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Abstract 
 

A fuel injection engine in a vehicle requires a good air flow to sustain high performance. The air 

is supplied by the air filter system and the flow though the system is measured by an air mass 

meter.  Volvo performs CFD analysis on the air filter system using a procedure to find pressure 

loss and flow uniformity index.  

This thesis presents two CFD procedures designed to improve analysis of these types of systems. 

The first is dedicated to predicting the flow through the air mass flow sensor present in the 

system. Experiments show that at low mass flows the air mass meter signal is affected by a 

noise. Current simulation procedures cannot predict this noise and a new procedure were needed. 

The procedure developed could not find the signal noise but can be used as a basis for a future 

transient analysis procedure at Volvo.  

The second is an optimization procedure designed to find the optimal design for any given 

geometries in the system with respect to pressure losses and flow uniformity index. The 

optimization procedure showed promise in finding optimal designs and will be of used in future 

development.  

 The procedures are tested and developed on existing air filter systems. Experiments were 

performed with the system in a flow rig and verified the simulated results.  
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Introduction 
 

Background 
 

Car design changes rapidly for each year with increasing demands from customers, new 

legislation and a need to keep up with competitors. Two vital areas are packing and performance.  

Packing involves fitting the increasing number of systems in the car. This is not always 

compatible with performance expectations and new solutions are constantly studied.  

An engine requires a clean air flow to sustain high performance. This is provided by the air filter 

system. The air filter system consists of an air intake where dirty air enters the system, a filter 

box where the air is filtered, an air mass meter which measures the amount of air entering the 

engine and a clean air duct which supplies the engine with clean air. The signal from the air mass 

meter is highly dependent on the quality of the flow which in turn depends on the geometry of 

the system. CFD analysis is used as a tool for predicting the flow as well as experiments 

performed in a flow rig. The air mass meter signal has under experiments shown a signal noise 

present for low mass flows through the system. Current analysis is not capable of predicting this 

noise and a new method is needed.  

 

 

Objectives 
 

In this thesis two CFD procedures involving the air filter system are presented. They both aim to 

improve analysis of air filter systems. 

The first is dedicated to predicting the sensor signal noise occurring at low mass. In the course of 

developing the procedure the software StarCCM+ was evaluated as a solver and the mesh 

generation technique ‘wrapping’ was tested. 

When completed the process of development and the procedure will 

 Model the overall flow through the system well, predicting total pressure losses with 

close resemblance to experiments.  

 Include a detailed analysis of the flow through the air mass meter sensor. 

 Evaluate the grid generation technique ‘wrapping’. 

  

The second procedure aims to find the best design of a geometry located in the air filter system 

based on minimizing pressure losses and increasing uniformity index. To accomplish this an 

automatic process is set up to test designs and evaluate them based on chosen criteria. This will 

require a number of software programs to work together. Important characteristics of the 

procedure are efficiency, robustness and ease of implementation. The challenges will include 

hardware and software restrictions, combining efficiency and robustness and finding standard 

guidelines to follow. 
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Nomenclature 
 

ρ density [kg/m
3
] 

u velocity vector [m/s] 

t time [s] 

k kinetic energy of turbulent fluctuations [m
2
/s

2
] 

µ dynamic viscosity [kg/ms] 

ε turbulent dissipation rate [m
2
/s

3
] 

ν kinematic viscosity [m
2
/s] 

p static pressure [Pa] 

  nabla operator  

g gravity vector [m/s
2
] 

η molecular viscosity [kg/ms] 
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Theory 
 

This chapter consists of three sections, first a general description of the flow and what equations 

are used to solve it. Next is a short introduction of the different morphing techniques available 

for optimization purposes. This is followed by a section dedicated to the algorithms and 

techniques used in the optimization procedure. 

 

The engine sucks the air through the air filter system from one single outlet. The air enters the 

system from the ambient surrounding air through one or more inlets. The filter element is 

modeled as a porous media with viscous and inertial resistance according to the manufacturer’s 

specification.   

 

Continuity 
 

The governing equations for fluid flow are the Navier-Stokes equations. The equations describe 

the conservation of mass energy and momentum. The momentum and mass conservation 

equations are defined as  

0)( 



u

t






 

)(
3

1
)()( ugpuuu

t

v

ij


















 
where the stress tensor is given by 

 T

ij uu )(


 

 
or in components

 

























i

j

j

i

ij
x

u

x

u


.

 

The equations are solved using the segregated algorithm which solves all equations separately. 

Compressibility effects are present and gives the condition, 

0
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The fluid domain is the three-dimensional inner volume of the geometry.  

 

Turbulence 
 

The realizable k-epsilon model is used in this thesis to model the turbulence of the fluid. The 

model includes two extra transport equations aside from the conservation equations to model the 

turbulence. The variables solved for are turbulent kinetic energy and dissipation rate. The model 

is based on the older Standard k-epsilon model with a few alterations. The transport equations for 

the realizable k-epsilon model are, 
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Gk and Gb represents the generation of turbulent kinetic energy due to mean velocity gradients 

and turbulent kinetic energy due to buoyancy. Sk and Se are user defined source terms and YM is 

the fluctuating dilation in compressible turbulence to the overall dissipation rate. σk and σε are 

the turbulent Prandtl numbers for k and ε. The model satisfies certain mathematical constraints 

on the normal stresses which are not included in the standard model. A new equation for the 

dissipation rate is also added and is based on the dynamic equation of the mean-square vorticity. 

