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Abstract — The operation of vessels leads to atmospheric
pollutant emissions during its cruise, maneuvering or docking.
The meteorological conditions that the vessel is exposed can
determine some very specific physical characteristics in the
flow around its structures. The stack emissions, for example,
can be carried to the ground level, a phenomenon called
“building downwash effect”.

Building downwash effect is a phenomenon caused in the
atmospheric flow by the presence of structures or obstacles
that act as barriers, which affects the pollutant plume flow
emitted by sources, carrying the pollutants to the ground level.

Besides the flow behavior investigation, this study
determined levels of pollutants concentration in internal and
external areas of a vessel, through the installation of
continuous air quality monitoring stations (AQMS) to quantify
gases (NOsx, SOz, CO, O3, CO2) and particles (TSP, PMo e
PMa5s).

Computational fluid dynamics (CFD) simulations using
ANSYS Discovery Live software was applied to understand the
atmospheric flow behavior in the vessel structures.

The present study identified the main pollutants emitted by
a vessel from fuel combustion engines: SOx (11%), NOx (17%),
CO (42%), NMVOC (14%), PM1o (9%) and PM2s (7%).
Analyzing the atmospheric flow around the superstructure
contained in the vessel, it was possible to notice that the
structure causes the downwash effect and generates a zone of
low pressure downstream of it, where the pollutants emitted by
the stacks are imprisoned in a zone of recirculation, reducing
the dispersion rate of those pollutants and causing a
concentration increase near the ground level. This effect is
intensified by the presence of the Tower, which intercepts part
of the flow on the recirculation zone.

Among the downwash events noted during the monitoring
period, 60% occurred while the vessel was navigating at high
sea, 30% occurred in slow speed deep sea activities, including
maneuvering (with assistance from tugs) and only 10 %
occurred while the vessel was moored to the Port of Vitoria.

The results of the monitoring showed the correlation
between high concentrations in environments whose
refrigeration system directly sucks the external air with
intensified building downwash events, indicating that these
high concentrations are due to the trapping of pollutants in the
recirculation zones downstream of the superstructure.

Keywords — Air pollution control, Computational fluid dynamics,
Air quality.

1. INTRODUCTION

Initially, is highly outstanding the air pollution coming from
ships, which is caused by particle material and gas emissions into the
atmosphere. Consequently, the vessel’s number enhancement (botch
cargo and passengers) aggravates this environmental hassle.

The pollutants source comes mostly from fuel-powered engines
and stacks upon the ship's structure. In this article development, it was
used air quality monitoring as well as CFD simulations with the view
to investigate these pollutants behavior.

The main goals of this study were:

e  Estimate the vessel emissions;

e  Evaluate concentration’s levels of pollutants emitted by
the vessel stacks (NOx, SO,, CO, O3, CO», TSP, PM;y
e PM,5) and compare to Brazilian and international air
quality standards;

e Investigate the meteorological and physical phenomena
of the pollutant plume flow, which increases the
concentrations in internal and external areas of the
vessel;

e  Determine the frequency of high concentration peaks
of pollutants in internal and external areas during the
monitoring period.

1I. METHODOLOGY

In the present study case, the building downwash effect causes
pollutants peak concentrations close to the ground level mostly
because of two concomitant phenomena: i) the increase in drag’s
downstream obstacle, followed by the higher horizontal spread of
the plume and decrease in its vertical dimension and ii) the low
pressure downstream of the obstacle, generating a recirculation
zone, decreasing the dispersion pollutants capacity.

A. Vessel Characterization

The vessels characterization is essential for the modeling
execution and definition.

Fig. 1. Vessel’s structure



TABLE 1. VESSEL’S DECKS CHARACTERISTICS

Deck Accommodations
1 Machine Room/7Thruster (Machine operation)
2 Machine Room/Thruster
3 Machine Room/Thruster/Locker rooms/Offices
Mechanical and Electrical Workshops/Food
4 storage/Incinerator/Cafeteria/Offices/Locker Rooms/Worktable
5 IAC Room/Conference Room/Offices/Recreation Room
6 [Dormitory/Storage/Nursery
7 [Dormitory/Storage
8 AC Room/Dormitory/Offices/Electrical Equipment Room
9 Offices/Wheelhouse
10 Refrigeration Room/Reception Room/Locker Room
11 Chimney’s

