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Abstract

The main purpose of this research is to manage simultaneous measurement of ve-
locity and concentration in large cross sections by recording and processing images
of cloud structures to provide more detailed information for e.g. validation of CFD
simulations. Dispersion from an isolated stack in an Atmospheric Boundary Layer
(ABL) was chosen as the test case and investigated both experimentally and nu-
merically in a wind tunnel. Large Scale-Particle Image Velocimetry (LS-PIV), which
records cloud structures instead of individual particles, was used to obtain the veloc-
ity field in a vertical plane. The concentration field was determined by two methods:
Aspiration Probe (AP) measurements and Light Scattering Technique (LST). In the
latter approach, the same set of images used in the LS-PIV was employed. The test
case was also simulated using the CFD solver FLUENT 6.3. Comparison between
AP measurements and CFD revealed that there is good agreement when using a
turbulent Schmidt number of 0.4. For the LST measurements, a non-linear rela-
tion between concentration and light intensity was observed and a hyperbolic-based
function is proposed as correction function. After applying this correction function,
a close agreement between CFD and LST measurements is obtained.
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1 Introduction

Research on air pollution problems has reached major interest in the last
few decades due to increased environmental consciousness. As a result, there
is a growing demand for precise prediction of pollutant concentration, both
experimentally and numerically. Direct field measurements and wind tunnel
studies are the two main branches of the experimental approach. The for-
mer has the advantage of providing information on the real complexity of the
phenomenon (Wilson and Lamb, 1994). The limitation however is that many
governing parameters are simultaneously operative and uncontrollable (Gar-
cia Sagrado et al., 2002). Wind tunnel studies, on the other hand, provide
a controllable physical environment where the effect of various parameters
can be isolated and investigated separately (Meroney et al., 1999), (Contini
et al., 2006), (Gromke et al., 2008). The main disadvantage of wind tun-
nel tests is that they are time consuming, costly and usually simplified in
terms of physical modelling. Analytical and numerical approaches can also
be classified, based on the level of complexity. Semi-empirical, e.g Gaussian
models (Turner, 1970), and operational models of integral nature, e.g. OSPM
(Berkowicz, 2000) and ADMS-Urban (Carruthers et al., 1994), are simple and
easy-to-use tools, however they have a limited applicability. Simulations with
Computational Fluid Dynamics (CFD) can offer solutions for geometrically
complex situations. Although CFD is more demanding than the other calcu-
lation approaches in terms of the required resources, it is in many cases still
less expensive than experimental approaches. A main advantage of CFD is
that a single calculation provides “whole-flow-field data”. In contrast to oper-
ational models which have undergone many comprehensive formal evaluations
for their fitness for purpose, CFD models do not have such an evaluation
record in pollutant dispersion (Di Sabatino et al., 2007). There has currently
not been sufficient validation to make a reasonable estimate of the accuracy
of such concentration calculations (Riddle et al., 2004).

The primary goal of this paper is to manage simultaneous measurement of
velocity and concentration at large scales where only cloud structures and
not individual particles are traced. In this context, measurements of stack gas
dispersion were performed in a proper Atmospheric Boundary Layer (ABL)
wind tunnel. The velocity field has been measured with Large Scale-Particle

Email addresses: g.nakiboglu@tue.nl (Güneş Nakiboğlu),
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Image Velocimetry (LS-PIV). The concentration field has been obtained us-
ing two different techniques, namely Aspiration Probe (AP) measurements and
Light Scattering Technique (LST). The former is a well-established method
for point concentration measurements (Maroteaux, 1991). The latter is less
established, however, it has the advantages of being a non-intrusive and a pla-
nar measurement. For the LS-PIV and the LST, the same set of images were
employed. Thus, in this sense, simultaneous measurement of velocity and con-
centration was achieved. For a better understanding of the phenomenon and
for an extended comparison, the same case was also studied numerically. In
the numerical part of the research the commercial CFD software FLUENT 6.3
was used and approaches proposed in literature (Blocken et al., 2007), (Tom-
inaga and Stathopoulos, 2007) were followed. Although studying dispersion
of gases in a complex urban environment is essential and directly related to
the quality of life and safety of people living and working in such areas, it is
more appropriate to use a simple geometry for accuracy assessment purposes
in initial studies (Riddle et al., 2004). Thus, in this research, gas dispersion
from a single isolated stack in an ABL was studied, which is a well understood
common test case (Beychok, 1994), (Raza et al., 2001), (Blocken et al., 2008).

