiles at two locations with 
different flow regimes. The first profile (Fig. 2(a)) was 
located upstream of one building configuration; the 
second velocity profile (Fig. 2(b)) was located in the 
leeward wake region of a one-building configuration. 
As can be seen in Fig. 2, the profiles indicate some 
grid dependency, which becomes smaller on the finer 
grids. For both locations, very little quantitative differ-
ences are present between the 0.4 m-grid and the 0.5 

m-grid whereas for the 1.0 m-grid in comparison to the 
0.5 m-grid even qualitative differences are found. This 
suggests the 0.5 m-grid with a cell count of 20 per 
building height is appropriate for reliably predicting 
flows around an isolated cubic building.

3. 2  Turbulent schmidt Number Analysis
Gromke and Blocken (2015) state that the turbulent 

Schmidt number (Sct) is a fitting parameter, similar to 
the constants in turbulence models, which differs for 
different configurations. Studies on pollutant disper-
sion around isolated buildings using classical turbu-
lence closure schemes for the Reynolds-averaged 
Navier-Stokes (RANS) equations suggest values for 
the Turbulent Schmidt number (here after Sct) ranging 
from 0.1 to 1.3 (Chavez et al., 2011; Blocken et al., 
2008). According to Tominaga and Stathopoulos 

(2009), a smaller value of Sct such as 0.3 tends to pro-
vide better predictions of concentration distribution 
around plumes in open country and around a single 
building, where the turbulent momentum diffusion is 
often underestimated when using RANS models.

This variability suggests the need for careful consid-
eration about the appropriate Sct number for each sin-
gle study case. Therefore, pollutant dispersion around 
isolated cubic buildings was simulated with different 
values for Sct and validated against wind tunnel data in 

Table 1. Building allocation of three different building configurations (where H = 10 m).

Case Building configuration Remark

I B1 (Isolated building)

II B1 and B2 downstream of B1

III B1, B2 downstream of B1 and B3 downstream of B2
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this study.
Fig. 3 compares the contours of the dimensionless 

concentration, K, on the roof surface obtained with the 
present CFD and two experiments (Li and Meroney, 
1983). In this study, dimensionless concentration K 
was defined as:

       cH 2UHK = ---------- (12)
           Qe 

where Qe is the plume flow rate (m3/s), c is mass frac-
tion of tracer gas, H is the cube size (m), and UH is 
mean x-velocity at building height. Although a higher 

Sct appears to provide a better prediction of the down-
wind dispersion along the rooftop centerline (Fig. 
3(a)), there are no noticeable differences for the 
upwind dispersion. However, Sct = 0.1 produces a bet-
ter result than other Sct results for the lateral direction 

(Fig. 3(b)). From this result, it can be concluded that 
Sct = 0.1 is the best number to use in this case.

3. 3    Assessment of the ssT k-ω Turbulence 
Model

The next step of the quality assessment addresses 
the capability of the SST k-ω turbulence model to sim-

Fig. 2. Mean horizontal wind velocities U (m/s) on different grids at the upstream (a) and downstream wake region (b), Δ is 
mesh size, H ( = 10 m) is building height. Vertical red dotted line shows the z-position.

Fig. 3. Comparison of dimensionless concentration K on centerline of roof, leeward and sidewall.
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ulate the flows around isolated buildings. Fig. 4 illus-
trates the comparison of vertical distribution of 
streamwise velocity on (a) roof center and (b) behind a 
cube at centerline. The simulated results showed a 
good agreement with the wind tunnel results.

4. EFFECTs OF DOWNsTREAM 
BUILDINGs ON FLOW AND ODOR 

DIsPERsION

4. 1    Effect of Downstream Building on Flow 
Field

In order to analyze the three different building con-
figurations mentioned previously, a general view of 
the computational results in terms of velocity and 
stream line are illustrated in Fig. 5 and Fig. 6. This 
comparative view of results shows the difference of 
flow field behavior as the building number increases 
in the near-field environment. Additional buildings 

(B2 and B3) induce more low wind speed zones 
between buildings. These zones are also characterized 
by the presence of high velocity as can be shown by 
the streamlines in Fig. 6.

4. 2    Influence of Odor Dispersion on 
Downstream Building

The Malodor Prevention Law recommends the air 
dilution sensory (ADS) test as a primary means to 
assess the level of odor pollution in dilution-to-thresh-
old (D/T) ratios in South Korea (Kim, 2016). Under 

Fig. 4. Comparison of vertical distribution of streamwise velocity on (a) roof center (X/H = 0.5) and (b) behind cube (X/H = 1.5) 
at centerline.

Fig. 5. Contours of x-velocity magnitude (m/s) for vent mass 
flow rate 1000 OU/s ( = 7.0 × 10-6 kg/s). (a) a one-building 
configuration, (b) a two-building configuration, (c) a three-
building configuration.
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this Law, samples are collected from the vents of odor 
sources and the emission limit is 1000 D/T (D/T is dilu-
tion-to-threshold (D/T) ratios) for facilities in industrial 
areas. Because values of D/T are theoretically compa-
rable to OU/m3 (Brancher et al., 2017), 1000 OU/s was 
selected as the basic emission concentration in this 
study. Because 1 OU/m3 is referred to as the threshold 
level (Lin et al., 2007), 1 OU/m3 is used to depict the 
size of an odorous plume zone.

