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Abstract 

The performance of the ventilation system in livestock carriers represents a key factor for animal welfare 

during long overseas transports. Voyages can last up to 2-3 weeks for typical trading routes crossing 

the equator, where heat stress events can potentially occur, representing a serious threat for the 

animals on board. CFD simulations can be used for the design and optimization of these ventilation 

systems, improving performance, reducing operating costs, but most importantly increasing animal 

welfare. CFD analyses were carried out on existing livestock carriers to obtain homogenous airflow 

distribution across all pens, to improve energy efficiency by reducing pressure losses in air ducts and 

to assess re-ingestion of exhaust air, maximizing fresh air circulation. Examples of CFD analyses 

carried out on ventilation systems of livestock carriers trading from Australia will be presented, along 

with experimental results obtained on board, demonstrating the importance of CAE simulation. 

1 Introduction 

An increase in the consumption of livestock 

products and change in trade policies led to a 

continuous rise of livestock export over the last 

20 years. Major exporters of live animals 

worldwide are Latin America and Oceania, 

trading cattle and sheep to Middle East and Far 

East countries, with China being nowadays the 

preferred destination. In the European Union, 

France, Romania, Portugal, and Spain are net 

exporters of cattle and sheep to North Africa 

and to the Middle East. Over the last five years, 

one million cattle were transported yearly from 

Australia, while Romania exports more than two 

million sheep a year. In 2019, livestock trading 

was worth $21bn, according to UN Comtrade 

statistics data. 

Live animals are transported by sea with 

livestock carriers, whose voyages can last up to 

2-3 weeks for typical trading routes crossing the 

equator or areas, such as the Red Sea or the 

Persian Gulf, where weather conditions can be 

life-threatening for the animals on board, due to 

dangerous heat stress events. 

Livestock carriers can be special vessels built 

on purpose to meet highest standard of animal 

welfare, such as the MV Ocean Drover, shown 

as example in Figure 1 (courtesy of Wellard 

Ships Pte. Ltd., Singapore), or most typically 

cargo ships at the end of their career, converted 

to transport live animals, not necessarily taking 

into account the needs and behavior of animals 

during transport by sea. As stated in research 

funded by the European Committee [1], 73 out 

of the 78 EU-approved livestock carriers in 

2021 belong to the second category of vessels. 

Historically, Australia has set the highest 

standards for livestock transport (ASEL, 

Australian Standards for the Export of 

Livestock), outlining the minimum animal health 

and welfare conditions exporters must meet.  

The standards required by the Australian 

Maritime Safety Authority in AMSA MO43 [2] 

represent a reference for this industry to comply 

with in designing livestock carriers, as 

presented by A. Schultz-Altmann [3]. Over the 

course of the years, AMSA MO43 was revised 

to guarantee improving animal welfare. 

Figure 1: MV Ocean Drover, purpose-built livestock carrier, 

able to carry 75’000 sheep or 20’000 cattle.  
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1.1 Ventilation systems of livestock 
carriers 

Together with water and feeding systems, 

ventilation represents a critical element in the 

design of livestock carriers. It must be designed 

to (i) supply enough air for the livestock to 

breathe, (ii) remove all pollutant gases from the 

pen area (carbon dioxide, methane, ammonia, 

and water vapor) and (iii) keep temperature low 

to avoid heat stress events. Scientific research 

was carried out in the past to investigate the 

ventilation efficacy on livestock vessels [4], and 

more recently in the work of C. Stacy [5] to 

predict and avoid heat stress events [6]. In 

livestock carriers, ventilation systems must be 

designed to reach extremely high levels of 

supplied fresh air (typical values of air changes 

per hour vary between 40 and 100, far above 

the typical requirements of a HVAC system for 

industrial buildings, between 4 and 20) and it 

must be distributed evenly across all pen areas, 

to provide enough air circulation to the livestock 

on board, wherever it is located, with the lowest 

possible energy consumption.  