2 Wind Tunnel, Stack Model and Atmospheric Boundary Layer

Modeling

The experiments have been conducted in the Wind Gallery (Figure 1), an
atmospheric boundary layer wind tunnel at the von Karman Institute (VKI).
This facility is a low-speed, open-circuit, suction-type wind tunnel. It incor-
porates an air inlet, fitted with honeycombs, meshes and a three-dimensional
contraction. The test section is 1 m high, 1.3 m wide and 7 m long. A battery
of four ejectors is mounted at the back end to drive the airflow which can be
varied from 0.25 ms−1 to 1.2 ms−1. Four Irwin vortex generators (Irwin, 1981)
were placed at the entrance of the development section. In addition to the
spires, small cubic roughness elements with a specific size and arrangement
were fixed on the floor to control the properties of the induced boundary layer
(Degroote, 2005).

The model of isolated stack used in the wind tunnel experiments has an inner
(Di) and an outer (Do) diameter of 9 mm and 10 mm, respectively, and a
height (hs) of 100 mm. The velocity ratio (Vs/Us) at the stack is around 5.4.
Us is the streamwise wind speed of the approach flow at stack height and Vs

is the stack exhaust velocity. For both AP and LS-PIV/LST measurements,
the value of Vs leads to stack Reynolds numbers (Res) which are above the
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Fig. 1. Wind Gallery wind tunnel at von Karman Institute

Res limit of 2000 proposed by Snyder (1981), which is necessary to ensure
turbulent stack flow.

Measurements of the vertical approach flow profiles were performed at 0.1
m upstream of the stack with a boundary layer hot-wire probe which was cal-
ibrated with Laser-Doppler-Velocimetry (LDV) for very low velocities down
to 0.05 ms−1. For data acquisition the KUSB-3102 module of Keithley Instru-
ments, Inc. was used together with TestPointTM software. The profiles were
obtained from approximately 60 measurement locations along a vertical line,
with a high resolution near the wall region. A sampling rate of 20Hz and sam-
pling time of 60s were used. This rather long sampling time was chosen to
eliminate time localized fluctuations of the wind tunnel.

Initial attention was given to proper modeling of the turbulent boundary layer,
which requires validation of a minimum roughness Reynolds number (Re∗).

Re∗ =
u∗z0

ν
=

0.057ms−1
× 0.00144m

1.5 × 10−5m2s−1
= 5.47 (1)

where the friction velocity, u∗, was determined from the logarithmic vertical
profile of the mean wind speed in the wind tunnel. The aerodynamic rough-
ness length, z0, was determined using the height of the real roughness elements
(Ks = 18mm) and the linear relation proposed by Rau et al. (1991) for ho-
mogeneous terrains:

z0 = 0.08Ks (2)

Note that Ks is not the equivalent sand-grain roughness height (ks) but the
actual height of the individual roughness elements in the wind tunnel. The
full-scale aerodynamic roughness length (z0) is about 0.3 m. According to
Plate (1982), the roughness Reynolds number should be higher than 5 to en-
sure aerodynamically rough flow, but Snyder and Castro (1998) later showed
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that Re∗ = 1 is large enough. The current value of Re∗ = 5.47 satisfies these
criteria. Thus, at the end of development section, an aerodynamically rough
flow is obtained. Measured mean wind velocity (U/Us) and longitudinal tur-
bulence intensity (σu/U) profiles are presented in Figure 2. These profiles are
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Fig. 2. Mean velocity and longitudinal turbulence intensity profiles

representative of an ABL and will later be employed as boundary conditions
in the numerical modeling of the test case.

