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Abstract 

In order to improve the performance of the outlet louver for the cooling system used in the Combat 

Vehicle CV90, the manufacturing company BAE System Hägglunds AB recently came out with a new 

design. 

This project deals with the possible modifications of the new design to achieve a higher performance in 

terms of air flow resistance without losing any protection capabilities.  

18 versions of BAE Systems Hägglunds AB new design were modeled using Creo Parametric 3.0 3D 

CAD-software. These versions were modeled with respect to the requirement of protection, when 

several possible threat scenarios  were carefully reviewed and studied.     

The air flow through each one of these designs was CFD-simulated using ABAQUS/CAE 6.14 CFD-code, 

the pressure drop received in each CFD-model was compared to the pressure drop over the currently 

used design of the outlet louver. The concept called concept Arrows RD shows the lowest pressure drop, 

which is nearly 50 % lower than the pressure drop over the original design, showing that the new design 

could be a reasonable replacement to the currently used design. 
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Sammanfattning 

För att förbättra prestandan hos utloppsgallret för det kylsystem som används i stridsfordonet (CV90), 

har tillverkningsföretaget BAE System Hägglunds AB nyligen kommit ut med en ny design. 

Detta examensarbete handlar om de möjliga förbättringarna hos den nya designen. Detta med syftet att 

optimera luftflödet som i sin tur ger en högre prestanda för hela kylsystemet i stridsfordonet, utan att 

förlora skyddsförmågan.  

18 versioner av BAE Systems Hägglunds AB ny design modellerades med Creo Parametric 3.0 3D CAD-

software. Dessa versioner modellerades med hänsyn till kravet på skydd, när flera möjliga hotscenarier 

var noggrant granskade och studerade. 

Luftflödet genom var och en av dessa konstruktioner var CFD-simulerat med användning av ABAQUS/ 

CAE 6.14 CFD-code, varvid tryckfallet som mottogs i varje CFD-modell jämfördes med tryckfallet över 

den nuvarande utformningen av utloppsgallret. Konceptet kallas Arrows RD som visar det lägsta 

tryckfallet, vilket nästan är 50% lägre än tryckfallet över den ursprungliga designen. Detta visar att den 

nya designen kan vara en rimlig ersättning för den för nuvarande använda konstruktionen. 
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Nomenclature 

   Fluid velocity 

   Pressure 

      Atmospheric pressure 

    Reynolds number 

    Mack number 

      Critical Reynolds number 

    Velocity vector 

    Control surface 

    Control volume 

       Mass flow into the control volume 

        Mass flow out of the control volume 

      Variation in mass quantity within the control volume boundaries 

    

  
  Variation of mass rate within the control volume boundaries 

   Fluid density  

    Volume of a single element within the control volume.  

     Average fluid velocity 

D Characteristic length of the geometry 

ν Kinematic viscosity of the fluid 

μ Viscosity of the fluid (Dynamic viscosity) 

    Hydraulic diameter 

   Cross sectional area 

   Wetted perimeter, defined as the bottom- and side surface in direct contact with the fluid 

          Distances 

    Differential drag force acting on the differential area of the flat plate 

    Differential pressure force acting on the differential area of the flat plate 

  Orientation angle relative the flow direction (angle of attack) 

     Differential tangential shear force acting on the differential area of the flat plate 

    Differential lift force acting on the differential area of the flat plate 
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   Drag coefficient 

   Drag force 

    Frontal area 

  Fluid density 

 

 
    Dynamic pressure 

  Cartesian velocity component in x-direction  

  Cartesian velocity component in y-direction  

  Cartesian velocity component in z-direction 

  Fluid density 

   Gravitational acceleration vector component in x-direction  

   Gravitational acceleration vector component in y-direction  

   Gravitational acceleration vector component in z-direction  

μ Dynamic viscosity 

   Laplacian Operator 

ASP Aspect ratio 
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1    Introduction 

The Swedish Combat Vehicle 90 (CV90) or Stridsfordon 90 (Strf 90) includes a family of armored 

combat vehicles developed by BAE Systems Land Systems Hägglunds (formaly Alvis Hägglunds) of 

Örnsköldsvik and Saab Bofors Dynamics of Karlskoga, Sweden. Currently, BAE Systems Hägglunds is 

the manufacturer of the entire Combat Vehicle (CV90). 

Originally, the development of this combat vehicle was started in 1984 as a response to the requirement 

of the Swedish Army for a family of combat vehicles with high tactical and strategic mobility, anti-tank 

and air defense capability, high protection and survivability.  

The production of the Combat Vehicle (CV90) began 1993, it's still in production today and in service 

with armies of Sweden, Finland, Norway, Denmark, Switzerland, Netherlands and Estonia [1,2].      

1.1    The CV90 Family 

The family of the Combat Vehicle (CV90) includes [1]: 

 The (CV9030) Combat vehicle, feature a 30 mm Bushmaster II canon and an add-on armor 

kit. 

 The (CV9035) Combat vehicle, specially designed to operate in the toughest terrain, this 

combat vehicle features a 35 mm Bushmaster III canon and commander's independent hunter 

killer sight.  

 The (CV9040) Combat vehicle, the main battle tank for the Swedish Army, features 40 mm 

Bofors canon. 

 The (CV90120) Tank, feature a modern 120 mm anti-tank gun which enables it to handle any 

contemporary battlefield threats. 

1.2    Problem Definition 

The outlet louver is a part of the cooling system, located on the backside of the vehicle, see figure 1. The 

main function of the outlet louver is to allow the warm air flow from the radiator to pass through with 

littlest possible air resistance. Also providing a protection for the inside components of the cooling 

system, see section 1.2.3 for possible threat. These functions demand a satisfying design for the outlet 

louver.  

The original design, see section 1.2.1, of the outlet louver for the cooling system used today in the 

combat vehicle CV90 is designed to provide a satisfying protection and an adequate air flow resistance. 

However the air flow through the original design seems to experience a relatively high resistance as it 

passes through, causing a relatively high pressure drop over the outlet louver. This affects the 

performance of the whole cooling system of the vehicle. 

An improvement of the air flow resistance of the outlet louver involves a higher flow rate of the warm 

air from the radiator and thus a higher cooling efficiency of the whole cooling system in the CV90 

combat vehicle.  

In order to achieve this improvement, the Swedish manufacturing company BAE Systems Hägglunds 

AB recently came out with a new design for the outlet louver, facing big challenges including air flow 

resistance improvement, and satisfying protection. Both of the original- and the new design are 

described in the following sections, section 1.2.1 and 1.2.2 respectively. 



2 
 

 

 

Figure 1. Schematic cross sectional figure shows the location of the outlet louver (located on the rear of the 
vehicle), the warm air flow from the radiator by the rotating fan through the outlet louver, the high- and low 

pressure regions that involves a pressure drop over the outlet louver. 

 

1.2.1    The Original Design 

The original design consist of a series of a bended armor steel sheets, located by a distance, vertically 

and parallel to each other, see figure 2. Each one of these sheet are bent in four places, and given a 

zigzag shape. This concept/structure allows the warm air from the radiator (≈100° C according to BAE 

Systems Hägglunds AB recommendations) to flow through (between the sheets) and continue its path 

out to the outside environment. However, because of the zigzag shape of these sheets, the air flow is 

forced to follow this highly curved shape during its path through the structure, and experience a certain 

level of resistance during its way out. This level of resistance causes a pressure difference over the 

structure. An improvement of the warm air flow through the structure can be achieved by improve the 

geometry of this structure. 
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Figure 2. The original design, consists of series of bent steel sheets located by a distance next to each other 
along a vertical axis, the positive- and negative signs represent the higher- and lower pressure regions 

respectively. 

 

1.2.2    The New Design (Arrow- and Semi-circle Design) 

The new BAE Systems Hägglund AB design includes two versions, namely Arrow- and Semi-circle 

design. Due to the similarity between these two versions, only the Arrow design is presented in this 

section. The Arrow design is shown in figure 3, it consists of three different forms of armor steel sheets: 

 Sheet-A or profile-A: A bended armor steel sheet to a shape of an arrow. 

 Sheet-B or profile-B: A flat armor steel sheet. 

 Sheet-C or profile-C: A flat armor steel sheet (shorter than Sheet-B). 

These profiles are shaped and located in such a way that allows the warm air from the radiator (≈100° 

C according to BAE Systems Hägglunds AB) to flow through between these profiles and continue its 

path out to the outside environment. 

In a similar way to the previous design (the original design), the air flow is forced to follow the curved 

shape of the structure during the flow around the arrow shaped profiles (profile-A). As a consequence 

the air flow experience a certain level of resistance during its way out to the outside environment. An 

improvement of the warm air flow through the structure can be achieved by improve the shape and 

the position of profile-A. 



4 
 

 

Figure 3. The new BAE Systems Hägglunds AB design (Arrow design), the air flow is forced to flow around the 
arrow shaped profiles, the positive- and negative signs represent the higher- and lower pressure regions 

respectively. 

 

1.2.3    Possible Threat 

In order to ensure a good protection capability in the new design (the Arrow design), the position of  the 

profiles relative to each other have to be carefully chosen. As mentioned before the new design has to 

satisfy the need of protection for the inside components of the cooling system in the combat vehicle, this 

means that the new design has to have the capability to stop and withstand any possible threat in terms 

of projectiles or fragments that may hit the rear of the vehicle during its operations in combat 

environments. In combat environments projectiles/fragments can hit with infinitely many paths and 

endless orientations, making it impossible to illustrate every single path or orientation that a projectile 

or a fragment may hits with. However, the critical projectile paths are the most important ones to 

illustrate. A critical path can be defined as a path slanted with a certain angle across the minimum 

number of profiles, with other words, the path in which the structure has the lowest linear mass density. 

The purpose of illustrating these critical paths is to find if the new design is relatively weak in a certain 

direction compared to the other directions. Also to ensure that there is no free path available for a 

threat projectile or a fragment to take and make it all the way through the whole outlet louver. Due to 

the symmetry of the structure, the possible threat analysis can be illustrated in two-dimensions. 

According to BAE Systems Hägglunds AB, threat projectiles commonly hits along paths that oriented by 

angles between 0 and 45 degrees relative x-axis, see figures 4 and 5.  

The following cases shows the critical threat projectile paths, see figures 4 and 5, when each threat 

characteristic is defined by a projectile hit along a path that crosses a certain point in xy-plane and 

oriented with a certain angle relative x-direction. 
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 Threat characteristic 1: A projectile hit along a horizontal path, aimed at X1 with angle of zero 

degrees (path 1 in figure 4), is primary stopped by profile-A. 

 Threat characteristic 2: A projectile hit along a horizontal path, aimed at X2 with angle of zero 

degrees (path 2 in figure 4) is primary stopped by profile-C. 