Ventilation systems in livestock carriers consist 

of a set of supply columns, serviced by axial or 

centrifugal fans, distributing fresh air over 

several decks. Exhaust ducts are present for 

vessels with enclosed decks, while vessels with 

open decks simply use both sides as natural 

exhaust. Distribution, type and size of the 

ventilation ducts can be very different between 

vessels and require a specific analysis. Figure 

2 shows the ventilation system of the MV 

Ocean Drover, with axial fans on sundeck.  

Figure 2: Ventilation system of the MV Ocean Drover. 

2 CFD Analyses in livestock 
carriers 

Computational Fluid Dynamics can be 

extremely helpful in the analysis of ventilation 

systems in livestock carriers. In this paper, we 

present different applications of ANSYS CFD 

for livestock carriers to: 

• design supply and exhaust ventilation 

ducts to achieve uniform flow distribution; 

• check the minimum air speed requirement 

over pen area; 

• assess re-ingestion of polluted air in open 

deck vessels.  

2.1 Design of ventilation ducts 

Ventilation ducts in livestock carriers must 

provide enough quantity of fresh air for all decks 

where live animals are transported. Number, 

size and position of columns shall be optimized 

to guarantee a quantity of fresh air that 

complies with the regulatory requirements [2,3]; 

the main interest of exporters and vessels 

owners is to achieve the best possible 

conditions for the livestock on board, reducing 

any possible loss during long voyages. 

The example of the design of a cylindrical 

ventilation column for an open deck livestock 

carrier is presented in Figure 3: a 3D model of 

the column was built, meshed in ANSYS and 

solved with the CFX solver. For each deck, size 

and position of the openings (rectangular 

shape) can be adjusted to achieve a uniform 

distribution of the air flow.  

Figure 3: Example of the CFD simulation of a cylindrical 

ventilation duct.  
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Figure 3 presents the CFD model and results, 

with streamlines showing the airflow direction, 

colors indicating the velocity intensity. As inlet 

boundary condition, the characteristic curve of 

an axial fan can be defined with velocity field 

specified as function of a radial coordinate, as 

typically observed, while an opening boundary 

condition with 0-pressure can be specified for 

the outlet, in case of open deck vessels. 

Symmetry planes can be used to reduce model 

size down to a 90° sector.  

The CFD simulation setup is quite simple, 

assuming air as incompressible fluid, 

isothermal, using the SST turbulence model for 

a steady state simulation. The resulting outflow 

of the axial fan will depend on the total pressure 

loss of the system, mainly related to the size 

and shape of the openings at each deck, where 

the pressure loss is concentrated. By adjusting 

the size of the openings, the desired volumetric 

flow for each deck can be achieved. 

The direction and intensity of the airflow 

distributed on each deck can be determined 

inside the ventilation column and in the pen 

area, showing the predicted flow patterns, as 

presented in Figure 4. Influence of baffles and 

deflectors located in the ventilation columns 

can also be predicted.  

Results of the CFD simulations were compared 

to real-scale tests on a mock-up ventilation 

column with an axial fan installed on top, as 

shown in Figure 5, validating the numerical 

results in terms of velocity measured and 

pressure field. 

Figure 4: Example of the CFD simulation of a cylindrical 

ventilation duct: vector plot of the velocity field on 4 decks.   

Figure 5: Real-scale mock-up ventilation column with axial 

fan mounted on top (courtesy of Airfoil International Srl). 

To obtain the best matching between numerical 

and experimental results, accurate modeling of 

the axial fan is required, including vorticity and 

radial velocity profile.  

For vessels with enclosed decks, the design of 

the ventilation system requires a good 

balancing between supply and exhaust ducts, 

to reduce as much as possible pressure 

differences between different decks, which 

would result in uneven distribution of the 

airflow. Modeling one single column is not 

enough, increasing complexity of CFD models. 

Figure 6: Example of a CFD simulation model for vessels 

with enclosed decks: pressure field calculated for 7 decks. 
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Figure 6 shows the CFD model of a vessel with 

7 enclosed decks: supply columns have a 

circular shape, while exhaust ducts are 

rectangular trunks. For each ventilation column, 

the characteristic curve of supply and exhaust 

fans were specified.  