The typical turbulent length scale in the wind tunnel was also calculated.
The Lagrangian velocity autocorrelation function (Pope, 2000) was computed
using a time series that was obtained from a single spatial position in the
free stream. Then Taylor’s frozen turbulence approximation (Lumley, 1964)
was used to relate space and time. That is, a time lag and a mean-convecting
velocity give a spatial separation which is around 0.39m. These large scales
correspond to the typical length scale of the Irwin vortex generators at the
entrance of the development section.

3 Measurement Techniques

The following sections describe the different measurement techniques used, i.e.
Large Scale-PIV for the velocity measurements and Aspiration Probe measure-
ments and Light Scattering Technique for the concentration measurements.

3.1 Velocity Measurements: Large Scale-PIV (LS-PIV)

To determine the velocity field downstream of the stack, LS-PIV has been used,
where cloud structures are visualized instead of individual particles. The ex-
perimental set-up is presented in Figure 3 (a). The flow was illuminated with
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a double cavity pulsed Mini:YAG laser (New Wave Research) which has a
pulse power of 200mJ. One spherical and one cylindrical lens with proper
focal lengths were used to achieve a focalized light sheet. During the exper-
iments a PCO Sensicam-12 bit gray scale camera (PCO Imaging) was used
with a resolution of 1280 × 832. The synchronization was managed using the
MotionProX timing hub signal generator (IDT Inc).

Throughout the experimental campaign, depending on the case, either one
or two VKI built-in smoke generators have been used. One of these smoke
generators was employed to seed the upstream flow and the other was used
to create a plume from the stack. The working principle of these devices is
as follows (Scarano and Riethmuller, 1998): a nozzle sprays oil droplets on a
heated plate at 180◦C by means of compressed air at 1.8 bar. The oil evap-
orated from the plate exits the chamber and enters the wind tunnel through
flexible pipes. The created particles have a typical diameter in the range 1-3
µm. The outflow from the smoke generator that is used to create the plume
is first mixed with air before entering the wind tunnel through the stack, as
shown in Figure 3. The field of view was approximately 0.3 m × 0.4 m which

Fig. 3. Experimental set-ups for Large Scale-PIV:(a) and Aspiration Probe:(b) mea-
surements

is quite large compared to standard PIV applications. A typical instantaneous
image, acquired during the experiments, is presented in Figure 4. For the dig-
ital image processing of the PIV images, the WIDIM (Window Displacement
Iterative Multigrid) algorithm developed by Scarano (1997) was used. The
average and RMS flow fields were obtained using 500 image couples per case.
To improve the process of averaging, a technique called signal-to-noise ratio
filtered averaging, was used (Nakiboglu, 2008). In this approach, only vali-
dated vectors from each instantaneous field were used in the averaging. The
threshold for signal-to-noise ratio for validation was chosen as 1.5, which is
the default value of WIDIM.
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Fig. 4. A typical instantaneous image, acquired during the experiments
(Do = 10mm, Vs/Us = 5.4)

3.2 Concentration Measurements: Aspiration Probe Measurements

Measurements of the instantaneous concentration were first performed with
an aspiration probe (also known as hot-wire-sonic nozzle probe) manufactured
at the VKI. This method is a reliable intrusive point measurement technique
(Maroteaux, 1991). The working principle is based on the properties of a con-
stant temperature hot-wire sensor combined with a sonic nozzle. The hot-wire
is sensitive to the velocity, temperature, pressure and physical properties of the
fluid flowing around it. The sonic nozzle makes the hot-wire output insensitive
to the free stream velocity. In addition, in the present experiments, the change
in temperature and pressure is negligible. Consequently, the hot-wire voltage
depends only on the physical properties of the fluid, meaning its composition.
Therefore the device is capable of measuring tracer gas concentrations.