 Threat characteristic 3: A projectile hit along a horizontal path, aimed at X3 with angle of zero 

degrees (path 3 in figure 4), is primary stopped by profile-A. four items of profile-A only if the 

vertical distance between the profiles A1, A2, A3 and A4 is zero. The vertical distance is 

illustrated in figure 4 by the distance along y-direction between the items A1, A2, A3 and A4. 

 Threat characteristic 4: A projectile hit along a horizontal path, aimed at X4 with angle of zero 

degrees (path 4 in figure 4) is stopped by four items of profile-A only if the vertical distance 

between these four items is equal to zero, this condition is illustrated in figure 4, when the 

vertical distance between A1, A3, A2 and A4 is equal to 0 mm. 

 

Figure 4. Possible threat scenarios includes projectiles that hits along horizontal paths and aimed at different 
locations (point X1, point X2, point X3 and point X4). A1, A2, A3 and A4 defines different positions of profile-A. 

 

 Threat characteristic 5: A projectile hit along a slanted path, aimed at X5 and oriented with an 

angle ≈15 degrees (path 5 in figure 5) is primary stopped by profile-A. 

 Threat characteristic 6: A projectile hit along a slanted path, aimed at X5 and oriented with an 

angle ≈30 degrees (path 6 in figure 5) is primary stopped by profile-A. 

 Threat characteristic 7: A projectile hit along a slanted path, aimed at X5 and oriented with an 

angle ≈35 degrees (path 7 in figure 5) is primary stopped by profile-B. 

 Threat characteristic 8: Similar to treat characteristic 5. A projectile hit along a slanted path, 

aimed at X6 and oriented with an angle ≈7 degrees (path 8 in figure 5) is primary stopped by 

profile-A. 
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 Threat characteristic 9: A projectile hit along a slanted path, aimed at X6 and oriented with an 

angle ≈15 degrees (path 9 in figure 5) is primary stopped by profile-A. 

 Threat characteristic 10: A projectile hit along a slanted path, aimed at X6 and oriented with an 

angle ≈25 degrees (path 10 in figure 5) is primary stopped by profile-A. 

 Threat characteristic 11: Similar to treat characteristic 7. A projectile hit along a slanted path, 

aimed at X6 and oriented with an angle ≈30 degrees (path 11 in figure 5) is primary stopped by 

profile-B. 

 

Figure 5. Possible threat scenarios include projectiles that hits along slanted paths and aimed at different 
locations (point X5 and point X6). 

 

The main reason behind the Arrow shape in the new BAE Systems Hägglunds AB design is to provide a 

high projectile stopping capability, when the two sharp and slightly extended parts of profile-A (located 

on each side) operate as hooks, preventing any projectile or projectile-fragments to make it all the way 

through the whole structure. These hooks are functional only if the vertical distance between A1, A2, A3 

and A4 is zero. For instance, a threat projectile of characteristic 4 hits along a straight path, the 

fragments from the possibly shattered projectile are caught or captured by these hooks. See figure 4. 

Profiles of type B and C have a greater role to provide a protection in the cases when the projectiles hits 

along angled paths, such as in threat scenarios of characteristic 7 or 11, see figure 5.   

It can be concluded from the possible threat scenarios, is that the only possible modifications of the 

Arrow design may includes: 

 Shape and geometry modification of Profile-A. 

 Modification of the horizontal position of profiles-A under the condition that it can withstand 

threats of all characteristics, particular threats of characteristic 4. 
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2    Fluid Mechanics Theory 

The following sections includes a general basis of fluid mechanics theory and computational fluid 

dynamics (CFD). In this project it has been important to understand the basic theory of how the flow 

behaves in general, and how the fluid interact with solid surfaces (walls). An understanding of the 

theoretical basis gives the opportunity to achieve an more accurate CFD-results. 

2.1    The No-Slip Condition 

The No-Slip condition is a fluid condition that occurs when the fluid interact with a solid surface/body 

during the flow. The fluid cannot flow through a solid surface and comes to a complete stop, this forces 

the fluid to change its direction and goes around the solid surface/body. The No-slip condition means 

that the velocity gradient of the fluid boundary layer that is in direct contact with the solid surface is 

equal to zero, see figure 6. The flow region located adjacent to the solid surface called the boundary 

layer, in which the no-slip condition is valid, and because of that, the velocity profile changes its shape 

from uniform shape to a non uniform during the interaction with the solid surface, see figure 6. The 

first fluid layer (the boundary layer) sticks to it and result a zero velocity at the surface. This affects the 

velocity of second layer which is next to boundary layer and slows it down because of the viscose force 

between the fluid layers. The second layer on the other hand slows down third layer and so on, until the 

velocity profile is fully developed and remains unchangeable in the flow direction. This is the reason 

behind the shape change of the velocity profile during its interaction with the solid surface.  

The viscosity is the fluids property that decide the development of the velocity profile. It also decides the 

amount of the shear force that the fluid exerts on the surface in the flow direction, a higher fluid 

viscosity results a higher shear force that the fluid exert on the surface compared to a lower viscosity 

fluid [3]. 

 

Figure 6. The no-slip condition, the velocity gradient of the boundary layer that in direct contact with the solid 
surface is equal to 0 m/s due to the no-slip condition, the velocity profile change its shape from a uniform to 

non uniform as it interact with the solid surface [3]. 
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2.2    Characterization of Fluid Flows 

Fluid flows have a wide range of characteristics, when each flow characteristics demands a different 

modeling, assumptions and solving techniques [3], the most common characteristics of fluid flows are 

listed below:   

 Laminar fluid flow. 

 Turbulent fluid flow. 

 Compressible fluid flow. 

 Incompressible fluid flow. 

 Internal fluid flow. 

 External fluid flow. 

 One-, two-, and three dimensional fluid flow.  

2.2.1    Laminar and Turbulent Fluid Flow 

The fluid flow can be classified by its smoothness and orderliness. A high ordered and smooth flow 

motion indicates a laminar flow, when the fluid moves/flows by smooth layers or laminae. This type of 

flow is common for a high viscosity fluids such as oil, see figure 7. 

 

Figure 7. Laminar- and turbulent flow. 

 

The turbulent fluid flow is characterized by its chaotic and highly disordered flow/movement, when the 

fluid moves in small regions in random directions and at different velocities. Turbulent flow occurs at 

high velocities and/or low viscosity fluids such as air and gases [3].   

The characterization of a fluid flow is depending on the Reynolds number (see section 2.4), which is the 

key parameter for the determination and classification of flows, generally a high Reynolds numbers 

indicate a turbulent flow and low a Reynolds number indicate a laminar flow. There is a transition area 

between the laminar and the turbulent area, when the fluid flow in this area turns from laminar to 

turbulent and vice versa [3]. 

2.2.2    Compressible and Incompressible Fluid Flow 

A fluid flow can be classified by the level of the fluid density variation throughout the flow. If the fluid 

density variation is low and thus the volume of every fluid portion remains approximately constant, the 



9 
 

flow can be assumed in this case to be an incompressible flow [3]. This approximation is usually done in 

case of liquids, and gives an accurate result because liquids has the ability to keep a low density change 

at high pressures. Gases on the other hand change their density and thus their volume at low pressure 

significantly compared to liquids [3], for instance at a pressure of 210 atm (21278250 Pa) a liquid water 

change its density by only 1 %, while gases as a compressible fluid changes their density in much larger 

amounts than liquids. 1 % density change for atmospheric air is caused by only 0.01 atm (1013.25 Pa) 

pressure change [3]. This deviation among gases make them been referred to a compressible fluids and 

thus the flow to a compressible flow [3]. 

A Fluid flow can be classified as a compressible- or incompressible flow by determining its Mach 

number, see equation 1. 

   
 

 
 

             

              
      (1) 

                 

                    

                      

                      

Where   is the speed of the flow and c is the speed of sound,       
 

 
  at sea level and at room 

temperature [3]. 

The Mach number is a dimensionless number, it indicates if the flow can be classified as a 

compressible- or incompressible. Flow of liquids can be approximated as incompressible flows with a 

high level of accuracy. The Mach number is very useful when it comes to gas flow modeling. If the Mach 

number for a certain gas flow is greater than 0.3 [3], the flow has to be modeled as a compressible flow 

to keep an acceptable accuracy of the result. Flow of gases can be approximated as incompressible flows 

if the fluid density variation is less than 5 %, which is usually the case at Mach numbers less than 0.3 

[3]. 

2.2.3    One-, Two-, and Three-Dimensional Fluid Flows 

A fluid flow can be characterized as a one-, two-, or three dimensional if its velocity varies in one-, two-, 

or three dimension respectively. However if the velocity varies with a relative low magnitude in a certain 

direction compared to other directions, that low magnitude variation can be neglected [3]. For instance 

a three dimensional flow with velocity variation            can be approximated to a two-dimensional 

flow          if the velocity variation in x-direction is low relative y- and z directions [3]. This 

approximation make the flow analysis much easier with an acceptable accuracy of result [3].  

The flow velocity profile needs an off distance along the flow path after it passes through the inlet to be 

a fully developed profile, see section 2.1, approximately ten times the  pipe diameter (in case of a 

turbulent flow) and two times the pipe diameter (in case of a laminar flow) [3]. In this 

hydrodynamically fully developed region the flow velocity in a circular pipe varies only in one 

dimension (across the flow direction), and thus the flow can be approximated to a one-dimensional flow 

[3]. 

2.2.4    Internal and External Fluid Flow 

A fluid flow can be classified as an internal flow in case of a fluid flow in pipes, ducts, pumps, jets, 

nuzzles etc. A fluid flow in confined space is said to be an internal flow i.e. the fluid is completely 

surrounded by a wall/ solid surface, for instance liquid- or gas flows in pipes is an internal flow. 
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An external flow is a fluid flow of an unbounded fluid around a solid body or over a solid surface, for 

instance air flow over aircrafts, missiles or water flow over submarines. The major deference between 

these two types of flows is that the internal flow is dominated by the influence of fluid viscosity, while 

the external flow is slightly affected by it, i.e. only at the boundary layer near the wall surface [3].   

2.3    Conservation of Mass Principle 

The conservation of mass principle for a certain control volume can be expressed as ''The net mass 

transfer to or from a control volume (CV) during a time interval ∆t is equal to the net change 

(increase or decrease) of the total mass within the control volume during ∆t [3]''. 

Equations 2 and 3 illustrates the total mass entering the control volume (CV) minus the total mass 

exiting it is equal to the mass change occurs inside the boundaries (control surface, CS) of the control 

volume (CV) [3]. 

                       (2) 

              
    

  
 

 

  
       (3) 

Where: 

           Mass flow into and out of the control volume respectively. 

         Variation in mass quantity within the control volume boundaries. 

                Mass flow rate into and out of the control volume respectively. 

 
    

  
   Variation of mass rate within the control volume boundaries. 

      Fluid density. 

      Volume of a single element within the control volume.  

2.4    Reynolds Number 

Reynolds number is a dimensionless number that depends on the ratio of the internal forces to viscose 

forces, see equation 4.  