Choosing the right size of the openings in the 

ventilation ducts (supply and exhaust) is crucial 

to obtain a balanced system and equally 

distribute the airflow across decks. Testing the 

size of columns and openings through CFD 

analyses, rather then using trial-and-error 

attempts in the shipyard, can save time and 

money. 

2.2 Minimum air speed requirement 

The total amount of air supplied by the 

ventilation system must comply with 

regulations, such as the Australian AMSA 

MO43 [2] (or similarly required in the EU by Irish 

SI 356/2016 [1]), but this is not enough to 

guarantee animal welfare on livestock carriers. 

Not only the quantity of supplied air matters, but 

its distribution over the pen areas and ability to 

reach every single corner where animals can be 

located on board, guaranteeing circulation of 

air, and avoiding dead areas.  

A minimum air speed requirement of 0.5 m/s for 

all pen areas is requested by AMSA MO43: this 

can be simulated with CFD analyses. By using 

the same models and assumptions described in 

the previous section, the velocity field in the pen 

area can be predicted, as shown in Figure 7 

and 8.  

Figure 7: Velocity field in a vertical section plane of a vessel 

with 4 open decks.  

Figure 8: Velocity field in a horizontal section plane of a 

vessel with 4 open decks. Section plane at 1 m above floor. 

The velocity of the airflow decreases rapidly 

from the ventilation columns (where airspeed is 

generally comprised in the 10-20 m/s range) to 

the pen area, where typical values are around 

0.5 to 2 m/s. Figure 8 shows a cross section of 

the velocity field evaluated at 1 m above floor, 

where livestock is typically located. Areas with 

colors show air velocity higher than 0.5 m/s; 

areas with no color have velocities lower than 

0.5 m/s, thus not matching the minimum 

regulatory requirements. 

In case requirements are not met, CFD 

simulation can help in studying different design 

variants, adjusting fan characteristics, 

modifying size and position of the openings, to 

improve the velocity field. Numerical results can 

be validated by experimental techniques, using 

hot-wire or vane anemometers to measure air 

speed in pen areas or volumetric flows in the 

ventilation ducts. Figure 9 shows a typical 

pattern of air speed measurements carried out 

on a livestock carrier.  

Figure 9: Experimental measurements of air speed intensity 

and direction on a livestock carrier.   
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CFD simulations are generally carried out 

without considering the presence of livestock 

and holding yards; Figure 10 shows, for 

example, how livestock and holding yards can 

be simulated using ANSYS CFD; however, 

relatively small simulation domains can be 

investigated, with increasing computation time. 

Figure 10: CFD simulation of the airflow across pen areas, 

with presence of livestock and holding yards. 

Figure 11: Re-ingestion of exhaust air in an open deck 

livestock carrier.  

2.3 Re-ingestion assessment 

The total amount of air supplied by the 

ventilation system in a livestock carrier does not 

necessarily correspond to the effective amount 

of “fresh air” supplied, as part of the total air 

supply might be contaminated by exhaust 

gases expelled by the same livestock carrier. 

The re-ingestion phenomenon is especially 

evident in livestock carriers with open deck 

design: a consistent fraction of exhaust air, 

flowing out of the open decks at low velocity, 

can easily form a plume of contaminated air 

surrounding the vessel and can be re-ingested 

by supply fans located on the sundeck [4].  

This phenomenon does not represent an 

important issue during sailing, when the 

presence of crosswind can rapidly dilute 

pollutants, but in calm wind conditions, which 

typically occur in Middle East ports during 

discharging of livestock. Figure 11 shows a 

simple sketch describing the re-ingestion 

phenomenon for a livestock carrier with 4 open 

decks and 5 enclosed decks, located below 

them. Supply fans are located close to the 

centerline of the vessel, while exhaust fans 

from enclosed decks are located at both sides 

of the vessels. 

Polluted air from open decks flows slowly 

toward both sides of the vessel, then it rises due 

to buoyancy, as exhaust air is generally 

warmer. This polluted air can partially be diluted 

in the area surrounding the vessel or be 

attracted by the supply fans located on the 

sundeck: a fraction of the air supplied might 

therefore be polluted, effectively de-rating the 

ventilation performance of the vessel.  