Due to its high traceability in air, Helium was used as tracer gas. By using a
calibration box, the gas mixture ejected from the stack had a known source
concentration (Cs). Throughout the experiments a mixture of air (90%) and
Helium (10% by mass) was introduced from the stack, which exhibits approx-
imately neutrally buoyant plume characteristics. A sampling needle, namely
Prandtl tube of 1mm diameter was used together with a vacuum pump to
choke the flow in the sonic hole as shown in Figure 3 (b). Helium gas measure-
ments were performed at 38 locations along seven vertical lines downstream
of the stack. For each point, measurements were taken during 60s with a sam-
pling frequency of 50Hz.
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3.3 Concentration Measurements: Light Scattering Technique

More complete data sets for pollutant dispersion can be obtained by measur-
ing concentrations in a plane. 2D laser optical concentration measurements
are very favorable in this sense (Garcia Sagrado et al., 2002). In general, the
intensity of the light scattered from the particles is proportional to the lo-
cal particle density in the light sheet (van de Hulst, 1957). When introducing
seeded air from the stack into the unseeded air in the wind tunnel, the number
of scattering particles in each unit volume of the flow field will be reduced as
the control volume moves downstream of the seeding source and the intensity
of the scattered light will diminish proportionally. In the present study, the
same set of images that was used for the PIV study was also employed for the
LST measurements. Thus, the velocity and the average concentration field
were measured simultaneously.

The images were processed on averaging windows of 10 × 10 pixel size us-
ing the following procedure:

(1) The relative concentration was calculated by eliminating the effect of
background light and non-uniformity of the illumination using the fol-
lowing relation:

C

Cs

=
I − Ib

Is − (Ib)s

(I0)s

I0

(3)

Where C, Cs and I, Is are the concentration and light intensity at a given
location and at the exit of the stack respectively. Ib and (Ib)s refer to the
background light intensity. I0 and (I0)s refer to the light intensity of a
uniformly seeded background.

(2) When there is an excessive amount of particles in the flow, multiple scat-
tering occurs, leading to an attenuation of the scattered light intensity
reaching the camera. Equation 3 needs to be corrected through a non-
linear function, affecting mostly the higher concentration regions. Fur-
thermore, this function should preserve the extremities of the relative
concentration at 0 and 1 and the function should be concave in nature.
In addition the function should have a finite gradient at 0. Hyperbolic
functions in general satisfy these requirements and the following equation
was derived for this purpose:

CReal

(CReal)s

= 1 −
tanh

(

β
(

1 −
CLST

(CLST )s

))

tanh(β)
(4)

where CReal, (CReal)s and CLST , (CLST )s are the real concentration and
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the concentration estimated from the LST measurements at a chosen
location and at the exit of the stack, respectively. The coefficient β has
to be determined from calibration, which can be performed based on a
limited number of AP point measurements or based on validated CFD
simulations.

4 Numerical simulations

CFD models are increasingly used to investigate atmospheric dispersion pro-
cesses in the lower region of the ABL (Chang and Meroney, 2003). In the
present study the CFD simulations were used to determine the coefficient β
in equation 4. For this purpose, a first set of simulations was performed to
validate the CFD simulations with the AP measurements. Afterwards these
validated simulation settings were used for performing simulations that could
be compared with the LST measurements. An accurate prediction of the dis-
persion phenomenon highly depends on successful ABL modeling (Blocken et
al., 2007). Thus, initial attention in the numerical part of the research was
given to the simulation of the ABL, as created in the wind tunnel. Secondly,
the dispersion from the single isolated stack was investigated using the veri-
fied ABL and the simulations were compared with the LS-PIV, AP and LST
measurements.

4.1 Simulation of the atmospheric boundary layer

The common practice in most CFD investigations is that the upstream terrain
of the region of interest is not modeled, but instead fully developed inlet pro-
files of velocity and turbulent quantities are specified at the inlet plane of the
computational domain. These profiles should be representative of the upstream
region that is not included in the computational domain. A problematic part
is the definition of proper wall functions at the bottom of the domain such
that the vertical profiles of the mean wind speed and turbulence as defined at
the inlet have a zero streamwise gradient. This is referred to as a horizontally
homogeneous ABL. The difficulty of achieving such a boundary layer has al-
ready been highlighted in the literature (Riddle et al., 2004), (Blocken and
Carmeliet, 2006). Thus, first a set of 2D simulations was performed to achieve
a horizontally homogeneous ABL using the method proposed by Blocken et
al. (2007).