   
               

              
 

     

 
 

      

 
      (4) 

Where: 

 Inertial forces  Forces that the fluid exert as a resistance to any physical change in its state 

  of motion, for instance speed, velocity direction or state of rect. 

 Viscous forces  Frictional shear forces between the fluid layers, depends on the fluid 

  viscosity, higher fluid viscosity causes larger viscous forces. 

       Average fluid velocity. 

    Characteristic length of the geometry. 

    Kinematic viscosity of the fluid. 

 μ  Viscosity of the fluid (Dynamic viscosity). 

At low Reynolds numbers the viscous forces are larger than the inertial forces and can prevent any 

change in fluid layer orientation, direction of motion or velocity, the flow in this case is laminar and the 

motion is smooth when the fluid moves in high ordered layers. If the viscous forces are smaller than the 

inertial forces turbulent flow occurs and the fluid layers/regions moves with different velocities in 

random directions [3]. The transition between laminar- and turbulent flow calls the transitional flow 

and occurs at the critical Reynolds number     , when its value depend on the flow condition, surface 
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roughness, surface vibration and geometry along the flow path. Generally accepted values of Reynolds 

number shows in table 1 [3]. 

 

Table 1. Reynolds number for laminar-, transitional- and turbulent flow [1] 

Reynolds number Flow 

Re ≤ 2300 Laminar flow 

2300 ≤ Re ≤ 4000 Transitional flow 

Re ≥ 4000 Turbulent flow 

 

2.4.1    Hydraulic Diameter 

The Reynolds number depends also on the geometry, area and the cross sectional shape of the duct, 

pipe or the channel the fluid flows through. Different shapes defines different hydraulic diameters and 

thus different Reynolds numbers. The hydraulic diameter is defined as the ratio of the cross sectional 

area of a pipe, duct or an open channel to the wetted perimeter [3]. See figure 8 below. 

                       
  

 
       (5) 

                  
      

 

  
       (6)  

                
   

  
         (7) 

                      
   

      
 

   

   
      (8) 

            
   

    
       (9) 

Where: 

     Hydraulic diameter. 

    Cross sectional area. 

    Wetted perimeter, defined as the bottom- and side surface that in direct contact with the 

 fluid. 

    Circular pipe diameter. 

    Distance. 

    Distance. 

 

Figure. 8 The hydraulic diameter for circular pipe, square duct, rectangular duct and open channel [3]. 
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2.5    Drag and Lift 

A solid body that is forced to move through a fluid experience a various level of resistance in opposite 

direction to its movement. This resistance is a force that the fluid exert on a body as a reaction to its 

motion. This reaction force that attempt to move the body in flow direction is called the drag force [5].  

A two-dimensional thin flat plate oriented parallel to the flow direction (0° of attack angle) experience a 

resistance in terms of wall shear only, due to the no-slip condition. If the same flat plate is oriented 

normal to the flow direction (90° of attack angle), the resistance in this case will be in terms of pressure 

force only, due to the pressure difference at the front and the rear of the plate. In both cases the 

resistance force tends to translate the plate in the flow direction. 

Any other plate orientation besides the previous two cases, i.e. an orientation with an angle relative the 

flow direction causes a drag force generated by pressure force and shear wall force. The drag force in 

this case is equal to the sum of the pressure force resultant in the flow direction and the shear wall force 

resultant in the flow direction, see figure 9. The resultant force that the fluid exerts on the flat plate can 

be divided into two components, the first component attempts to move the flat plate in a perpendicular 

direction relative the flow direction (lift force), and the second component attempts to move it along the 

positive flow direction (drag force) [5]. 

 

Figure 9. Drag- and lift force acting on a thin flat plate oriented with angle of attack θ. The pressure difference 
between the high pressure region and low pressure region, and the wall shear due to the no-slip condition 

causes two force components, drag force component acting in z-direction and lift force component acting y-
direction [5]. 

 

For a two-dimensional flow, the drag- and the lift force acting on the flat plate, see figure 9, can be 

calculated by the following differential equations, see equation 10 and 11 which are generally used in 

computational fluid dynamics [5]. 

                                (10) 

                                (11) 

Where: 

      Differential drag force acting on the differential area of the flat plate. 

      Differential pressure force acting on the differential area of the flat plate. 
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    Orientation angle relative the flow direction (angle of attack). 

       Differential tangential shear force acting on the differential area of the flat 

  plate. 

      Differential lift force acting on the differential area of the flat plate. 

Both of the drag- and lift force acting on any moving body through a fluid, depends strongly on the 

density of the fluid, flow velocity, the shape and the size of the body and its orientation. The two 

following equations 12 and 13  express this dependency.   

   
  

 

 
     

        (12) 

   
  

 

 
     

        (13) 

Where: 

     Drag coefficient. 

     Drag force. 

    Fluid density. 

    Fluid velocity. 

     Frontal area. 

 
 

 
     Dynamic pressure. 

The frontal area    is basically the projected area of the body (that moves through the fluid), on a plan 

oriented perpendicular to the flow direction. For instance the frontal area of the thin flat plate in figure 

9 is the projected area on xy- plan. 

Figure 10 shows drag coefficient    values of common two-dimensional bodies for        [5].  

 

Figure 10. Drag coefficient for common two-dimensional bodies for        [5]. 

 

2.6    Flow Separation 

Fluids can easily flow over curved surfaces when the flow streams follows the various path of a multi 

curved surface. However at high fluid velocities and sharp turns the fluids has difficulties to keep the 
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attachment to the surface. At this condition the fluid stream detaches itself from the surface, such fluid 

behavior occurs at the point when fluid reaches the sharp turn, this phenomena calls the flow 

separation.  

Figure 11 shows a two-dimensional fluid flow over a cylinder. At a certain point the flow streams 

separate itself from the surface of the cylinder and instead take the form of eddies, this point called the 

separation point [5]. The flow separation creates a low pressure region behind the cylinder at which the 

fluid circulate in form of eddies, this region is called separated flow region, and it comes to an end at the 

point when the two separated streamlines reattaches. 

Because of the low pressure in the flow separated region, when the flow stream lines take the shape of 

eddies, a pressure difference occurs between the front and the rear surfaces of any body as it travels 

through a fluid, and thus a pressure drag tends to move it in the flow direction. The greater the flow 

separated region the greater the pressure drag on the traveling body.  

The wake region, see figure 11, is a region of the flow, which is located downstream of the cylinder. The 

fluid velocity in the wake region is disturbed and affected  by the cylinder. This region keeps growing 

behind the cylinder and comes to an end when the fluid regains its velocity again. 

 

Figure 11. Two-dimensional turbulent fluid flow over a cylinder, the flow streamlines separate itself from the 
surface of the cylinder at the separation points and tack form of eddies. The wake region is located behind the 

cylinder [5]. 

 

2.7    Differential Analysis of Fluid Flow 

The conservation of mass (the continuity) equation and the Newton's second law (the Navier-Stokes) 

equation are useful expressions in fluid mechanics analysis. The application of these equations to any 

point in the flow field gives the opportunity to solve for details anywhere in the fluid domain.    

2.7.1    Conservation of Mass (The Continuity Equation) 

A general expression of mass balance for an infinitesimal control volume (an elemental control volume 

with dimensions dx, dy and dz), see figure 12, can be written as follows [6]: 
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             (14) 

Where: 

           Mass flow into and out of the control volume respectively. 

    Fluid density. 

    Time. 

        Volume of an infinitesimal control volume. 

 

 

Figure 12. Elemental control volume with dimensions dx, dy and dz, inflow and outflow through each face 
area of the elemental control volume [6]. 

 

The mass flow rate through each element face can be expressed by:    

                                                               (15) 

Where: 

    Fluid density. 

        Area of the element face. 

                     Velocity component, normal to the element face. 

By applying equation 15 to express the mass flow rate through each center of face, the following 

expressions are received: 

                                                 
     

  

  

 
     (16) 

                                                   
     

  

  

 
     (17) 

                                                 
     

  

  

 
     (18) 
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     (19) 

                                                     
     

  

  

 
     (20) 

                                               
     

  

  

 
     (21) 

Where: 

   Fluid density. 

   Cartesian velocity component in x-direction. 

   Cartesian velocity component in y-direction. 

   Cartesian velocity component in z-direction. 

The mass flow rate into respective out of the infinitesimal elemental control volume can be expressed 

as:  

          
     

  

  

 
          

     

  

  

 
          

     

  

  

 
          (22) 

           
     

  

  

 
          

     

  

  

 
          

     

  

  

 
          (23) 

Substituting of equations 22 and 23 into equation 14 gives the final expression for the continuity 

equation in Cartesian coordinates. 

  

  
 

     

  
 

     

  
 

     

  
        (24) 

Applying the Laplacian Operator or Del Operator [7] to equation 24, the complex expression of the 

continuity equation are received. 

  

  
                 (25) 

Where: 

   The Laplacian Operator. 

    Resultant fluid velocity vector. 

Equation 25 are the continuity equation for a compressible flow since it includes the term  
  

  
 which 

describes the rate change in time of density ρ. For an incompressible flow when the density is constant, 

the term 
  

  
 become equal to zero, and the continuity equation is received as: 

     

  
 

     

  
 

     

  
           (26) 

Or in complex form by applying the Laplacian Operator [7]: 

              (27) 

2.7.2    The Differential Linear Momentum Equation (Cauchy's equation) 

Newton's second law gives the following expression [6]: 

                                                                                

The rate of increase of momentum in x-, y- and z-direction is given by: 
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    (28) 

                                             
  

  
    (29) 

                                             
  

  
    (30) 

Where: 

   Fluid density. 

   Cartesian velocity component in x-direction. 

   Cartesian velocity component in y-direction. 

   Cartesian velocity component in z-direction. 

   Time. 

The forces acting on any fluid particle can be classified either as a force acting on its surface such as 

pressure force and viscous force, or as a force acting on its body such as gravitational force, centrifugal 

force, Coriolis force and electromagnetic force. Figure 13 shows the state of stress on an elemental fluid 

particle, defined by pressure- and nine viscous stress forces.  

 

Figure 13: State of stress on an elemental fluid particle [6]. 

 

Figure 14 shows pressure- and viscous stress forces in x-direction acting on a fluid particle, the 

magnitude of each force is equal to the product of the stress and the face area that the stress acting on. 

Depending on the direction relative the coordinate system, these forces has either positive or negative 

sign. The net force in the x-direction equal to the sum of the force components (in x-direction) acting on 

the fluid particle. Force balance of forces acting on the faces normal to x-direction in figure 14 gives: 

    
  

  

 

 
         

    

  

 

 
               

    

  

 

 
       

  

  

 

 
           

 
    

  
 

  

  
              (31) 
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Where: 

   Static pressure. 

     Viscous shear.  

     Viscous shear. 

     Viscous shear. 