TABLE II. MONITORED POINTS

Points Sites
1 Worktable
2 Machine’s Room
3 OIM’s Room
4 Refrigeration Room
5 Nursery Room
6 Bridge
7 Cafeteria
8 Refrigeration Room
9 Refrigeration Room
10 Cabin 622
11 Cabin 736
12 Cabin 816
13 Machine’s Control Room
14 Launch Control Room
15 ROV’s Control Room
16 Storekeeper Room
17 Tower

From the air quality data obtained during the monitoring
period, the necessary treatment and analysis to investigate
intervals of high pollutants concentrations were performed. Then,
the atmospheric flow analysis was done using numerical modeling
of computational fluid dynamics (CFD). The CFD analysis was
done using data provided by the ship’s company, as well as
measurements of physical structures of the vessel, diameters and
flow rate of the stacks.

From collected data, it was possible to compare
meteorological and navigation data during the monitoring with the
periods of high concentrations investigated. Finally, the results
and discussions for the analysis of the variables that culminate the
increase of the pollutants concentration in the vessel could be
evaluated.

B. Simplified CFD Modelling

Computational fluid dynamics (CFD) simulations using
ANSYS Discovery Live software were used to understand the
behavior of atmospheric flow around the vessel’s structures. The
software’s processes are:

e  Vessel’s geometry parameterization;

e Input of physical and boundary conditions;
e Flow’s governing equations solving;

e  Post-processing.

Once the geometry is properly defined, the software uses the

Lattice-Boltzmann method to solve the main flow governing
equations, using the collision model proposed by Bhatnagar et al.
(1954).

From the computational simulations, it was possible to obtain
results concerning the particles movement in the flow and the
velocities field.

C. Meteorology

One of the region’s air quality determinants is its climatic
conditions, it is necessary to record such conditions throughout the
monitoring, especially to add in the analysis of the possible high
concentrations intervals consequences of interest pollutants. The
meteorological data availability from the vessel’s meteorological
station was during the period from December’s 19 (2018) to
January 21 (2019).

D. Navigation Data

In order to cross information of the predominant wind direction
and the vessel’s position (not only location), it was used the
FleetMon tracking software, which operates from the Automatic
Identification System (AIS). The vessel transmits its position and
information regarding the routes performed multiple times per
minute using the AIS transmitters on board. Based on the
navigation data provided by the ship’s company, a compilation of
the activities as well as the status of the vessel was performed
during the monitoring period.

III. RESULTS

A. Meteorology

From the meteorological data along the entire monitoring
period, it is possible to observe the highest incidence of winds in
the South-Southeast (16.3%) and North-Northwest (11.5%)
directions. The predominant wind velocity variation is in the range
of 3.4 to 5.5 m/s. Analysing the data obtained, it can be verified
that the highest velocity obtained was 24.6 m/s and the lowest
0.98m/s.

B.  Air Quality Monitoring

In this section we present the results of the parameters sampled
during the monitoring period (NOyx, CO, CO,, SO, ¢ O3, TSP, PM;,
(& PM2§5).

The point 2, located in the engine room, presented the highest
maximums in the parameters PM;p, PM,s and Os; with
concentrations in pg/m?® equal to 51.07; 31.04 and 265.34;
respectively. Those results are consistent, since point 2 is located
in an internal environment, whose air renewal system, which
absorbs the external air, does not perform any previous treatment,
such as filtration. Hence, the particulate material in this site might
be higher. In addition, elevated O3 concentrations might be due to
precursor gases emitted through the operation of the machines,
forming ozone as a secondary pollutant.

The CO parameter in point 7, located in the cafeteria, had the
highest moving average of 1 hour, equal to 98.678,10 pg/m?. To
the detriment of food cooking and the high concentration of crew
members in the coffee shop, this point is more susceptible to high
CO concentrations, leading to a WHO (2010) standard overtaking
of 31,250 pg/m? [5].

The NOx parameter in point 4, located in Deck’s 05
refrigeration room, presented the highest moving hourly average,
equal to 554.22 pg / m*. According to the rationale for the building
downwash effect, one of its consequences is the formation of a



pollutant’s plume recirculation zone between the Tower and the
house, which can generate high gases and particles concentrations
in those regions. Once we have the presence of a cooling system
near this recirculation zone, it occurs suction of these pollutants
present in the external air, raising the concentrations in these
environments, as can be observed in point 4.