In this study the standard k-ǫ turbulence model (Jones and Launder, 1972)
was used. As the turbulence model assumes isotropic turbulence, the reported
turbulence intensity profile in Figure 2 was converted to turbulent kinetic
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energy (k) as follows:

k(z) =
3

2
σu

2 (5)

where σu is the standard deviation of the velocity fluctuations in the x-
direction. The inlet profile for the turbulence dissipation rate ǫ was determined
using the following formula (Tominaga et al., 2008), (Gorlé et al., 2009):

ǫ =
√

Cµk(z)
dU

dz
(6)

which implies the equilibrium of turbulence production and dissipation. The
default value of 0.09 was used for Cµ. For the wall boundary condition the
relation proposed by Blocken et al. (2007) which brings the wall functions
(Launder and Spalding, 1974) in equilibrium with the velocity inlet profile
was employed. For FLUENT 6.3 this relation is given as

ks,ABL =
9.793z0

CKs

(7)

where ks,ABL is the equivalent sand-grain roughness height as defined in FLU-
ENT for the rough wall function and CKs is a constant, required for the wall
function. There are two constraints which should be taken into account in this
approach as highlighted in the FLUENT manual. First, ks,ABL should be less
than the half of the height of the wall-adjacent cell. Second, CKs should be
less than one. However, if both constraints are respected even for the largest
possible CKs value, it is not possible to satisfy Equation 7. Therefore the re-
quirement of limiting CKs to 1 was ignored and higher values were defined
through a user-defined function (UDF).

In these 2D simulations for testing the horizontal homogeneity of the ABL,
an empty domain of length 0.7m and height of 0.6m was used. To generate
the grid GAMBIT 2.3.16. was employed. A structured grid was used which
was highly clustered close to ground level, to have enough resolution in the
lower range of ABL. The height of the wall-adjacent cell was set at 0.008m.
With z0 = 0.00144 m and ks = 0.004 m, CKs was set as 3.53 through Equation
7. A total of 6600 quadrilateral cells (88 × 75) were employed. The SIMPLE
algorithm was used in the simulations and all discretization schemes were set
to second order (Franke et al., 2004). The iterations were terminated when all
residuals had dropped at least 8 orders of magnitude. The resulting velocity
and turbulence properties at the inlet and the outlet of the computational do-
main are presented in Figure 5. It can be noticed that horizontal homogeneity
was achieved for the velocity profile but not for the turbulence properties. The
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Fig. 5. Comparison of velocity and turbulence properties between the inlet (exper-
imental data) and outlet planes

horizontal homogeneity of the turbulence properties could be improved by ad-
justing the inlet profiles and the constants Cµ and σǫ in the k-ǫ turbulence
model as described by Gorlé et al. (2009). In the 3D simulations of the stack
gas dispersion however, the turbulent kinetic energy is only used indirectly
through the turbulent viscosity, µt = ρCµk

2/ǫ, and the horizontal variation
hereof is limited as shown in Figure 5.

4.2 Simulation of stack gas dispersion

4.2.1 Computational model and boundary conditions

The 3D domain used for the simulations had a length of 0.7m, a width of
0.65m and a height of 0.6m. The stack was located at 0.1m from the inlet and
had a height of 0.1m. The model had a symmetry plane through the centerline
of the stack in the streamwise direction to decrease the computational load.
The grid was constructed by gridding the ground surface with unstructured
quad cells, which were clustered close to the stack by means of size functions.
Using the Cooper scheme (Fluent Inc., 2006) this face grid was extruded along
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the height of the domain to obtain 3D cells. The height of the wall-adjacent
cells was identical to the one used for the 2D ABL simulations. Approximately
350000 cells were created with a skewness angle less than 0.4 for all cells. The
computational domain and the grid within are presented in Figure 6. In the
simulations which are compared with the AP measurements, the stack exit
velocity was determined from the measured value and that for the comparison
with the LST was determined based on fitting the plume centerline deflection.
Simulation parameters that are not explicitly mentioned here were taken the
same as for the 2D test simulations.
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Fig. 6. Grid that is created in GAMBIT 2.3.16. for 3D stack gas dispersion