Force balance of forces acting on the faces normal to y-direction in figure 14 gives: 

     
    

  

 

 
             

    

  

 

 
        

    

  
          (32) 

Force balance of forces acting on the faces normal to z-direction in figure 14 gives: 

     
   

  

 

 
             

    

  

 

 
        

    

  
          (33) 

The total pressure- and viscous stress force acting on the surfaces of the fluid particle in x-direction, is 

equal to the sum of the three force balances divided by the volume of the fluid particle         : 

                                                                       
        

  
 

    

  
 

    

  
  (34) 

To include forces acting on the body of the fluid particle such the gravity force     in equation 34 above, 

the term     (which is the gravitational force component in x-direction) can be added to equation 34, 

and the following expression is received: 

                                                             
  

  
 

        

  
 

    

  
 

    

  
     (35) 

The y- and z-components of the momentum equation can be derived by the exact same method used for 

x-component, and they received as: 

                                                             
  

  
 

    

  
 

        

  
 

    

  
      (36) 

                                                             
  

  
 

    

  
 

    

  
 

        

  
       (37) 

Finally the x-, y- and z- components of the linear momentum equation (Cauchy's equation) are listed 

below  

                               
  

  
 

        

  
 

    

  
 

    

  
      (38)  

                               
  

  
 

    

  
 

        

  
 

    

  
       (39) 

                               
  

  
 

    

  
 

    

  
 

        

  
       (40) 

Where: 

    Gravitational force component in x-direction. 

    Gravitational force component in y-direction. 

    Gravitational force component in z-direction. 
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Figure 14. Pressure- and viscous stress forces in x-direction acting on the surfaces of a small fluid element. The 
same principle is used in the y- and z-directions [6]. 

 

2.7.3    Continuity and Navier-Stokes Equation 

The Navier-Stokes equation [8,6] is an expression that approximately describes the behavior of a 

viscous fluid flow in terms of stress- and strain variations in the flow field during the flow, most 

important the relation between the viscous stress tensor and the strain rate tensor acting on a viscous 

fluid in motion. To derive the differential form for the Navier-stokes equation, the linear momentum 

equation (Cauchy's equation) and Laplacian operator [7] in Cartesian coordinates are needed, see 

section (2.7.2). 

For an incompressible and isothermal flow the fluid properties for a Newtonian fluid such as fluid 

density ρ, dynamic viscosity ν and the kinematic viscosity assumed to be constants [8]. In this case 

viscous stress tensor can be written as follows: 

                (41) 

When μ  is the dynamic viscosity of the fluid, the viscous stress tensor     is defined as: 

       

         

         

         

       (42) 

and the strain rate tensor     is defined as: 
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    (43) 

For any viscous fluid in motion, the stress tensor     acting on every fluid element in the fluid can be 

expressed as: 

     

         

         

         

   
    
    
    

   

         

         

         

     (44) 

Where P is the hydrostatic pressure acting on the viscous fluid both in state of rest and motion. The 

viscous stress tensor     on the other hand will be an additional stress which may exist in state of  

motion. The stress tensor     is equal to the sum of hydrostatic pressure P and the viscous stress tensor 

   . 

A combination of equations 41, 42, 43 and 44 gives the following expressions: 

     

         

         

         

  

 
 
 
 
   

  

  
  

  

  
 

  

  
   

  

  
 

  

  
 

  
  

  
 

  

  
   

  

  
  

  

  
 

  

  
 

  
  

  
 

  

  
   

  

  
 

  

  
    

  

   
 
 
 
 

    (45) 

     
    
    
    

  

 
 
 
 
   

  

  
  

  

  
 

  

  
   

  

  
 

  

  
 

  
  

  
 

  

  
   

  

  
  

  

  
 

  

  
 

  
  

  
 

  

  
   

  

  
 

  

  
   

  

   
 
 
 
 

    (46) 

Insertion of equation 46 into the linear momentum component equations (Cauchy's equations), 

equations 38, 39 and 40 gives: 
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Rearrangement of equations 47, 48 and 49 gives: 
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Substituting of the continuity equation for an incompressible flow equation (26) and the Laplacian 

operator equation into equations 50, 51 and 52 gives: 
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             (55) 

The combination of the component equations into one vector equation gives the final differential form 

of the Navier-Stokes equation. 

 
     

  
                       (56) 

In order to solve the Navier-Stokes equation, the continuity equation (equation 24) is needed. The 

combination of the Navier-Stokes- and the continuity equation gives the opportunity to solve a varied 

differential analysis of fluid flow problems, for instance: 

 Solving for pressure field for a known velocity field. 

 Solving for both pressure- and velocity field of a fluid flow for known geometry and boundary 

conditions. 

The following summary shows the equations used in these type of differential analysis of fluid flow. 

The continuity equation for an incompressible fluid flow: 

 
  

  
 

  

  
 

  

  
        (57) 

x-component of the Navier-Stokes equation for an incompressible fluid flow: 
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y-component of the Navier-Stokes equation for an incompressible fluid flow: 
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x-component of the Navier-Stokes equation for an incompressible fluid flow: 

  
  

  
  

  

  
  

  

  
  

  

  
   

  

  
       

   

    
   

    
   

        (60) 

2.8    Spalart-Allmaras (SA) Turbulence Model 

The Spalart-Allmaras (SA) turbulence model [9] is a one-equation turbulence model, based on a 

nonlinear transport equation with the eddy viscosity as a variable. This model is developed mainly for 

aerodynamics turbulent flows and became a popular due to its accurate results for turbulent flows in 

industrial complex models [10,11]. Due to the broad use, the model was even further modified and 

calibrated for two-dimensional mixing layers, flat-plate boundary layers and wakes. The results of using 

this model in such turbulent flows with presence of adverse pressure gradients were found accurate, 

this feature make the Spalart-Allmaras turbulence model applicable for turbulent flows with flow 

separations. 

Spalart-Allmaras operates by concerning the various terms in Reynolds stress equation, these terms can 

be identified in Spalart-Allmaras model as production, diffusion, and destruction of the turbulent eddy 
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viscosity    based on the physics/dynamics of the turbulent flow, when the kinematic eddy viscosity is 

the dependent variable and directly related to the Reynolds stress. 

The differential form of Spalart-Allmaras [9,12] transport equation is derived by ''empiricism and 

arguments of dimensional analyses, Galilean invariance and selected dependence on the molecular 

viscosity [13]''. See equation 61 [13]. 

   

  
    

   

   
         

 

 
 

 

   
 

   

   
        

   

   

   

   
           

  

 
 
 
    (61) 

Where: 

     The working variable (turbulent eddy viscosity). 

   Kinematic eddy viscosity. 

   Time. 

   Normal distance from the wall. 

   Velocity vector. 

   Physical Cartesian coordinate component. 

   Vorticity magnitude. 

    Modified Vorticity. 

     Equal to 1 at the interval of the log-layer and decrease at the outer regions. 

     Production coefficient equal to (0.1355). 

     Cross diffusions coefficient equal to (0.622). 

 σ Diffusion coefficient of the diffusive transport of the turbulent kinematic eddy viscosity   , 

 equal to (2/3). 

     Near-wall equilibrium conditions equal to (3.2391). 

2.9    Mesh Quality 

The mesh generation is an important step in any case of finite element analyses including CFD-

analyses. This step defines the elements or cells which has a significant influence on the calculation and 

the solution of the flow field variables, such as velocity, pressure, vorticity etc. In order to get an 

accurate CFD-result the mesh has to be carefully generated and well observed.  

The majority of CFD-codes can generate both structured- and unstructured mesh, in the two-

dimensional analyses the structured mesh have a plat shape with four edges, this shape could be a 

quadratic, rectangular or a distorted depending on the shape of the computational domain.  Generally 

the structured mesh can be applicable on uncomplicated geometries, when the block includes either the 

whole computational domain or a part of it. When the level of the geometrical complexity is extensive 

the structured is not possible to generate anymore. In these cases the unstructured mesh is required to 

achieve a good quality mesh.  

The unstructured mesh consist of cells with irregular shapes, typically triangles or quadrilaterals (for 

the two-dimensional models) when each particular cell is considered as single block with same sell 

shape and size. As mentioned before the unstructured mesh can be applied to geometries with a high 

level of complexity, however the downside is that the it generates more cells compare to the structured 

mesh, even with exact same node distribution applied in the two cases. This make the unstructured 

mesh more demanding in terms of time and computer resources. 

Neither the type (triangular, quadrilateral) nor the ordinarily (structured, unstructured) has the critical 

impact on the accuracy of the solution [14], it's the quality of the mesh that is the key factor to achieve a 

good CFD-results. The quality of the mesh means the level of difference for the elements relative their 
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original shape. An element that highly differ from its original shape is said to be a highly squeezed and 

low quality element. Low quality elements induce convergence difficulties and inaccuracies to the 

numerical solution. Figure 15 illustrates the difference between high- and low quality two-dimensional 

elements. 

An expression to measure the quality of the elements is shown below [14], see equation 62. where      

and      are the maximum respective minimum angles between any two cell edges.        is the ideal 

angle between two cell edges when the skewness is zero.                  

         
           

           
 
           

      
      (62)  

Beside the mesh quality, there are other factors causes convergence difficulties and solution 

inaccuracies, namely extemporary change of element size in mesh regions which close to each other, 

also cells with very large aspect ratio should be observed, they may sometimes lead to some difficulties 

in CFD-analyses [14].      

 

Figure 15. High- and low quality two-dimensional triangular and quadrilateral elements [9]. 
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3    Method  

This section includes a geometrical modifications of the new BAE Systems Hägglunds Arrow design, 

when different concepts were modeled using Creo Parametric 3.0 3D CAD-software. Also a CFD-

modeling of all created concepts using ABAQUS/CAE 6.14 CFD-code.  

3.1    Modification of Design 

The air flow through the outlet louver is mainly affected by the geometry and the position of the arrow 

shaped profile (profile-A), when its geometrical features decides the path that the air flow is forced to 

follow. Modification of these features should have an impact on the air flow and its behavior.  

3.1.1    15 Modified Versions of The New BAE Systems Hägglunds AB Arrow Design 

The arrow design was modified in 15 different ways and 15 different concepts were created. These 

modifications are listed and explained below:  

 Modification of the geometry of profile-A, include the vertical height B, the bend radius R and 

the bend angle α, see figure 16. 

 Modification of the shape of profile-A, include rounding of the sharp edges, see figure 16. 

 Modification of shape of profile-C, include rounding of the sharp edges, see figure 16. 

All of these modifications were performed relative the original arrow design shown in figure 16, received 

from BAE Systems Hägglunds AB. 

The reason for the relatively wide range of modification performed on the new design, is not only to 

pursue a better performance, but to insure if the new design really has a higher level of performance in 

terms of air flow resistance compared to the original design. Also to investigate the influence of the 

arrow geometry on the air flow resistance.  

