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ABSTRACT 
This research presents Computational Fluid Dynamics (CFD) simulations in 

ANSYS illustrating emissions of carbon dioxide to the air. The CFD 

simulations is employed to study plume transport in urban environment, i.e., 

Breivika port in the city of Tromsø. The case study presents a two-phase 

model considering specific wind strength and direction in the city of Tromso. 

Geographical coordinates, temperature, and wind data were obtained from 

the open sources, such as Google Maps, and Norwegian Meteorological 

Institute. The result from the simulations indicates a potential outcome with 

respect to various weather conditions. It was revealed for vessels less than 

30 meters chimney height, the higher the wind strength, the lower the 

plume dispersion, causing the plume to stay closer to the terrain. This brings 

in a concentrated emission of pollutants closer to the public areas. The 

terrain in the model is recognizable for the Tromsø port’s location. From the 

CFD results, it is illustrated that onshore wind with high wind strength could 

affect the environment. The results simulated in OpenFOAM are qualitatively 

showing the same as visible in ANSYS.. 

 
 

1. INTRODUCTION  
1.1. Computational Fluid Dynamics (CFD) 
Computational fluid dynamics (CFD) is a science that, with the help of digital computers, 
produces quantitative predictions of fluid-flow phenomena based on the conservation laws 
(conservation of mass, momentum, and energy) governing fluid motion [1,2]. CFD has 
increased in importance and in accuracy; however, its predictions are never completely exact. 
Because many potential sources of error may be involved, one has to be very careful when 
interpreting the results produced by CFD techniques [3-5]. The key to various numerical 
methods is to convert the partial different equations that govern a physical phenomenon into 
a system of algebraic equations. Different techniques are available for this conversion. CFD 
is merely a tool for analyzing fluid-flow problems [6-9]. If it is used correctly, it can provide 
useful information cheaply and quickly. Different kinds of numerical methods are used in 
CFD, for example, the finite-difference, finite-element, finite volume, spectral method, and 
spectral element methods [10,11]. They share the common approach that discretizes the 
Navier-Stokes equations into a system of algebraic equations.  
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CFD stands for computational fluid dynamics which is based on three principles: 
conservation of momentum, energy, and mass [6]. Conservation of mass is presented in 
equation and the symbols are shown in Equation 1, 
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where 𝜌𝜌 is fluid density, 𝑡𝑡 is time, 𝑢𝑢 is fluid velocity in x-direction, 𝑣𝑣 is fluid velocity in y-
direction, and 𝑤𝑤 is fluid velocity in z-direction. 
 

The formula for conservation of momentum is given by the Navier-Stokes equation in x, y 
and z directions, respectively, as shown in Equations 2, 3 and 4, 
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where 𝑝𝑝 is pressure, 𝑈𝑈�⃗  is velocity vector (𝑢𝑢𝑢𝑢 +  𝑣𝑣𝑣𝑣 +  𝑤𝑤𝑤𝑤), 𝑝𝑝 is a body force vector 

(𝑝𝑝𝜕𝜕𝑢𝑢 + 𝑝𝑝𝜕𝜕𝑢𝑢 + 𝑝𝑝𝛿𝛿𝑤𝑤), and 𝜏𝜏 is a shear stress tensor described as �
𝜏𝜏𝜕𝜕𝜕𝜕 𝜏𝜏𝜕𝜕𝜕𝜕 𝑡𝑡𝜕𝜕𝛿𝛿
𝜏𝜏𝜕𝜕𝜕𝜕 𝜏𝜏𝜕𝜕𝜕𝜕 𝜏𝜏𝜕𝜕𝛿𝛿
𝜏𝜏𝛿𝛿𝜕𝜕 𝑡𝑡𝛿𝛿𝜕𝜕 𝜏𝜏𝛿𝛿𝛿𝛿
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1.2. Gaussian Plume Model 
The Gaussian plume model is the most common air pollution model [12,13]. It is based on a 
simple formula that describes the three-dimensional concentration field generated by a point 
source under stationary meteorological and emission conditions. Gaussian-based dispersion 
models are widely used to estimate local pollution levels [14,15]. The dispersion of plume 
which is emitted from a chimney is governed by many factors i.e., wind direction, wind speed, 
turbulence intensity, local terrain and temperature. 

A point source somewhere in the air where a pollutant is released at a constant rate Q (kg/s). 
The wind is blowing continuously in a direction x (measured in meters from the source) with 
a speed U (m/s). The plume spreads as it moves in the x direction such that the local 
concentrations 𝐶𝐶(𝑝𝑝, 𝑝𝑝, 𝑝𝑝) (kg/m3) at any point in space form distributions which have shapes 
that are “Gaussian” or “normal” in planes normal to the x direction produce a Gaussian Plume 
Model as given in Figure 1. 