For the SO, parameter, Deck’s 05 cooling room (point 4)
presented the highest result, equal to 29.57pug/m3. This
circumstance may be associated with the downwash effect
occurrence, provoking the pollutants suction through the
refrigeration system and resulting in high values of this parameter
in that environment.

For the CO; parameter, the highest concentration was in the
Launch Control Room (point 14), equal to 7,696 ppm, which is
located in the ship’s outer area. Air renewal in outdoor areas can
be hampered during times of low wind speed. Lower wind speeds
cause the pollutant feeder released by the chimneys to disperse
with greater difficulty, which can lead to high concentrations in
the outer region of the ship. Also, since point 14 is located in a
low pressure zone downstream vessel’s superstructure, because of
the occurrence of the downwash effect, concentration levels can
be high and CO, generation is also added inside the control room
due to its exhalation process of the professionals working in the
area, promoting few fresh air renewal and exceed the ANVISA
(2003) standard of 1,000 ppm.

For TSP, the highest result was observed in the Tower (point
5), equal to 119.95 pg/m3. This factor is related to the Tower’s
location, which is in the ship’s outer area, and also by its directly
interception of the pollutant flow released by the stacks.

For the parameter PM,, daily averages at all monitored sites
are below levels recommended by WHO (2014), which is 50
pg/m3, except for point 2, located in the Machine Room, which
presented a slight concentration excess (51.1 pg/m?).

The PM, s concentrations in points 1 and 2 (Worktable and
Machine Room, respectively), are higher than WHO (2010)
recommended range of 15 pg/m3, with 24-hour moving
maximums equal to 18.5 pg/m?® and 31.34 pg/m?, respectively.
Furthermore, the other monitoring points had concentrations
below the maximum recommended by WHO (2010).

The CO moving hourly averages at all points are above the
levels recommended by WHO (2010) of 31,250 pg/m?, as well as
the maximum CO concentrations. Likewise, the same result was
observed for 8-hour moving averages for CO, with all points
exceeding the maximum recommended by Hong Kong (2003) of
2,130 pg/m? [5].

NOx concentrations at point 4, located in Deck 05's Cooling
Room, are at levels above the NOQ NQAAS Primary Standard
(2012) for hourly averages (190 pg/m*). At docks 1, 2, 3, 5, 6, 7,
8 and 9 the concentrations are at lower levels than this standard.

Meanwhile, the 8-hour moving averages of O3 at docks 1, 2,
5, 6,7 and 9, located in the Worktable, Machine Room, Nursery
Room, Bridge, Dining Room and Deck Cooling Room 08 are at
levels above the current Primary Standard in Health Canada
(2014) of 40 pg/m*. The remaining docks (3, 4 and 8) located in
OIM Room, Deck’ Refrigeration Room of Deck 05 and in
Refrigeration Room of Deck 10 presented values lower than this
standard.

The CO; concentrations at docks 13, 14, 8, and 16, located in
the Control Room of Engine Room, Launch Control Room, Deck

10 Refrigeration Room and Warehouse Room, respectively, are at
levels above the range recommended by ANVISA Resolution
09/2003 (1000 ppm). While at docks 10, 11, 10, 12, 5, 6, 15, 4 and
9, located in Cabin 622, Cabin 736, Cabin 816, Infirmary, Deck
Bridge 09, ROV Control Room, Deck 05 Refrigeration Room Deck
08 Cooling Room, respectively, were below the recommended
levels.

The MPT concentrations at point 17, located in the Tower, are
at higher levels higher than recommended by ANVISA Resolution
09/2003 (80 pg/m?®). Whereas in points 1, 8, 3 and 7 located in
Worktable, Deck 10 Refrigeration Room, OIM Room and
Cafeteria, respectively, are lower than the reference value.

Is observed that among all the monitored pollutants, the
parameter that obtained values well above the reference limits was
carbon monoxide for hourly moving averages and 8 hours, being
well above WHO admissible (2010) of 31,250 pg/m?® (1h) in Hong
Kong (2003) which is 2,130 pg/m? (8 h) at all monitored points.
For the other pollutants, only Os, exceeded the 40 pg/m?® limit, in
points 1 - Worktable and point 2 - Machine Room, when compared
to the legislation of Canada. In addition, for the pollutants PMy,
PM, 5, SO, and NOy, it was observed that the most restrictive limits
found in the literature were not exceeded.