4.2.2 Dispersion Modelling

To determine the concentration distribution, species transport calculations
were performed by solving the scalar advection-diffusion equation, employing
Fick’s law of diffusion. When the flow is turbulent, Fick’s law of diffusion takes
the following form;

Ji = −(ρDi,m + ρDt)∇Yi (8)

where Ji is the diffusion flux of chemical species, i; in this case Helium, Yi

is the mass fraction of the species, Di,m and Dt are the molecular mass dif-
fusion coefficient and the turbulent mass diffusion coefficient, respectively. In
turbulent flows the dominant term for diffusion is the turbulent mass diffusion
coefficient which is expressed as follows,

Dt =
µt

ρSct

(9)
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where µt is the eddy viscosity and Sct is the turbulent Schmidt number. The
reported optimum values for Sct in the literature are widely distributed in the
range of 0.2-1.3 and the specific value selected has a significant effect on the
results (Tominaga and Stathopoulos, 2007). Early studies of CFD modeling
of turbulent mass transport (Spalding, 1971), (Launder, 1978) pointed out
that values of Sct between 0.7 and 0.9 provided the best agreement with
experimental results. However, recent studies comparing CFD with proved
integral models and experiments for dispersion in the ABL (Riddle et al.,
2004), (Di Sabatino et al., 2007), (Blocken et al., 2008) showed that increasing
the plume dispersion by reducing the Sct to values around 0.3 and 0.4 improves
the predicted concentration levels. Thus, in this study, different Sct numbers
as proposed in the literature are investigated.

5 Comparison of results

A comparison of the results obtained from the different measurements and
the CFD simulations is presented for the regions where both experimental
and numerical data are available. This region starts at the stack and extends
to 30 stack diameters (SD) downstream. First, the velocity fields obtained
from LS-PIV and CFD are addressed. Second, a comparison between the AP
concentration measurements and the CFD results is presented and finally the
comparison between the LST measurements and CFD is discussed.

5.1 Velocity field

First, a comparison between different seeding configurations as mentioned in
section 3.1 was performed. The results showed that seeding the flow not only
from the stack but also from the free stream improves the valid vector ratio
(VVR), as expected. The flow seeded from the stack only had a VVR of 73.6%.
This rather low VVR is mainly due to the region upstream of the stack where
there is no seeding and the area very close to the exit of the stack where there is
excessive seeding. Introducing seeding in the free stream improved the results
by as much as 13%. However, upstream seeding is not an option for optical
concentration measurement techniques because it would be a second source
of concentration. Thus, it is important to know how successfully the velocity
field can be obtained by seeding the flow only from the stack. In Figure 7
the velocity profiles that were obtained by means of PIV measurements with
seeding from the stack only and seeding from the stack and the upstream are
compared with each other. It is observed that the difference in the velocities
between the two seeding configurations decreases when moving downstream.
Behind 7.5 SD downstream the maximum and average differences are already
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Fig. 7. Comparison of mean streamwise velocity profiles at various distances down-
stream of the stack with different seeding configurations

less than 8% and 2%, respectively. Thus, seeding the flow only from the stack
is sufficient to get the velocity information and simultaneously allows to ob-
tain the concentration field by means of LST.

It should also be highlighted that from the PIV images it was observed that
dense clouds of particles coming out of the stack move like blocks. As a result,
the motion of cloud structures can not be captured which leads to very low
(< 0.5) signal-to-noise ratios in that region. Thus, both seeding configurations
are not reliable in resolving the velocity at the stack exit and in the region
close to the stack.