Fig. 7 shows influencing area of the odorous plume 
zone for a one-building configuration. Overall, as the 
odor emission rate increases, the odor plume touched 
the rooftop surface and was dragged downstream of 
the building. When the emission rate is 3000 OU/s, 
most of the building’s leeward facet is included in the 
odorous plume zone. However, most of the building’s 
side facet is excluded from odorous plume zone.

Fig. 8 presents Influencing area of the odorous plume 
zone for a two-building configuration. Although an 
emission rate of 1000 OU/s illustrates the same plume 
behavior as a one-building configuration (Fig. 7(a)), it 

was noticed that the plume tends to the cover rooftop 
surface and windward facet of a downstream building 
as the emission rate increases to 2000 OU/s (Fig. 8(b)). 
Again, it was noticed that the side facet of the second 
building is included in the odorous plume zone at an 
emission rate of 4000 OU/s. The results clearly indicate 
that the increasing emission rate has a great impact on 
the second building.

Fig. 9 shows influencing area of the odorous plume 
zone of a three-building configuration. In general, it was 
observed that a low emission rate (<4000 OU/s) has a 
similar odorous plume zone to that of a two-building 
configuration. However, the addition of a third build-
ing (B3), with an emission rate of 5000 OU/s, creates a 
much greater odorous plume zone on the surface of the 
second building in comparison with a two-building 
configuration. Therefore, most of the second building 
surface is covered with an odorous plume zone and the 
leeward facet of the third building is impacted by an 
odor plume at an emission rate of 5000 OU/s.

Fig. 6. Streamlines of vertical cross-section (Z = 0 m) and plan view at height Y = 5 m. (a) a one-building configuration, (b) a 
two-building configuration, (c) a three-building configuration.
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Fig. 7. Influencing area of the odorous plume zone (1 OU/m3) for a one-building configuration. (a) 1000 OU/s, (b) 2000 OU/s, 
(c) 3000 OU/s, (d) 4000 OU/s, (e) 5000 OU/s.

(a) Surface plume zone (ER = 1000 OU/s) (a) Side view (ER = 1000 OU/s)

(b) Side view (ER = 2000 OU/s)

(c) Side view (ER = 3000 OU/s)

(d) Side view (ER = 4000 OU/s)

(e) Side view (ER = 5000 OU/s)

(b) Surface plume zone (ER = 2000 OU/s)

(c) Surface plume zone (ER = 3000 OU/s)

(d) Surface plume zone (ER = 4000 OU/s)

(e) Surface plume zone (ER = 5000 OU/s)
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Fig. 8. Influencing area of the odorous plume zone (1 OU/m3) for a two-building configuration. (a) 1000 OU/s, (b) 2000 OU/s, 
(c) 3000 OU/s, (d) 4000 OU/s, (e) 5000 OU/s.

(a) Surface plume zone (ER = 1000 OU/s) (a) Side view (ER = 1000 OU/s)

(b) Side view (ER = 2000 OU/s)

(c) Side view (ER = 3000 OU/s)

(d) Side view (ER = 4000 OU/s)

(e) Side view (ER = 5000 OU/s)

(b) Surface plume zone (ER = 2000 OU/s)

(c) Surface plume zone (ER = 3000 OU/s)

(d) Surface plume zone (ER = 4000 OU/s)

(e) Surface plume zone (ER = 5000 OU/s)
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Fig. 9. Influencing area of the odorous plume zone (1 OU/m3) for a three-building configuration. (a) 1000 OU/s, (b) 2000 OU/s, 
(c) 3000 OU/s, (d) 4000 OU/s, (e) 5000 OU/s.

(a) Surface plume zone (ER = 1000 OU/s) (a) Side view (ER = 1000 OU/s)

(b) Side view (ER = 2000 OU/s)

(c) Side view (ER = 3000 OU/s)

(d) Side view (ER = 4000 OU/s)

(e) Side view (ER = 5000 OU/s)

(b) Surface plume zone (ER = 2000 OU/s)

(c) Surface plume zone (ER = 3000 OU/s)

(d) Surface plume zone (ER = 4000 OU/s)

(e) Surface plume zone (ER = 5000 OU/s)
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5. CONCLUsION
The effect of downstream buildings on near-field 

odor dispersion from rooftop odor emissions was in-
vestigated using computational fluid dynamics (CFD). 
The simulated flow and concentration results of neu-
tral stability condition were compared with the wind 
tunnel experiments. Although more comparisons are 
needed to derive firmer conclusions, this study has 
produced the following conclusions:

(1)   The horizontal mean velocity simulation results of 
a one-building configuration showed a reasonable 
level of agreement with wind tunnel data.

(2)   The result of the SST k-ω model with the Schmidt 
number Sct = 0.1 reveals good agreement with wind 
tunnel result for the concentration field.

(3)   In the case of a one-building configuration, as the 
odor emission rate increases, the odor plume touched 
the rooftop surface and was dragged downstream 
of the building. However, some odor plume moves 
to the building’s side facet but most of the odor 
plume moves to the building rooftop and leeward 
facet.

(4)   In the case of a two-building configuration, the 
plume tends to cover the rooftop surface and wind-
ward facet of the downstream building as the emis-
sion rate increases. The results clearly indicate that 
the increasing emission rate has a great impact on 
the second building.

(5)   In the case of a three-building configuration, the 
addition of a third building, with an emission rate 
of 5000 OU/s, creates a much greater odorous 
plume zone on the surface of the second building 
in comparison with a two-building configuration.
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