 

Figure 16. The BAE Systems Hägglunds AB new arrow design, vertical height B, bend angle α, bend radius R 
and the overall width D. 
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3.1.1.1    Concept Arrows-D 

Concept Arrows-D includes a modification of the bend radius R, see figure 16, and the horizontal 

distances between the arrow shaped profiles (Profiles-A). This concept present the maximum allowable 

overall width D which is <120 mm according to the requirements of BAE Systems Hägglunds AB. Figure 

17 shows the unmodified arrow design, when the red line represent the path that the air flow is forced 

through the structure. Points a, b, c and d belong to the air flow path and are fixed relative the arrow 

shaped profiles A1, A2, A3 and A4 respectively, note that the distances d that separate these profiles are 

equal to each other, this condition have to be satisfied to avoid any flow strangling that may occur. 

An increase of the overall width D involves an equal increase of  the horizontal distance between the 

points a, b, c and d, which entails a decrease of the slope (relative x-axis) for each line that links two 

points. For instance an increase of the horizontal distance between the points a and b in figure 17 causes 

a decrease of the slope for the line ab. 

A decrease of the slope for each line make the flow path straighter, resulting a smoother path for the air 

flow and smaller pressure drop should be received over the whole structure [15].  

 

Figure 17. Concept Arrows. The red lines represent the air flow path. The blue points are belong to the flow 
path. d is the horizontal distance between the profiles A and B, B and C, C and D. Distance D is the overall 

width of. 

 

3.1.1.2    Concept Arrows-RD 

In order to reduce the drag on each arrow shaped profile (profile-A), the sharp edges on each side were 

rounded, see figure 18. This modification involves a shape change of profile-A which leads to a change 

of its drag coefficient    and thus a decrease of the drag force    on it, see figure 10. For the same 

reason mentioned above, the sharp corners at the end of profile-C were rounded as well. Concept 

Arrows RD include the modification of the overall width D that was performed in concept Arrows-D, 

(section 3.1.1.1). 
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Figure 18. Concept Arrows-D includes an overall width modification and  rounded edges, the sharp edges of 
each arrow shaped profile (profile-A) is rounded as well as the sharp edges on the right side of profile-C. See 

CAD-drawing (Concept Arrows-RD) in section 10.3. 

 

3.1.1.3    Concept Arrows R5-B20 and R6-B20 

Concept Arrows R5-B20 and concept Arrows R6-B20 are shown in figure 19, and were modified by 

increasing the bend radius R of profile-A to R5 (5 mm) and R6 (6 mm) respectively. These 

modifications were performed in order to investigate the way the air flow is affected by the increasing 

bend radius. These two concepts include the modifications that concept Arrows-RD presented in the 

previous section as well. 

 

Figure. 19 Concept Arrows R5-B20 with bend radius R5 (5mm) and vertical height of the arrow shaped profile 
(20 mm). Concept Arrows R6-B20 with bend radius R6 (6mm) and a vertical height of the arrow shaped profile 

(20 mm). Both concepts include modification of bend radius, overall width and rounded edges. 

 

3.1.1.4    Concept Arrows R5-B24, R6-B24 and R7-B24 

Concept Arrows R5-B24, R6-B24 and R7-B24 present an increase of 4 mm of the vertical height B of 

profile-A, see figure 20 combined with bending radius of R5 (5 mm), R6 (6 mm) and R7 (7 mm) 

respectively. These modifications were performed in order to investigate the way the air flow is affected 

by the increasing height combined with increasing bending radius. It's known that any increase of the 

frontal area of any solid body involves an increase of the drag on it, see section 2.5 and equation 12, but 

it's not known how much the drag on the arrow shaped profile will be affected by the increase of the 

frontal area combined by the increase of the bend radius. These concepts (R5-B24, R6-B24 and R7-B24) 

include the modifications that were performed in concept Arrows-D and Arrows-RD. 
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Figure 20. Concept Arrows R5-B24, Concept Arrows R6-B24 and Concept Arrows R7-B24 have the same 
geometry except the bend radius which is R5 (5mm), R6 (6mm) and R7 (7mm) respectively. All three concepts 

include modification of the overall width D, the vertical height of the arrow shaped profile and the bend 
radius.  

 

3.1.1.5    Bend Angle of 50 Degrees 

The concepts that were presented in sections 3.1.1.2, 3.1.1.3 and 3.1.1.4 were remodeled with a bend 

angle α of 50 degrees, and the following concepts were modeled: 

 Concept Arrows 25 R4-B20. 

 Concept Arrows 25 R5-B20. 

 Concept Arrows 25 R6-B20. 

 Concept Arrows 25 R5-B24. 

 Concept Arrows 25 R6-B24. 

 Concept Arrows 25 R7-B24. 

3.1.1.6    Bend Angle of 80 Degrees 

Concept Arrows 40 R4-B20 and 40 R5-B20 involve the modifications that were performed in section 

3.1.1.2 and a bend angle α of 80 degrees, see figure 21. 

 

Figure 21. Concept Arrows 40 R5-B20 with bend radius R5 (5 mm) and bend angle α (80 degrees), Concept 
Arrows 40 R6-B20 with bend radius R5 (5 mm) and bend angle α (80 degrees). Both of these concepts include 

a modification of the overall width D and rounded edges.  
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3.1.2    Bullet Shaped Profiles 

The bullet shape (round nose) is a shape that's known for good aerodynamic properties and its low drag 

coefficient       , see section 2.5 and figure 10. A replacement of the arrow shaped profile by a bullet 

shaped profile is a reasonable modification and should be tested. 

3.1.2.1    Concepts Bullet ASP-1 (B-20) and Bullet B-24 

Concept Bullet ASP-1 present a bullet shaped profiles with an aspect ratio of 1, see figure 22, this 

concept includes rounded edges to delay the flow separation and decrease the flow separation region 

and thus a low pressure drop should be received over the whole structure. This concept includes the 

overall width modification that was performed in concept Arrows-D. 

Concept Bullet B-24 includes rounded profile edges, and an aspect ratio nearly 1 due to its longer 

vertical height B (24 mm) compared to concept Bullet ASP-1 with a vertical height of 20 mm. 

 

Figure 22. Concept Bullet ASP-1 includes a bullet shaped profile with aspect ratio of 1, a modification of the 
overall width D and rounded edges. Concept Bullet B20 includes a bullet shaped profile with aspect ratio of 1, 

a modification of the overall width D and rounded edges. 

 

3.1.3    Modified Version of The New BAE Systems Hägglunds AB Semi-circle Design 

The Semi-circle design was modified in terms of increased overall width D only.  

3.1.3.1    Concept Semi-circle D 

This design was modified in the same way performed in concept Arrows-D, by increase its overall width 

D to the maximum allowable overall width, this modification should create a smoother flow path and 

thus a lower pressure drop, see section 3.1.1.1. 
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Figure 23. Concept Semi-circle D, includes a modification of the overall width D. 

 

3.2    Computational Fluid Dynamics CFD 

All created concepts were CFD-simulated in order to examine their performance in terms of pressure 

drop received over each one. 

3.2.1    Flow Assumptions/ Characterization  

CFD-analysis of any fluid flow problem demands an implementation strategy, when the possible 

assumptions that minimize the complexity of the actual problem are carefully studied. These 

assumptions strongly depends on the flow conditions, fluid properties, fluid environment and the 

geometry of the solid domain. 

In this case the fluid properties such as fluid velocity 15 m/s and fluid temperature 100°C (according to 

BAE Systems Hägglund AB recommendations) where used to make the following assumptions: 

 The air flow can be approximated as an incompressible flow due to the low Mach number, Ma 

≈ 0.04, se equation 1 in section 2.2.2. 

 The air flow has to be implemented as a turbulent flow due to high Reynolds number Re ≈ 

390000 (the shape of the outlet louver was approximated to a square duct with hydraulic 

diameter of  0.600 m), see equations 7 and 4 in sections 2.4.1 and 2.4 respectively. 

 Steady flow, the fluid temperature and the fluid velocity are not time dependent properties 

(according to BAE Systems Hägglund AB recommendations). 

The solution procedure of the CFD-simulation of the air flow through each concept was based on 

ABAQUS/CAE 6.14 CFD-code, the included steps in this procedure are listed below: 

1. Fluid domain modeling using Creo Parametric 3D CAD-software. 

2. Import the fluid domain into ABAQUS/CAE 6.14 CFD-code. 

3. Definition of fluid properties. 

4. Choice of numerical parameters and solution algorithms. 

5. Definition of the boundary conditions. 

6. Mesh generation. 

7. Mesh independent solution test. 

8. Process running. 

9. Analysis of output flow field variables. 

10. Illustration of final results. 
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3.2.2    Fluid Domain Modeling in Creo Parametric 3D CAD-software  

Any CFD-analysis starts by the definition of the computational domain (fluid domain in this case), 

creating a fluid domain can be performed by different ways depending on the type of the flow. In case of 

external flow the fluid domain is defined by a physical volume completely surrounds the solid domain, 

for instance a flow over an aircraft wing. For internal flows the fluid domain is defined by the volume of 

the cavity inside the solid domain. 

In this CFD-analysis, the first step of the definition of the fluid domain was implemented by modeling 

the solid domain, using Creo Parametric 3D Modeling Software, when the established solid domain 

defines the surfaces/boundaries of the fluid domain. 

3.2.2.1    Fluid Domain Modeling Concept Original 

Figure 24 shows a cross sectional view of the geometry of the solid domain, it consist of a series of  

repetition cells located by a distance along the vertical z-direction. This feature allows a reduction of the 

actual volume of the fluid domain. In order to save computing time and computer resources, it's both 

reasonable and logical to shrink the size of the fluid domain to the size of just one repetition cell instead 

of taking the whole section as a fluid domain. The geometry of the solid domain has another feature the 

could be used to reduce the size of the fluid domain, namely the symmetry in zy-plane, this feature 

allows to run the CFD-analysis as a two-dimensional analysis. 

In order to create a volume reduced fluid domain in an accurate way, the geometry of concept Original 

was carefully studied, the side edges A and B of the upper sheet was included as a boundary edges for 

the fluid domain. This assumption  is very important, by including these two edges, the air flow will 

experience the resistance created by the frontal area along edge A, also the flow separation caused by 

the backward step at edge B. This makes the fluid domain more accurate and more reality 

representative. 

The extended parts with lengths L1 and L2 in figure 24 have constant hydraulic diameters. These parts 

are added to the fluid domain, the purpose of having them is to achieve uniform and undisturbed 

velocity profiles at the in- and outlet of the fluid domain. The velocity profile of the flow along L2 

requires a longer distance downstream to become a uniform, while the velocity profile of the flow along 

L1 requires a shorter distance compared to L2 [16]. This difference of requirements is due to the flow 

separation caused by backward step at edge B, also because of the turbulent eddies produced due to the 

turbulent flow, which make the reattachment of the streamlines more demanding.  

The determination of these lengths L1 and  L2 was performed in several steps, these steps are explained 

in a following section, see section (3.2.3.1).    