Figures 8 and 9 show that there is a good agreement between CFD and PIV
results, not only in the mean but also in fluctuating component of the velocity
field, especially after 2.5 SD downstream of the stack. To be able to compare
the fluctuating components of velocity that were obtained during the PIV
measurements in streamwise (σu) and lateral directions (σv) with isotropic
turbulent CFD simulations; the isotropic velocity fluctuation (σiso) was cal-
culated through the following relation: σiso = [(σu + σv)/2]0.5. It is seen from
Figure 9 that the difference between the horizontal and vertical fluctuations
of the velocity is quite large at the cross section x = 2.5 SD. Thus, the as-
sumption of isotropic turbulence in the CFD simulations with the standard
k-ǫ model is less appropriate at this position. Together with the low signal-to-
noise ratios in the proximity of the stack, this can be the main reason of the
discrepancy between the simulations and experiments in the region close to
stack. The region close to stack could be better resolved in the experiments,
simply by decreasing the density of the particles coming out of the stack. This
would, however, decrease the amount of scattered light, which is unfavourable
for the LST measurements.
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Fig. 8. Comparison of mean streamwise velocity profiles at various distances down-
stream of the stack obtained by CFD and PIV

σ [m/s]

z
[m

]

0 0.2 0.4 0.6
0.1

0.15

0.2

0.25

0.3
CFD
PIV - σu

PIV - σv

PIV - σiso

x = 2.5 SD

σ [m/s]

0 0.2 0.4 0.6
0.1

0.15

0.2

0.25

0.3
x = 7.5 SD

σ [m/s]

0 0.2 0.4 0.6
0.1

0.15

0.2

0.25

0.3
x = 12.5 SD

σ [m/s]

0 0.2 0.4 0.6
0.1

0.15

0.2

0.25

0.3
x = 17.5 SD

σ [m/s]

0 0.2 0.4 0.6
0.1

0.15

0.2

0.25

0.3
x = 22.5 SD

Fig. 9. Comparison of σ profiles at various distances downstream of the stack ob-
tained by CFD and PIV

5.2 Concentration field from AP measurements and CFD

The concentration fields obtained by the AP measurements and the CFD
simulations are presented in Figure 10, for three different turbulent Schmidt
numbers: 0.4, 0.7 and 1. It is noticed that the lower turbulent Schmidt num-
ber 0.4 provides a better agreement with the experimental data. This is in
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agreement with the findings of Di Sabatino et al. (2007) and Blocken et al.
(2008). A point-wise comparison of the experimental and CFD data is pre-
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Fig. 10. Comparison of relative Helium concentrations at various distances from the
stack determined by AP measurements and CFD (with different Sct numbers)

sented in Figure 11. The concentrations measured with the AP and obtained
from the CFD simulations are in agreement within a relative concentration
(C/Cs) band of 0.04, which is considered a very close agreement.
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Fig. 11. Point-wise comparison of experimental data obtained by AP measurements
and CFD (with different Sct numbers)

5.3 Concentration field from LST measurements and CFD

A comparison of the concentration field measured with LST and calculated
with CFD is presented in Figure 12. The figure includes “LST Raw”, which
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is the relative concentration corrected for the background light and non-
homogeneity of the illumination using Equation 3 and “LST Tanh”, which
includes the additional correction for the failure of independent light scatter-
ing according to Equation 4. The coefficient β in this equation was determined
as 1.7 for this set of experiments based on the CFD simulations validated with
the AP measurements.
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Fig. 12. Comparison of concentration fields obtained by LST measurements and
CFD. “LST Raw” and “LST Tanh” stand for the raw data and the data corrected
with Equation 4, respectively.

It is noted that “LST Raw” overestimates the concentration. This is explained
by the fact that, at the stack exit, an excessive amount of particles is present,
which does not result in independent scattering and thereby leads to an un-
derestimated concentration at this location. Since the stack exit was chosen as
the reference location for the determination of the relative concentration ac-
cording to Equation 3, the relative concentration will be overestimated. When
introducing the correction as proposed by Equation 4, this overestimation is
eliminated. It is shown that the proposed correction is successful both at high
and at low concentration levels.