The parameters 𝜎𝜎𝜕𝜕 and 𝜎𝜎𝛿𝛿 are the standard deviations of these Gaussian distributions, which 
indicate the spread of the plume in the y and z directions, respectively. They increase with the 
distance x from the source. The area under the distribution, determined by integration of the 
functions given above between plus and minus infinity, is equal to unity. Combining these 
two-dimensional shape distributions by multiplying the functions together gives us the 
function for the shape of the distribution in three-dimensions (a kind of “hill” of pollutant) 
[16] as shown in Equation (5), 
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Figure 1. A representation of a Gaussian plume model [11]. 
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where 𝐶𝐶(𝑝𝑝, 𝑝𝑝, 𝑝𝑝) is local concentration of plume in the x direction (kg/m3), 𝑄𝑄 is pollutant 
release rate (kg/s), 𝑈𝑈 is speed of wind blowing in x-direction (m/s), 𝜎𝜎𝜕𝜕  is standard deviation 
of the Gaussian distribution along the y-axis, 𝜎𝜎𝜕𝜕  is standard deviation of the Gaussian 
distribution along the z-axis, 𝐻𝐻𝑒𝑒  is effective height of plume center-line (m) equal to  
(𝐻𝐻𝑠𝑠 + ∆ℎ), 𝐻𝐻𝑠𝑠 is height of source above ground (m), ∆ℎ is initial plume rise (m), 𝑝𝑝 is 
coordinate measured vertically from the ground to a point in the plume (m), and 𝑝𝑝 is coordinate 
measured along the y-axis to a point in the plume (m). 
 

Hence, the concentration is equal to the rate of emission from the source divided by the 
wind speed and then multiplied by the shaping function. This distribution measures y and z 
normally from the x-axis (the x-axis may also be considered to be the direction of the 
centerline of the plume. In practice, the source will usually be raised above the ground (for 
example the exit of a chimney). Hence, we need to modify the z coordinate so that it is 
measured from the ground. 
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1.3. The Vortex Effect 
In fluid dynamics, a vortex is a region in a fluid in which the flow revolves around an axis 
line, which may be straight or curved. Vortices form in stirred fluids, and may be observed in 
smoke rings, whirlpools in the wake of a boat, and the winds surrounding a tropical cyclone, 
tornado or dust devil [17,18]. 

Vortices are a major component of turbulent flow. The distribution of velocity, vorticity 
(the curl of the flow velocity), as well as the concept of circulation are used to characterize 
vortices. In most vortices, the fluid flow velocity is greatest next to its axis and decreases in 
inverse proportion to the distance from the axis. In the absence of external forces, viscous 
friction within the fluid tends to organize the flow into a collection of irrotational vortices, 
possibly superimposed to larger-scale flows, including larger-scale vortices. Once formed, 
vortices can move, stretch, twist, and interact in complex ways. A moving vortex carries some 
angular and linear momentum, energy, and mass, with it [19]. 
 

 
Figure 2: Illustration of the vortex-effect [20]. 
 
2. METHODOLOGY 
In this study, CFD analysis was performed for four cases of Gaussian carbon dioxide plume 
models with varying chimney heights in ANSYS as shown in Tables 1. For qualitative 
comparison, only the critical cases are repeated in OpenFOAM as shown in Table 2. 
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Table 2. CFD Simulations in ANSYS  

chimney height (m) 𝒗𝒗𝒙𝒙 (m/s) 𝒗𝒗𝒚𝒚 (m/s) 
30 0 15 

0 3.3 
0 1 

20 0 15 
0 3.3 

10 0 15 
0 3.3 

5 0 15 
-5 4.25 

 
Table 2. CFD Simulations in OpenFOAM 

chimney height (m) 𝒗𝒗𝒙𝒙 (m/s) 𝒗𝒗𝒚𝒚 (m/s) 
30 0 5 

-5.4 25 
 
2.1. ANSYS 
The ANSYS workbench [21] is used to design the model. The working plane in x, y, and z 
direction is chosen and the sketching is done. First, a rectangle is created in the wanted 
dimension where the emission will operate. The construction is a rectangle with a pipe inside, 
this to simulate a “room” where the gas is released. This box shape allows to have a controlled 
inlet and outlet of wind, just as a barrier or a wall. One short side represents wind inlet, the 
second short side represents the wind outlet. The terrain is assumed to be a flat, and the 
remaining walls are “closed”, so the Figure is designed to have a tunnel function.  
 

 
Figure 3: Mesh concentrated to the plume outlet, seen from bottom of Figure. 
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Figure 4: Emission after 60.6 seconds. 