The following figures shows how the solid- and the fluid domain was modeled in Creo Parametric 3D 

CAD-software, see figures 25, 26 and 27. 
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Figure 24. Creating the fluid domain for one repetition cell. The fluid domain is defined as the air that fills the 
cavity of the solid domain. Edge A and edge B are included in the fluid domain. The extended parts with 

lengths L1 and L2 are added to the fluid domain to achieve uniform velocity profiles at the in- and the outlet. 
Concept Original. 

 

 

Figure 25. Extracting the fluid domain from the solid domain, see figure 24 as a reference for the solid domain 
for one repetition cell. concept Original. 
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Figure 26. Extracting the fluid domain from the solid domain, see figure 24 as a reference for the solid domain 
for one repetition cell. concept Original. 

 

 

 

Figure 27. Extracting the fluid domain from the solid domain, see figure 24 as a reference for the solid domain 
for one repetition cell. concept Original. 

 

3.2.2.2    Fluid Domain Modeling Concept Arrows-D 

The fluid domain of concept Arrows-D, see figure 28, was created in a similar way as concept Original. 

The only difference between the two cases is the plane of symmetry that divides the repetition cell in the 

arrow design into two identical halves, which allows a further reduction of the size of the fluid domain. 
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The fluid domain assumptions that were performed in both of the concepts (Original and Arrows-D), 

will not only reduce the size of the fluid domain, but the size of the actual problem, this will save a 

significant amount of computing time, computer memory capacity and computer resources. 

 

Figure 28. Creating the fluid domain for one repetition cell. The repetition cell is equally divided by the plane 
of symmetry. The fluid domain is defined as the air that fills the cavity of the solid domain. The extended parts 

with lengths L1 and L2 are added to the fluid domain to achieve uniform velocity profiles at the in- and the 
outlet. Concept Arrows-D. 

 

In a similar way, the fluid domain of concept Arrows-D was modeled in Creo Parametric 3D CAD-

software, see figures 29, 30 and 31. 

 

Figure 29. Extracting the fluid domain from the solid domain, see figure 28 as a reference for the solid domain. 
Concept Arrows-D. 
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Figure 30. Extracting the fluid domain from the solid domain, see figure 28 as a reference for the solid domain. 
Concept Arrows-D. 

 

 

Figure 31. Extracting the fluid domain from the solid domain, see figure 28 as a reference for the solid domain. 
Concept Arrows-D. 

 

3.2.3    Fluid Domain Modeling in ABAQUS/CFD 

ABAQUS/CFD does not support two-dimensional CFD-analysis, however a three-dimensional part with 

one element through the thickness can be used to represent a two-dimensional model [4]. This feature 

requires a precise modeling of the tree-dimensional fluid domain, with just one element through the 

third dimension in order to run a two-dimensional CFD-analyses. This technique was used for all of the 

two-dimensional models in this project. See figure 32 as an example. 
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Figure 32. Three-dimensional fluid domain with just one element through the thickness (x-direction) can be 
used to present a two-dimensional CFD-analysis in ABAQUS/CAE 6.14 CFD-code. 

 

3.2.3.1    Uniform Velocity Profiles 

The fluid domains that were imported into ABAQUS/CFD had arbitrary lengths of L1 and L2. As 

mentioned before the determination of these lengths was performed in several steps, these steps are 

listed below: 

1. Assuming an arbitrary length of L1 and L2. 

2. Run the CFD-analysis. 

3. View the output flow field variables. 

4. Create a measurement paths, path 1 along the inlet and the path 2 along the outlet. 

5. Plot the velocity magnitude as a function of the true distances along path 1 and path 2. 

6. Increase or decrease the lengths of L1 and L2. 

7. Repeat steps 2, 3, 4, 5 and 6 until the both of the curves in step 5 shows a linear constant 

characteristic. 

The linear constant curve characteristic means that the velocity profile has a constant magnitude along 

the in- and outlet and thus an uniform profile, see figure 6 for the shape of an uniform velocity profile. 

3.2.4    Fluid Definition and Initial Conditions 

The fluid was implemented in the ABACUS/CAE 6.14 CFD-code  as an isotropic Newtonian fluid. The 

fluid properties such as velocity and temperature were received by BAE Systems Hägglunds AB. These 

fluid properties are listed below: 

 Fluid temperature 100° C (373.15 K). 

 Fluid velocity at the inlet is 15 m/s. 

These properties allows to implement the fluid with air properties at 100°C, also to specify the air flow 

as an incompressible flow due to the Mach number at flow velocity of 15 m/s, see equation 1 in section 

2.2.2. 



36 
 

The warm fluid (air) was implemented with properties of air at 100 C (373.15 K) [17]. The following 

table shows the values of these properties, see table 2. 

Table 2. Fluid definition input data, air properties at 100°C [17] 

Thermal Conductivity (k) 
[W/m∙K] 

Density (ρ) 
[kg/m3] 

Specific Heat (cP) 
[J/kg∙K] 

Dynamic Viscosity (μ) 
[kg/m∙s] 

0.03095 0.9458 1009 2.181 E-5 
 

The initial conditions of the fluid was specified as a predefined fields. For an incompressible fluid 

dynamic analysis that specifies a turbulence model, the initial fluid turbulence values such as the 

kinematic eddy viscosity has to be specified. Fluid properties such as density, initial velocity and initial 

fluid temperature were also specified. Due to the steady flow classification, see section 3.2.1, the initial 

fluid velocity was specified with a global direction, see figure 2 and 3 as a reference for the global flow 

direction. Table 3 shows the initial fluid properties which was implemented as predefined fields. 

Table 3. Fluid initial condition input data, specified with air properties at 100°C [17] 

Kinematic Viscosity (ν) 
[m2/s] 

Density (ρ) 
[kg/m3] 

Velocity ( ) 
[m/s] 

Temperature (T) 
[K] 

2.306 E-5 0.9458 15 373.15 

 

3.2.5    Choice of Turbulence Model  

The Sparlart-Allmaras Turbulence model was chosen and the constants was selected to run the CFD-

analyses with a default setting. The turbulent Prandtl number     was specified for air at 100°C [17]. All 

of the Sparlart-Allmaras calibration constants are listed below: 

     Production coefficient equal to 0.1355 (default). 

     Cross diffusions coefficient equal to 0.622 (default). 

     Production damping coefficient equal to 7.1 (default). 

     Sparlart correction for production damping equal to 5 (default). 

   Diffusion coefficient of the diffusive transport of the turbulent kinematic eddy viscosity   , 

 equal to  2/3 (default). 

   Karman constant equal to 0.41 (default). 

     For near-wall equilibrium conditions equal to 3.2391 (default). 

     For near-wall friction coefficient calibration equal to 0.3 (default). 

     Near-wall damping coefficient equal to 2 (default). 

     The turbulent Prandtl number equal to 0.7111 [17]. 

3.2.6    Boundary Conditions 

The boundary conditions were specified for both of the concepts, concept Original and concept Arrows-

D. 

3.2.6.1    Wall Boundary Conditions 

The fluid cannot pass through the solid surface (wall) and come to a complete stop during the 

interaction with the wall, this behavior was specified by the selection of the no-slip condition as a 

boundary condition for the wall [18]. Figures 33 and 34 shows the locations of the wall condition in the 

fluid domains, when the red lines represent the wall edges. 
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Figure 33. Wall boundary condition, the no-slip condition is applied at the red edges (walls), concept Original. 

 

 

Figure 34. Wall boundary condition, the no-slip condition is applied at the red edges (walls), concept Arrows-
D. 
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3.2.6.2    Inlet and Outlet Boundary Conditions 

The inlet boundary condition for both fluid domains was specified as a velocity inlet [18], when the 

velocity of the incoming flow was specified to 15 m/s (according to BAE Systems Hägglunds AB 

recommendation) in the positive y-direction for the fluid domain of concept Original, and 15 m/s in the 

negative y-direction (negative direction due to the fluid domain modeling in Creo Parametric 3D CAD-

software) for the fluid domain of concept Arrows-D. The red edges in figure 35 and 36 represent the 

edges that were selected to define the inlets for both fluid domains, note that the arrows along these red 

lines indicate the direction of each flow. 

At the inlet of both fluid domains, the temperature and the turbulence properties were specified as well. 

The kinematic eddy viscosity was specified to 2.306 E-5 [17] and the temperature to 373.15 K (according 

to BAE Systems Hägglunds AB recommendations).   

 

Figure 35. Inlet boundary condition, the inlet boundary condition is applied on the red edge, the arrows 
pointing in y-direction shows the flow direction. Concept Original. 

 

 

Figure 36. Inlet boundary condition, the inlet boundary condition is applied on the red edge, the arrows 
pointing in y-direction shows the flow direction. Concept Arrows-D. 
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The outlet for both cases was specified as a pressure outlet [18], When the pressure at the outlet was 

specified as atmospheric pressure, zero gage pressure (              ) [18,19]. Figures 37 and 38 

shows the red edges that were selected to represent the outlets for both fluid domains.  

 

Figure 37. Outlet boundary condition, the outlet boundary condition is applied on the red edge at the right 
end of the fluid domain. The atmospheric pressure is specified at the outlet. Concept Original. 

 

 

Figure 38. Outlet boundary condition, the outlet boundary condition is applied on the red edge at the right 
end of the fluid domain. The atmospheric pressure is specified at the outlet. Concept Arrows-D. 

 

3.2.6.3    Symmetry Lines and Symmetry Surfaces 

In order to run the CFD-analysis correctly, the symmetry lines and surfaces were carefully selected. The 

feature of these symmetric lines and surfaces is that the fluid can flow parallel to them but not across 

(through) them [18]. Figures 39 and 40 shows the red lines that were selected to represent the 

symmetry normal to z-direction, at these lines the velocity gradient (velocity in z-direction) was 

specified to 0 m/s. 
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Figure 39. Symmetry boundary condition, the symmetry boundary condition is applied on the red edges, the 
velocity gradient (velocity component in z-direction) is specified to 0 m/s. Concept Original. 

 

 

Figure 40. Symmetry boundary condition, the symmetry boundary condition is applied on the red edges, the 
velocity gradient (velocity component in z-direction) is specified to 0 m/s. Concept Arrows-D. 

 

Figures 41 and 42 shows the red surfaces at the front and the rear along the whole fluid domain, 

representing the symmetry normal to x-direction. The velocity gradient (velocity in x-direction) at these 

surfaces were specified to 0 m/s. 
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Figure 41. Symmetry boundary condition, the symmetry boundary condition is applied on the red surfaces 
along the whole fluid domain, the velocity gradient (velocity component in x-direction) is specified to 0 m/s. 

Concept Original. 

 

 

Figure 42. Symmetry boundary condition, the symmetry boundary condition is applied on the red surfaces 
along the whole fluid domain, the velocity gradient (velocity component in x-direction) is specified to 0 m/s. 