6 Discussion

LS-PIV/LST was successfully implemented to obtain simultaneously the ve-
locity and concentration fields. However, a few limitations need to be men-
tioned. In the LS-PIV/LST measurements, the direct determination of the
stack exit velocity was not possible. The rotameter could not be used because
the smoke in the flow would lead to inaccurate flowrate measurements. The
determination of the exit velocity by LS-PIV was also not possible, due to the
dense seeding coming out of the stack; the block motion of the plume hinders
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the formation of cloud structures. It is important that future research focuses
on accurate source identification in case of seeding of the stack by smoke.
Non-intrusive techniques like conventional PIV or LDV could be envisaged.

It should be noted that, because of the inability to correctly determine the
stack exit velocity during the LS-PIV experiments, somewhat different mo-
mentum ratios were used for AP and LS-PIV/LST measurements. Conse-
quently, a direct comparison between both sets of results was not possible.
For this reason, the AP measurements were used to validate the first set of
CFD simulations and to determine the optimal turbulent Schmidt number.
The second set of CFD simulations, for the LS-PIV/LST case, were performed
using this same turbulent Schmidt number.

The buoyancy effect due to the higher temperature of the smoke could poten-
tially introduce another problem. In the present study this effect was limited
because the outflow from the smoke generator used to create the plume was
first mixed with air before entering the wind tunnel through the stack. This
decreased the temperature of the mixture to achieve a nearly naturally buoy-
ant plume. A preliminary test was conducted with a horizontal jet to observe
the buoyancy characteristic of the plume. The jet showed no vertical deviation
within a downstream distance of 1m, indicating that the smoke was probably
compensating for the buoyancy due to temperature. At a further distance, the
smoke rained out, causing the jet to go down.

Since the study was performed at model scale, the stack Reynolds number, as
well as the Reynolds number for the flow around the stack, are much smaller
than they would be in full-scale conditions. Since the main purpose of this
study was the demonstration of simultaneous velocity and concentration mea-
surements and CFD validation based on these measurements, this is not con-
sidered problematic for this study.

7 Conclusion

Gaseous pollutant dispersion from a single, isolated stack in an Atmospheric
Boundary Layer (ABL) has been investigated by means of experiments in the
Wind Gallery facility at the VKI and numerical simulations with the CFD
code FLUENT 6.3. In the experimental part the velocity field was measured
with Large Scale-Particle Image Velocimetry (LS-PIV) where the movement
of structures was correlated instead of particles. The concentration field was
obtained by aspiration probe (AP) measurements and the Light Scattering
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Technique (LST). In the numerical part, initial attention was given to proper
modeling of the atmospheric boundary layer, to allow correct modeling of the
gas dispersion in a second phase.

LS-PIV was successfully implemented to obtain the velocity field. Different
seeding configurations were studied and it was concluded that introducing par-
ticles only from the stack is sufficient to obtain the velocity field. This seeding
configuration is necessary to allow for simultaneous concentration measure-
ments by LST. It was also noticed that the determination of the velocity is
problematic in the region close to the stack. The dense seeding coming out of
the stack leads to a block motion of the plume which hinders the formation
of cloud structures. Thus, it was not possible to obtain reliable information
about the velocity field in the region between the stack and 2.5 stack diame-
ters downstream.

Concentration measurements with AP confirmed the reliability of this method.
However, it has the inherent limitation of being a point measurement tech-
nique. It was shown that the same set of images used for LS-PIV can also be
used for concentration measurements through LST which will lead to 2D field
information instead of a point measurement. A non-linear relation between the
scattered light and concentration was observed. A hyperbolic-based function
was proposed for the correction.

The velocity profile of the ABL that was generated in the wind tunnel was
successfully modeled in the CFD simulations using the proposed approaches in
the literature. The importance of the turbulent Schmidt number for dispersion
simulations was confirmed. Agreeing with other recent studies, it was shown
that decreasing the Sct to 0.4 improves the prediction of the concentrations
and yields a very close agreement of the CFD results with both AP and LST
measurements.
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