 
The simulation was constructed like a rectangle with a stack inside, to simulate the “room” 

where the emission is released. The size of the rectangle is 50 meters *100 meters *50 meters, 
and the pipe inside is centered, so the pipe is located 20 meters away from the short-left hand 
side. The given dimensions for the pipe are diameter 2 meters, height 5 meters. The diameter 
of the pipe is set to a realistic measure and have the plume-shape as expected. 

To make the simulation as realistic as possible, the most precise location of the simulated 
area, including existing construction, was used as part of the input data. The programs used 
for this purpose were Google Earth Pro [22] and TCX Converter [23]. The collection of data 
points in both distance and height are done using Google Earth Pro. By using the path-function 
in the software it is possible to collect points with longitude, latitude and altitude, by marking 
the elements, later called points, which were selected and included in the models shown in 
Figure 5. 
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Figure 5: Path containing coordinates near Port of Tromsø, location Breivika 

 
The model is set together of the model file made in SolidWorks and the coordinate file for 

the buildings. Fluid Flow (Fluent [24]) analysis system is used, and the function Design 
Modeler was opened. The terrain-file made in SolidWorks was imported as an external 
geometry file. When the terrain is visible, the function point was indicated and the file with 
the coordinates of the buildings were imported. The buildings inside the domain for the 
cylinder were taken into account. To create the buildings, lines were drawn between the 
different points for the different buildings, generated and thereafter extruded to the wanted 
height, approximately the height of the buildings as shown in Figures 6 and 7.  
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Figure 6: Geometry added to terrain constructed out of geometric points. 
 

 
Figure 7: Each building has its own actual height. 
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Mesh sensitivity analysis was performed to optimize the CFD model. The solution 

converges at 15 million elements considering the computational power and size of the domain 
as shown in Figures 8 and 9. 

 

 
Figure 8: Mesh concentrated around buildings in the terrain. 

 

 
Figure 9: Mesh seen from the bottom. 
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3. RESULTS AND DISCUSSION 
The two-phase model considers wind strength and wind direction, so the result from the 
simulations indicates a potential outcome if the weather conditions are optimal. CFD 
simulations were executed to estimate emissions to the air. The highest carbon dioxide content 
(volume fraction) is colored red, and the smallest amount is colored blue. The OpenFOAM 
results illustrate the emission dispersion in the same way as ANSYS. It is easy to see the 
emission flow following the Gaussian Plume model. 

From the CFD results, the flow of carbon dioxide near buildings increases when the vessel 
height decreases, and wind strength increases, as shown in Figure 10. This is because half of 
the emissions flow against the sea and would disperse before it reaches land. 
 

 
Figure 10: Effect of Wind Strength and Vessel Height on the impact of the plume 
 

With high wind strength, the emission drops faster and will influence closer to the terrain. 
Low wind strength would make the emission rise above the heights in the landscape and even 
right up. This could result from emissions of vessels with a height of 30 meters or higher. The 
emission from a tall vessel might not affect or cause significant pollution in nearby terrain. 

The results also illustrate the pollution disperse with low wind strength. The swirling of the 
pollution is maintained when the strength of the outlet of the pollution decreases. This type of 
effect can also occur between buildings or when pollution gets trapped, for instance, in a 
corner of a building. This could result from emissions of vessels with a height of 30 meters or 
higher. The emission from a tall vessel might not affect or cause significant pollution in nearby 
terrain. The results also illustrate the pollution disperse with low wind strength. The swirling 
of the pollution is maintained when the strength of the outlet of the pollution decreases. This 
type of effect can also occur between buildings or when pollution gets trapped, for instance, 
in a corner of a building. 
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3.1. Chimney Height 30m (ANSYS) 
The emission profile due to the velocity vector of 15m/s wind condition in y-direction is 
shown in Figures 11 and 12. 
 

 
Figure 11: The emission profile under 15 m/s wind conditions (side view). 

 

 
Figure 12: The emission profile under 15 m/s wind conditions (top view). 
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The emission profile due to the velocity vector of 3.3 m/s wind condition in y-direction is 

shown in Figures 13 and 14. 
 

 
Figure 13: The emission profile under 3.3 m/s wind conditions (side view). 

 

 
Figure 14: The emission profile under 3.3 m/s wind conditions (top view). 
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The emission profile due to the velocity vector of 1 m/s wind condition in y-direction is 

shown in Figures 15 and 16. 
 

 
Figure 15: The emission profile under 1 m/s wind conditions (side view). 

 

 
Figure 16: The emission profile under 1 m/s wind conditions (top view). 
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3.2. Chimney Height 20m (ANSYS) 
The emission profile due to the velocity vector of 15 m/s wind condition in y direction is 
shown in Figures 17 and 18. 
 

 
Figure 17: The emission profile under 15 m/s wind conditions (side view). 
 

 
Figure 18: The emission profile under 15 m/s wind conditions (top view). 
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The emission profile due to the velocity vector of 3.3 m/s wind condition in y directions 

is shown in Figures 19 and 20. 
 