Concept Arrows-D. 
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3.2.7    Mesh Generation 

In order to generate a god quality mesh without demand a substantial computer memory and capacity 

CPU, the geometry of the fluid domains was carefully observed. The extended parts of the fluid domains 

have apparently the geometrical shape to agree with a structured mesh generation. See figures 43 and 

44. 

ABAQUS/CFD allows to split the fluid domain into including parts (partition), this feature was used to 

split the fluid domain into tree including parts, when the green parts indicates the structured mesh 

regions and the yellow part indicates the unstructured mesh region. Note that the partition lines that 

split the structured- and the unstructured mesh regions were located 10 mm away from the wall lines, 

This distance helps to avoid high element skewness and/or a sudden transition from unstructured- to 

structured mesh which can lead to convergence difficulties.  

 

Figure 43. Partition of fluid domain, the green extended parts on each side in the fluid domain agrees with 
structured mesh generation, the yellow curved part in the middle demands an unstructured mesh. Concept 

Original. 
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Figure 44. Partition of fluid domain, the green extended parts on each side in the fluid domain agrees with 
structured mesh generation, the yellow part in the middle demands an unstructured mesh due to its curved 

and complex geometry. Concept Arrows-D. 

 

The structured mesh region was customized in such way that decrease the quantity of elements without 

effecting the accuracy of the CFD-solution, this was achieved by slightly and successively increase the 

length of elements along the flow direction (y-direction in figures 46 and 48), which results a decrease 

of the quantity of the generated elements and thus the required computing time and the computer's 

memory capacity CPU.  

Figures 45, 46, 47 and 48 shows the meshed fluid domains of concept Original and concept Arrows-D, 

note that the meshed parts have just one element through the thickness (x-direction). 

 

Figure 45. Mesh, concept Original, one element through the thickness (x-direction). 
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Figure 46. Mesh, concept Original. 

 

 

Figure 47. Mesh, concept Arrows-D, one element through the thickness (x-direction). 
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Figure 48. Mesh, concept Arrows-D. 

 

3.2.8    Mesh Independence 

Solutions of any finite element analysis should be tested for mesh independency, some CFD-codes have 

an engaged mesh refinement tool when the mesh resolution automatically generated to match the size 

of element required to achieve a mesh independent solution. ABAQUS/CAE 6.14 CFD-code does not 

have this feature, as a consequence the mesh independency have to be done by using the standard 

method [20,21].  

The standard method can be implemented by running a series of CFD-simulations when every 

simulation is carried out with an increased mesh resolution. The result of every simulation then is 

compared to the previous one, if the result is not largely differ the resolution or the element size is 

probably adequate. In this project, the mesh independency was tested by running the analyses 12 times 

with different element sizes, the pressure at the inlet was measured at each CFD-simulation, figure 49 

shows the element size at each CFD-simulation and the value of the pressure at the inlet received. The 

pressure at the inlet was plotted as a function of the element size to illustrate the effect of the element 

size on the solution. The pressure at the inlet seems to stabilize around element size of 0.7 - 0.6 mm and 

thus the solution seems to be mesh independent at that mesh resolution. Element size of 0.6 mm was 

chosen as an element size for a mesh independent solution. 
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Figure 49. Mesh independence, pressure at inlet as a function of element size. Mesh independent solution 
occur at element size of 0.6 mm.  
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4    Results 

The results of the CFD-analyses for concept Original and Arrows-D are viewed below, the results for the 

rest of the CFD-simulated concept is found in Appendix-A. 

4.1    ABACUS/CFD Concept Original 

The CFD-results of concept Original include the output flow field variables such as pressure and velocity 

and their distribution in the fluid domain are shown in figures 50, 51, 52 and 53. 

 

Figure 50. Pressure distribution, concept Original. 

 

 

Figure 51. Pressure distribution (lines), concept Original. 



48 
 

 

Figure 52. Velocity magnitude, concept Original. 

 

 

Figure 53. Velocity magnitude (lines), concept Original. 

 

In order to measure the pressure at the inlet and the velocity at the outlet, a path of node list was 

created along the in- and the outlet. This path allows to measure the pressure and the velocity in a more 

precise way. Figures 54 and 55 shows the created paths and their location in the fluid domain. 
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Figure 54. Path-1 along the inlet, concept Original. 

    

 

Figure 55. Path-2 along the outlet, concept Original. 

 

The output flow field variables (pressure and velocity) were plotted along these paths, as a function of 

true distance, these plots allows not only to measure the magnitudes, but to be sure that the pressure 

and velocity variables have an even distribution along the inlet respective the outlet. The characteristic 

of the curve in the plots indicates the distribution of the pressure and the velocity along the created 

paths, if the curve characteristic is straight and constant a uniform profile is received, other ways the 

pressure and the velocity is uneven distributed along the in-and outlet of the fluid domain. Figures 56 

and 57 shows plots of pressure- and velocity magnitude along the in- and the outlet of the fluid domain. 
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Figure 56. The pressure as a function of distance along the inlet, concept Original. 

 

 

Figure 57. Velocity as a function of distance along the outlet, concept Original. 

 

4.2    ABACUS/CFD Concept Arrows-D 

The CFD-results of concept Arrows-D are reviewed below, the output flow field variables such as 

pressure and velocity and their distribution in fluid domain are shown in figures 58, 59, 60 and 61. The 

exact same method (the method used for concept Original) was used to plot the pressure at the inlet and 

the velocity at the outlet, see figures 62 and 63. 
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Figure 58. Pressure distribution, concept Arrows-D. 

 

 

Figure 59. Pressure distribution (lines), concept Arrows-D. 
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Figure 60. Velocity magnitude, concept Arrows-D. 

 

 

Figure 61. Velocity magnitude (lines), concept Arrows-D. 
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Figure 62. The pressure as a function of distance along the inlet, concept Arrows-D. 

 

 

Figure 63. The velocity magnitude as a function of distance along the outlet, concept Arrows-D. 
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4.3    Summary of Results 

The numerical output flow field variables of the CFD-results for all concepts are viewed below, see table 

4 and figure 64 and Appendix-A for ABAQUS/CFD result images. 

The pressure drop and the percentage pressure drop relative concept Original in table 4 were calculated 

according to the following equations: 

                                                    

                                            
                                        

                         
  

Where: 

 Pressure at outlet is equal to the atmospheric pressure,               . 

 Pressure drop (reference) is equal to the pressure drop over concept Original 665 Pa. 

Table 4. Numerical output flow field variables, flow velocity at outlet, pressure at inlet, pressure drop over 
each CFD-simulated concept, percentage pressure drop relative concept Original 

Concept 
Fluid velocity  

at outlet [m/s] 
Pressure at inlet 

[Pa] 
Pressure drop 

[Pa] 
Pressure drop 

[%] 

Concept Original 15 101990 665 Reference 

Concept Arrows  15 101829 504 24.21 

Concept Arrows D 15 101698 373 43.91 

Concept Arrows RD 15 101661 336 49.47 

Concept Arrows R5-B20 15 101666 341 48.72 

Concept Arrows R6-B20 15 101673 348 47.67 

Concept Arrows R5-B24 15 101717 392 41.05 

Concept Arrows R6-B24 15 101699 374 43.76 

Concept Arrows R7-B24 15 101720 395 40.60 

Concept Arrows 25 R4-B20 15 101681 356 46.47 

Concept Arrows 25 R5-B20 15 101697 372 44.06 

Concept Arrows 25 R6-B20 15 101672 347 47.82 

Concept Arrows 25 R5-B24 15 101762 437 34.29 

Concept Arrows 25 R6-B24 15 101735 410 38.35 

Concept Arrows 25 R7-B24 15 101698 373 43.91 

Concept Arrows 40 R4-B20 15 101680 355 46.62 

Concept Arrows 40 R5-B20 15 101682 357 46.32 

Concept Bullet ASP-1 B20 15 101676 351 47.22 

Concept Bullet B-24 15 101683 358 46.17 

Concept Semi-circle 15 101805 480 27.82 

Concept Semi-circle D 15 101806 481 27.67 
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Figure 64. The pressure drop over each concepts is compared to the pressure drop over concept Original. 
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5    Discussion 

The CFD-results will be discussed in terms of air flow behavior, velocity distribution, pressure 

distribution and pressure drop.  

5.1    Pressure and Velocity 

An observation of ABAQUS/CFD result shows that the high pressure region in the fluid domains for 

both of the concepts was received at the left extended part of the fluid domain, which is not unusual 

since the hydraulic diameter of the extended part of the fluid domain decreases for both concepts at that 

region, see figures 50 and 58. This decreasing of the hydraulic diameter strangle the flow of the fluid 

particles and forces them to delay. At this point the pressure starts to build up in the whole extended 

part, the fluid flow respond with a significant increase of its flow velocity as it passes through to 

discourage the increased pressure at that region. This flow behavior and its reaction was observed for 

both concepts. 

An increase of velocity in a certain location in the fluid domain has a reversed effect in the pressure at 

the same location. ABACUS/CFD result images shows this opposed effect for both concepts, for instance 

the highest velocity spots in figures 53 and 61 is actually a low pressure spots, see figures 51 and 59 and 

vice versa. 

The incompressible flow assumption was checked in the regions with highest flow velocities, when the 

Mach number, see equation 1, was calculated using the highest flow velocity and the speed of sound in 

air at 100°C (≈387 m/s) [22]. The CFD-simulation of concept Original shows the highest flow velocity 

(≈58 m/s) compared to all other concepts see figure 68. The Mach number was calculated to 

(≈0.15<0.3) showing that the incompressible flow assumption still valid in the highest flow velocity 

regions. It's worth mentioning that the incompressible flow assumption is valid even at room 

temperature, when the speed of sound at room temperature at sea level is equal to 346 m/s. 

5.2    Flow Separation and Reattachment 

Figures 65 and 66 shows the velocity vector resultant and its direction, the high velocity fluid is not 

following the curved walls, instead it naturally takes the shortest way out as a reaction to the high 

pressure built in the left extended region. This fluid flow behavior is natural in physics, same behavior 

can be observed in electrical network studies, when the electrical current (a flow of electric charge, 

carried by flowing electrons in electrical conductive materials) always tends to take shortest way toward 

the low potential and negatively charged anode.    

The high velocity flow separates itself from the wall and make and an earlier turn in order to reach a 

shorter way out, this causes flow separation- and reattachment points on its way throughout the curved 

section in the fluid domain, see figure 65. As a consequence, the fluid which is already located at the 

most curved wall regions will be trapped in its position, and thus reach a lower velocity compared to the 

fluid located in the middle region. Same fluid behavior can be seen in figure 66 the low velocity fluid is 

trapped behind the curved walls and forced to stay in its position.   

Flow separation was observed in the CFD-results for both concepts, when the high velocity fluid 

separate itself from the wall and flows next to the low velocity trapped fluid, and because of the viscous 

shear force between the fluid particles, the low velocity fluid get into a recirculation movement, this 

movement creates in turn a recirculation regions which are known for separated flow regions, see 

section 2.6. 
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This flow behavior was observed in all of the CFD-simulated concepts. Figures 65 and 66 shows 

separation points, reattachment points and the location of the recirculation regions in the fluid domains 

of concept Original and concept Arrows-D. 