Recent work carried out by Stacey [5,6], 

predicted heat stress risk considering effective 

ventilation performance related to a re-

ingestion percentage that must be somehow 

estimated. The re-ingestion percentage of 

exhaust air depends on the design of the 

ventilation system: the geometry of the vessel 

plays a role, as well location, type and capacity 

of the supply fans on top deck.  

To quantify the precise amount of re-ingested 

air, CFD represents the only viable solution to 

reproduce the fluid flow surrounding a livestock 

carrier.  Tracking smoke particles from the 

exhausts is not practicable, due to the difficulty 

of controlling several environmental conditions, 

and the size of these vessels. 

Figure 12: 3D Model of an open deck livestock carrier 

prepared for the assessment of re-ingested air.  
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Figure 13: Detail of the CFD mesh in the far field (top) and 

near field (bottom) of the vessel.    

2.3.1 Definition of the physical model 

A numerical model simulating the physical 

phenomenon of re-ingestion of exhaust air was 

built in ANSYS CFX 19 using a simplified 

geometry of the vessel (shown in Figure 12, 

with colors identifying the pattern of supply and 

exhaust fans), where the most important 

geometric details are represented. 

The CFD model was built to simulate the 

physics of exhaust gases, considering: 

• flow generated by supply and exhaust fans 

of the vessel (about 90 fans in total); 

• dispersion of pollutants; 

• buoyancy effects generated by different 

densities of the gases and due to 

temperature gradients. 

The geometry of fluid domain was split in 

several sub-volumes to create a good quality 

and continuous mesh (35 million cells), with no 

interfaces between different sub-volumes. The 

volume of fluid located around the vessel was 

meshed with tetrahedrons, suitable for the 

complex geometry of the vessel surface. 

Hexahedron were used to mesh volumes 

located far from the vessel, to save 

computational time. In this manner, it is 

possible to obtain a good mesh refinement near 

the vessel surface, describing very well the 

geometry of natural exhausts on open deck 

sides, supply and exhaust fans on the sundeck, 

and to obtain large and regular elements in the 

far-field, as shown in Figure 13.  

The fluid flow surrounding the vessel was 

simulated for two different cases, representing 

the most critical conditions leading to high 

levels of re-ingestion, as observed in the reality:  

• port conditions with no wind at all (still air 

conditions); 

• cross wind with 0.2 m/s, representing a light 

breeze from the side. 

Pollutant gases can be very different in terms of 

volume fraction and density: water vapor, CO2, 

NH3 etc. are the most important gases 

generated by livestock [4]. Water vapor was 

chosen to be the most important pollutant to be 

monitored, as high values of humidity strongly 

influence heat stress risk [5,6], reducing the 

ability of livestock to control their temperature 

by sweating.  

Considering that the main routes of interest for 

heat stress risk are between Australia and 

Middle East [4,5,6], a worst-case value for air 

humidity content was assumed: under the 

hypothesis of an outer air temperature of 35°C, 

80% humidity, the moisture content can be 

measured at about 29 g of water per kg of dry 

air. A fraction value of 3% water vapor with 

respect to the air mass flow has been chosen 

to be injected into the fluid domain in the pen 

areas, simulating the water vapor released by 

livestock close to a saturation level. The 

calculation of the re-ingestion percentage is 

done by monitoring the amount of water vapor 

fraction that, after flowing out from the exhausts 

of open or enclosed decks, will be measured on 

the intake fans and therefore reintroduced in 

the pen area.  

The heat generated by livestock in the pen area 

was also introduced, considering experimental 

data collected from different voyages [4]: a 

metabolic heat rate in range of 1.6-3.2 W/kg 

can be assumed for different livestock species 

(cattle and sheep). The maximum stocking 

density allowed by AMSA, for an average 500 

kg liveweight of cattle breed as bos indicus, is 
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around 275 kg/m2. Collecting all the information 

from these voyages, a value of ~700 W/m2 was 

chosen to for the metabolic heat generation. 

2.3.2 Analysis settings 

For this problem, the compressible Navier-

Stokes equations are solved using the 

Reynolds average approach (RANS). The flow 

is considered in steady state: the mean flow is 

solved explicitly while the unsteady fluctuations 

are solved using a turbulence closure model.  