 
Figure 19: The emission profile under 3.3 m/s wind conditions (side view). 

 

 
Figure 20: The emission profile under 3.3 m/s wind conditions (top view). 
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3.3. Chimney Height 10m (ANSYS) 
The emission profile due to the velocity vector of 15 m/s wind condition in y direction is 
shown in Figures 21 and 22. 
 

 
Figure 21: The emission profile under 15 m/s wind conditions (side view). 
 

 
Figure 22: The emission profile under 15 m/s wind conditions (top view). 
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The emission profile due to the velocity vector of 3.3 m/s wind condition in y direction is 

shown in Figures 23 and 24. 
 

 
Figure 23: The emission profile under 3.3 m/s wind conditions (side view). 

 

 
Figure 24: The emission profile under 3.3 m/s wind conditions (top view). 
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3.4. Chimney Height 5m (ANSYS) 
The emission profile due to the velocity vector of 15 m/s wind conditions in y direction is 
shown in Figures 25 and 26. 
 

 
Figure 25: The emission profile under 15 m/s wind conditions (side view). 
 

 
Figure 26: The emission profile under 15 m/s wind conditions (top view). 
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The emission profile due to the velocity vector of 6.56 m/s wind conditions in negative x-

direction and positive y direction with a vector (�⃑�𝑣  =  −5𝑝𝑝� + 4.25𝑝𝑝�) is shown in Figures 27 
and 28. 

 

 
Figure 27: The emission profile under 6.56 m/s wind conditions (side view). 

 

 
Figure 28: The emission profile under 6.56 m/s wind conditions (top view). 
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3.5. Chimney Height 30m (OpenFOAM) 
The simulations were run using the OpenFOAM CFD software [25] based on the field 
operation and manipulation (FOAM) C++ class library for continuum mechanics. 
OpenFOAM uses the finite volume numerical method to integrate the Navier–Stokes equation 
[26]. The simulated gas mixture is composed of atmospheric air and a trace component that, 
in this simulation, was identified with carbon dioxide. The trace gas was expelled by the 
docked vessel through its chimney [27]. In the plume outlet, 40% of the outgoing gas mass 
corresponded to carbon dioxide. The carbon dioxide fraction at each cell was updated at every 
time step using the mass conservation equation (Equation (1)). Similar studies were performed 
by Asier et al. [28-30]. 

The emission profile due to the velocity vector of 5 m/s wind conditions in y direction is 
shown in Figures 29 and 30. 
 

 
Figure 29: The emission profile under 5 m/s wind conditions (side view). 
 

 
Figure 30: The emission profile under 5 m/s wind conditions (side view). 
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The emission profile due to the velocity vector of 25.6 m/s wind conditions in negative x-
direction and positive y direction with a vector (�⃑�𝑣  =  −5. 4𝑝𝑝� + 25𝑝𝑝�) is shown in Figures 31 
and 32. 
 

 
Figure 31: The emission profile under 5 m/s wind conditions (side view). 

 

 
Figure 32: The emission profile under 5 m/s wind conditions (side view). 

 
With a wind strength of 25.58 m/s and a chimney height of 30 m, the plume travel above 

the buildings without damaging the local environment. The results simulated in OpenFOAM 
is showing the same qualitatively as visible in ANSYS. The same outcome despite different 
wind conditions, the plume goes over the buildings. The results from OpenFOAM show a 
little more diffusion than the results from ANSYS, this might be because of the difference 
between the software’s implementation of the turbulence models. High wind strength effects 
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within all heights of the pipes. Low wind strength affects when the height of the pipe is low. 
The lower the pipe is, the less wind strength is required to have a result of carbon dioxide 
pockets at the local environment. Onshore wind, from east to west, wind from south-east and 
wind against north affects the emissions. 

 
4. CONCLUSION 
From full-scale simulations, it was concluded that lower chimney height and higher wind 
strengths result in lower plume dispersion, however, the plume stays closer to the terrain. This 
brings in a concentrated emission pollutants closer to the public areas. Another finding was 
that greater vessel height results in plumes flowing higher above in the air, not affecting the 
public areas, and the effect reverses when the vessel's heights are lower. Therefore, it can be 
assumed that higher vessels are better for public health in terms of the instant release of 
pollutants for the geographical area. High wind strength and onshore wind make the flow of 
pollution against the terrain. For the wind strengths affecting the most, the vortex-effect is 
creating pockets of pollution at the lee side of the buildings. Low wind strength causes the 
pollution to disperse to air. When the pollution is flowing between buildings in the terrain, 
pockets of pollution appear. Because of the wind strength and direction, the potential vessel's 
height of less than 30 meters illustrates this effect. High wind strength combined with a low 
vessel significantly increase the impact on nearby surroundings. 
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