 

Figure 65. Velocity vector resultant direction, flow separation points, reattachment points, flow separation 
regions (recirculation regions) concept Original. 

 

 

Figure 66. Velocity vector resultant direction, flow separation points, reattachment points, flow separation 
regions (recirculation regions), concept Arrows-D. 

 

5.3    Pressure Drop Comparison 

Concept Arrows-RD shows a pressure drop of 336 Pa which is the lowest pressure drop received  of all 

the CFD-simulated concepts. However that pressure drop is not significant compared to the pressure 

drop received by concept Arrows-D which is 373 Pa, that difference of 37 Pa is due to the rounded edges 

in concept Arrows-RD which is the only geometrical difference between these two concepts. 

Concept Arrows and concept Arrows-D have the same geometry of profile-A, the only features that 

differ these two concepts is the bend radius and horizontal distance between two items of profile-A. 
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That difference in geometry induced a relatively big difference in pressure drop over these two concepts 

(131 Pa and 19.7 % relative concept Original), see figure 64 and table 4. 

The concepts Arrows D, RD and R5-B20 shows an little increase of pressure drop with increase of bend 

radius, which is not the case with concepts Arrows R5-B24, R6-B24 and R7-B24, when the pressure 

drop seems to react in opposite way when the lowest pressure drop is received by concept Arrows R6-

B24 with a bend radius of 6 mm, see figure 64. The same behavior is received by concepts Arrows 25 

R4-B20, 25 R5-B20 and 25 R6-B20. 

The pressure drop over concepts Arrows 25 R5-B24, 25 R6-B24 and 25 R7-B24 seems to decrease with 

an increased bend radius, which is a reversed behavior  compared to concepts Arrows RD, R5-B20 and 

R6-B20, see figure 64. 

Concepts Arrows 40 R4-B20 and 40 R5-B20 did not react to an increased bend radius compared to the 

previous discussed concepts. 

The bullet shaped concepts namely concept Bullet ASP-1 (B20) and concept Bullet B24 did achieve a 

low pressure drop in comparison to many other concepts, which can be explained by the shape with a 

low drag coefficient       . As expected, due to the larger frontal area of the bullet shaped profile in 

concept Bullet B-24 a higher pressure drop was given over it compared to concept bullet ASP-1 (B-20), 

which has bullet shaped profile with a smaller frontal area.  

The Semi-circle design did not show any response to the modification of its overall width D, as was the 

case with the arrow design. The CFD-simulation process of these two concepts were performed two 

times and the same results were received.  

As was expected, the frontal area of the arrow shaped profiles had a reversed impact on the pressure 

drop over the structure, table 4 and figure 64 shows clearly this reversed impact. For instance concept 

Arrows R5-B20 and R5-B24 have the same geometry except a larger frontal area of the arrow shaped 

profile in concept arrows R5-B24. This difference in the frontal area caused about 13 % increase in the 

pressure drop received over concept Arrows R5-B24. This reversed impact of the frontal area was even 

observed in the concepts with bullet shaped profiles namely concepts Bullet ASP-1 and Bullet B20, 

however the difference in the pressure drop was not as big as the previous case, about 2 % increase in 

pressure drop over concept Bullet B24, this indicate that the bullet shaped profiles are less sensitive to 

an increase of their frontal area. 
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6    Conclusion 

The CFD-results shows that concept Arrows-RD result the lowest pressure drop compare to all of the 

CFD-simulated concepts. The pressure drop over this concept is 336 Pa which is 49.47 % lower than the 

pressure drop over concept Original. 

Concept Arrow-RD and Arrows-D have the exact same geometry, the only difference between them is 

that concept Arrows-RD has a rounded edges. These rounded edges result a 5.56 % lower pressure drop 

over concept Arrows-RD compare to Arrows-D. 

The bullet shaped concepts, did show a low pressure drop due to their relatively low drag coefficient 

      . 

The semi-circle design did not show a lower pressure drop compare to the Arrow design, and thus the 

Arrow design is definitely a better candidate as an alternative design to the original one. 

The CFD-analysis shows that the Arrow shape in general is definitely has the potential to be good  

replacement for the original design.  



60 
 

7    Future work 

A further future work on this thesis is definitely needed. In order to achieve a better performance in 

terms of air flow improvement, a further work on the outlet louver of the cooling system is highly 

recommended. This future work may include: 

 Analyses of the effect of surface roughness on the air flow. 

 Integration of the new design into the cooling system. 

 Choice of manufacturing method for the profiles. 

 Choice of material for the profiles and material treatment. 
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Appendix-A 

Appendix-A includes ABAQUS/CFD images of pressure distribution, velocity magnitude, plots of the 

pressure as a function of true distance along path-1 (inlet) and the pressure as a function of true 

distance along path-2 (outlet). 

Concept Original 

 

Figure 67. Pressure distribution, concept Original. 

 

 

Figure 68. Velocity distribution, concept Original. 
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Figure: 69. Pressure as a function of true distance along the inlet, concept Original. 

 

Concept Arrows 

 

Figure 70. Pressure distribution, concept Arrows. 
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Figure 71. Velocity distribution, concept Arrows. 

 

 

Figure 72. Pressure as a function of true distance along the inlet, concept Arrows. 
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Concept Arrows D 

 

Figure 73. Pressure distribution, concept Arrows-D. 

 

 

Figure 74. Velocity distribution, concept Arrows-D. 
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Figure 75. Pressure as a function of true distance along the inlet, concept Arrows-D. 

 

Concept Arrows RD 

 

Figure 76. Pressure distribution, concept Arrows-RD. 
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Figure 77. Velocity distribution, concept Arrows-RD. 

 

 

Figure 78. Pressure as a function of true distance along the inlet, concept Arrows-RD. 
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Concept Arrows R5-B20 

 

Figure 79. Pressure distribution, concept Arrows R5-B20. 

 

 

Figure 80. Velocity distribution, concept Arrows R5-B20. 
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Figure 81. Pressure as a function of true distance along the inlet, concept Arrows R5-B20. 

 

Concept Arrows R6-B20 

 

Figure 82. Pressure distribution, concept Arrows R6-B20. 
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Figure 83. Velocity distribution, concept Arrows R6-B20. 

 

 

Figure 84. Pressure as a function of true distance along the inlet, concept Arrows R6-B20. 
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Concept Arrows R5-B24 

 

Figure 85. Pressure distribution, concept Arrows R5-B24. 

 

 

Figure 86. Velocity distribution, concept Arrows R5-B24. 
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Figure 87. Pressure as a function of true distance along the inlet, concept Arrows R5-B24. 

 

Concept Arrows R6-B24 

 

Figure 88. Pressure distribution, concept Arrows R6-B24. 
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Figure 89. Velocity distribution, concept Arrows R6-B24. 

 

 

Figure 90. Pressure as a function of true distance along the inlet, concept Arrows R6-B24. 
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Concept Arrows R7-B24 

 

Figure 91. Pressure distribution, concept Arrows R7-B24. 

 

 

Figure 92. Velocity distribution, concept Arrows R7-B24. 
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Figure 93. Pressure as a function of true distance along the inlet, concept Arrows R7-B24. 

 

Concept Arrows 25 R4-B20 

 

Figure 94. Pressure distribution, concept Arrows 25 R4-B20. 
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Figure 95. Velocity distribution, concept Arrows 25 R4-B20. 

 

 

Figure 96. Pressure as a function of true distance along the inlet, concept Arrows 25 R4-B20. 
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Concept Arrows 25 R5-B20 

 

Figure 97. Pressure distribution, concept Arrows 25 R5-B20. 

 

 

Figure 98. Velocity distribution, concept Arrows 25 R5-B20. 
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Figure 99. Pressure as a function of true distance along the inlet, concept Arrows 25 R5-B20. 

 

Concept Arrows 25 R6-B20 

 

Figure 100. Pressure distribution, concept Arrows 25 R6-B20. 
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Figure 101. Velocity distribution, concept Arrows 25 R6-B20. 

 

 

Figure 102. Pressure as a function of true distance along the inlet, concept Arrows 25 R6-B20. 
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Concept Arrows 25 R5-B24 

 

Figure 103. Pressure distribution, concept Arrows 25 R5-B24. 

 

 

Figure 104. Velocity distribution, concept Arrows 25 R5-B24. 
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Figure 105. Pressure as a function of true distance along the inlet, concept Arrows 25 R5-B24. 

 

Concept Arrows 25 R6-B24 

 

Figure 106. Pressure distribution, concept Arrows 25 R6-B24. 
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Figure 107. Velocity distribution, concept Arrows 25 R6-B24. 

 

 

Figure 108. Pressure as a function of true distance along the inlet, concept Arrows 25 R6-B24. 
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Concept Arrows 25 R7-B24 

 

Figure 109. Pressure distribution, concept Arrows 25 R7-B24. 

 

 

Figure 110. Velocity distribution, concept Arrows 25 R7-B24. 
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Figure 111. Pressure as a function of true distance along the inlet, concept Arrows 25 R7-B24. 

 

Concept Arrows 40 R4-B20 

 

Figure 112. Pressure distribution, concept Arrows 40 R4-B20. 
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Figure 113. Velocity distribution, concept Arrows 40 R4-B20. 

 

 

Figure 114. Pressure as a function of true distance along the inlet, concept Arrows 40 R4-B20. 
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Concept Arrows 40 R5-B20 

 

Figure 115. Pressure distribution, concept Arrows 40 R5-B20. 

 

 

Figure 116. Velocity distribution, concept Arrows 40 R5-B20. 
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Figure 117. Pressure as a function of true distance along the inlet, concept Arrows 40 R5-B20. 

 

Concept Bullet ASP-1 B20 

 

Figure 118. Pressure distribution, concept Bullet ASP-1 B20. 
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Figure 119. Velocity distribution, concept Bullet ASP-1 B20. 

 

 

Figure 120. Pressure as a function of true distance along the inlet, concept Bullet ASP-1 B20. 
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Concept Bullet B24 

 

Figure 121. Pressure distribution, concept Bullet B24. 

 

 

Figure 122. Velocity distribution, concept Bullet B24. 
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Figure 123. Pressure as a function of true distance along the inlet, concept Bullet B24. 

 

Concept Semi-circle 

 

Figure 124. Pressure distribution, concept Semi-circle. 
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Figure 125. Velocity distribution, concept Semi-circle. 

 

 

Figure 126. Pressure as a function of true distance along the inlet, concept Semi-circle. 
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Concept Semi-circle-D 

 

Figure 127. Pressure distribution, concept Semi-circle-D. 

 

 

Figure 128. Velocity distribution, concept Semi-circle-D. 
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Figure 129. Pressure as a function of true distance along the inlet, concept Semi-circle-D. 
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