A single-phase fluid flow simulation with two 

species (dry air and water vapor) was set up, 

assuming an ideal gas model for the fluid 

domain, SST turbulence model, considering 

buoyancy effects with a density difference 

model. In this analysis, the molecular weight of 

the pollutant (water vapor) is equal to 18.02 

kg/kmol, which is lighter than air (28.85 

kg/kmol), therefore pollutants will tend to “rise” 

in the fluid domain; furthermore, warmer flow 

mixtures released in the pen areas will tend to 

rise faster in the simulation model due to the 

temperature difference. 

Boundary conditions were specified for the 

outer domain boundaries, specifying a wind 

direction with 0.2 m/s intensity (if present) or 

leaving an opening boundary in case of still air 

conditions. For supply and exhaust fans, mass 

flow rates according to available measured data 

in ventilation audits where assigned, while 

pollutant and metabolic heat generation were 

assigned for the pen areas.  

Re-ingestion of pollutants can be tracked using 

the concentration level of the species “H2O 

vapor” evaluated in correspondence to the 

surfaces of the intake fans. The fraction of 

water vapor generated in the pen area that 

flows through the intake fans represents the re-

ingestion percentage. The CFD simulation was 

carried out using the “steady state” assumption, 

even though some turbulence phenomena in 

the air flow can be considered very unsteady. 

An average value of the water vapor 

concentration (or equivalently, re-ingestion 

percentage) was calculated for different 

iterations of the steady state solution. 

 

Figure 14: Streamline plot: airflow rising from exhaust fans.  

Figure 15: Streamline plot: airflow rising from exhaust fans.  

2.3.3 Results 

Results of the CFD simulation are presented 

using streamline diagrams, velocity vector plots 

and pollutant concentration in the fluid volume 

surrounding the vessel. Figure 14 shows that 

high-capacity exhaust fans for enclosed decks 

are clearly pushing the gases vertically, far 

away from the intake fans, whereas a moderate 

deflection of the exhaust airflows can be 

noticed for low-capacity fans located in the 

forward and aft part of the vessel, leading to a 

partial re-ingestion of air.   

Figure 16: Vector plot of the velocity field in a vertical plane. 
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Figure 17: Temperature field evaluated in a vertical plane.  

Figure 18: Pollutant concentration evaluated in a vertical 

plane.  

The plume of pollutant gases rising above the 

vessel is displayed in Figure 15, where colors 

are related to different concentrations. The flow 

pattern around the vessel is presented with a 

vector plot using a vertical plane of Figure 16, 

while in Figure 17 the temperature field is 

presented, showing temperatures in the pen 

area and above the sundeck higher than the 

35°C of the surrounding environment. Figure 18 

shows the concentration of pollutants in the 

same vertical plane: presence of pollutants right 

above the supply fans can be observed, leading 

to a partial re-ingestion effect.  

The fraction of re-ingested air depends on the 

layout of the ventilation system, combination of 

supply and exhaust fans, and their relative 

capacity. In the example presented in this 

paper, the fraction of re-ingested air averaged 

on all fans was 24% in still air conditions, 20% 

in case of light side breeze of 0.2 m/s. With 

stronger side winds or during sailing (with wind 

speeds easily exceeding 10 m/s), re-ingestion 

percentage decreases rapidly below 2%.  

The same analysis was repeated on other open 

deck vessels with different design, showing 

values up to 25.5% of re-ingestion for open 

deck vessels with supply fans located close to 

the sides, therefore more subjected to 

contaminate the supplied air flow. Different 

combination, number and distance between 

supply and exhaust fans helps reducing the re-

ingested air fraction down to 14%, as it was 

found for another open deck vessel analyzed. 

For vessels with enclosed decks design, the 

fraction of re-ingested air can be as low as 1%.  

3 Conclusions 

This paper presented few application examples 

of the CFD method in the design of livestock 

carriers. Several projects carried out by 

SAECON over the last years helped validating 

numerical analyses with experimental 

measurements. These analyses help engineers 

designing modern vessels, complying with 

increasing regulatory requirements, reaching 

the highest standards for animal welfare.  
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