The CO; high values concentration in indoor environments
may indicate low air renewal rates (important variable in the
dispersion of pollutants), as observed in points 8, 13, 14 and 16.

Some ANVISA 09/03 standards TSP exceedances are observed
in point 17, located in the Tower, due to the fact that it is an obstacle
that intercepts the plume emitted through the ship's chimneys,
when the predominant wind direction is bow to the stern, favoring
the occurrence of greater concentrations in that place.

C. Specific Conditions to the Occurrence of Downwash Effect

The modeling software Ansys Discovery Live was able to
represent the atmospheric flow behavior in ship’s structures,
especially when the wind direction points from the bow to the stern,
that is, when the occurrence of peculiar physical phenomena on the
pollutant plume flow released by the chimneys, known as building
downwash. Figure 2 shows the flow velocity in normalized form,
as a function of the maximum velocity of the flow: #/u,.x obtained
from the simulations.

u/ Umax

Wind Direction

Fig. 2. Distribution of normalized velocity (/i) of the windward flow from the
stern to the bow of the ship, obtained through simulations with ANSYS AIM
software.

If the prevailing wind direction is from the bow to the stern (as
in the activities of vessel’s displacement at high sea), the flow
collides with the ship’s house property structure and because of the
downwash effect (intensified by the Tower’s downstream structure



of the chimney), the gases and particles emitted by ships chimneys
are trapped in a recirculation zone between the Tower and the ship
house, hampering pollutants dispersion. Near this vessel’s region
there are an air conditioning system that sucks up external air
containing pollutants and results in pollutants high concentrations
in these environments.

The downwash effect is mainly influenced by the two
following meteorological conditions:

e  Wind Direction: most peak events occurred when
the predominant direction of flow was from the bow
to the stern of the ship: South-Southwest on the route
Vitoria-Rio de Janeiro and North-west on the route
Rio de Janeiro-Vitoria.

e Wind Speed: the effects intensity varies with the wind

speed magnitude. Larger magnitudes of the wind

cause decrease in vertical dimension of the plume and

its predominant flow is horizontal, coming into direct
contact with the Tower’s structure and consequently,
the pollutants imprisonment present in the
recirculation zone caused by downwash effect. It is
possible to observe that at times of peak pollutant
concentration the average wind speed is high
(minimum value 6.03 m/s).

1V. CONCLUSIONS

The present study identified the main pollutants emitted by the
vessel from fuel combustion engines: SOy (11%), NOx (17%), CO
(42%), NMVOC (14%), PMio (9%) and PM,;s (7%). Through
exhaust fans, these pollutants are emitted the whole time by the
vessel through six stacks on Deck 11.

The atmospheric flow around obstacles produces complex
effects, which generates high turbulence and low pressure zones
downstream of the obstacles and results in pollutant concentration
peaks next to ground level.

It was possible to evaluate the downwash effect occurs in
specific meteorological condition such as predominant wind
direction from the bow to the vessel’s stern and wind magnitudes
higher than 6.0 m/s, which occurred during most of the monitoring
time while the vessel was offshore.

Due to the downwash effect, the pollutant plume emitted by
the stacks decays in the region close to the air intake of the air
suction system in Decks 01 and 02 and in the air conditioning
system that cools Decks 04 to 11, causing the entry of these
pollutants to internal environments of the vessel.

In order to understand the impacts of these events on the
occupational health of ship’s crew, air quality standards (brazilian
and international) in internal environments were consulted.
During most of the monitoring period the concentrations of
pollutants did not exceed the air quality standards. Nonetheless,
in events where the predominant direction and wind speed caused
the occurrence of the downwash effect, it was possible to observe
an increase in atmospheric pollutant concentrations, exceeding
internal air quality standards. The exceedances occurred for CO,
NOxy, O3 and CO; parameters.

The highest pollutants concentrations occurred most
frequently in outdoor environments (exposed directly to the
pollutant plume) and in rooms that have refrigeration systems that
sucks in the external air. This showed correlation between the high

concentrations obtained in those with intensified building
downwash events, which indicates that the high concentrations are
due the trapping of pollutants in the recirculation zone downstream

the superstructure.
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