 

Morphing 
 

For this thesis two approaches to morphing where possible. One where the surfaces of the 

geometries are morphed and thereafter meshed and one where the mesh itself is subjected to 

morphing. In this thesis geometry morphing is used.  

The decision to base the morphing on the geometry is to ensure the quality of the mesh. Mesh 

morphing is subject to quality problems caused by deforming of the cells. By morphing the 

geometry the quality can be controlled more easily. The drawback of this is the extra 

computational time it takes to remesh the geometry for every design. This procedure is therefore 

aimed at smaller geometries on which extensive morphing is to be applied. 

 

Optimization algorithms 
 

In the start of the optimization a DOE, design of experiments is generated to map the possible 

changes in available variables. In this thesis the Latin Hypercube sampling method was used to 

generate the DOE. The algorithm allows the user to specify the size of the DOE and ensures an 

ensemble of random numbers which are representative to the real variability. It does this by 

selecting n values from each variable x1, x2 …xk. The range of each variable is then divided with 

equal probability into n non-overlapping intervals. In each interval one number is selected at 

random. Each of the variables present is thus paired in a random manner. The result is the 

generated Latin hypercube.   

 

An optimization should test a large number designs so as to cover many variations but another 

great quality is efficiency by limiting the number of designs. In other words an optimization 

should when a good design is found produce more designs similar to it but not be unnecessarily 

thoroughly where bad designs are found. The optimization should also be able to handle 

conflicting objectives which means the ‘best design’ may be in the form of a ‘front’ consisting of 
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good designs. This can be accomplished by implementing a genetic generative algorithm. This 

thesis utilizes the MOGA-II, Multi objective genetic Algorithm. The algorithm produces a 

number of generations using smart multisearch elitism. The operator keeps some excellent 

solutions without bringing premature convergence to localized fronts. Four different operators 

are used for reproduction, classical crossover, directional crossover, mutation and selection. 

Directional crossover will give efficiency to the algorithm but reduce its robustness. Mutation 

will randomly change the design configuration and selection will keep the design variables as 

they are. By manipulating the possibilities of these operators one can control the behavior of the 

algorithm. Three different types of the algorithm can be chosen with regard to the evolution of 

the generations. These are the generational evolution, steady evolution and the adaptive 

evolution. In this thesis the generational evolution is used which works on the next set of designs 

as one generation has completed.  
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Method 
 

The method section is divided in two parts, one for each computational procedure. For each 

section the general workflow of the final procedure is first presented and then followed by a 

more detailed description. 

 

Computational Procedure: MAF sensor signal deviation analysis 
 

The procedure was to be implemented as following 

CATIA Import CAD parts, minor geometry cleanup 

ANSA  Minor geometry cleanup and surface mesh 

STARCCM+ Wrapping, setting up the physical models, solving and post processing 

 
 

Two different air filter systems were examined in the course of the developing the computational 

procedure, the P1 and Eucd systems. In both systems an air mass meter, HFM7 was found 

downstream the filter box. In order to validate the procedure five variation of each system was 

tested by experiments in a flow rig and simulations in StarCCM+ and FLUENT.  

The P1 system had two inlets, one from the surrounding air which may contain water, snow and 

dirt particles and one from the ECM. The two flows are joined at the filter box where they pass 

through the filter and exits via the clean air duct to the engine. The variations of this system 

consist of different designs of the clean air filter housing and removal of the snow protection. 

The system can be seen in figure 1.  

The Eucd system has one inlet and one outlet. The variations of this system include three intakes 

and two filter configurations. One of the intakes was designed for cold market and therefore has 

a snow flap which is kept closed during all tests. The system can be seen in figure 2.  

 
Figure 1. Air filter system P1, CAD parts with inlet bulbs removed 
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Figure 2. Air filter system Eucd, interior volume with inlet bulb 

 

One objective of the procedure was to simulate the mass sensor signal disturbances for low mass 

flows which are found in the flow rig. The HFM7 is located in the middle of the flow 

downstream from the filter. The sensor consists of a heating resistor on a sensor membrane. The 

temperature distribution on the membrane is measured by two resistors. When air flows through 

the sensor it will change the temperature distribution and the resistance. The resistance difference 

indicates the air mass flow.  Disturbances to the signal can be vibrations, temperature 

fluctuations and geometrical tolerances. These disturbances affect flow stability by introducing 

pulsations and flow separation changes. In the development of the procedure only geometrical 

aspects and their effects was considered. 
 

CAD and preprocessing 

 

The goal of preprocessing in this procedure was to find the inner surfaces of the detailed model 

and produce a good quality grid. To find the inner volume the wrapping technique in StarCCM+ 

was used. The technique is automatic and requires a minimal amount of manual work as long as 

any large holes in the model are closed. Preprocessing work in CATIA and ANSA was thus 

limited to closing of the inner volume and making minor simplifications on the geometry. At the 

inlet/inlets half-spheres were added to take into account entrance losses of the air intake. 

 

To be able to study the flow through the air mass sensor a detailed CAD model was required. 

The sensor is placed inside a channel with one inlet and four outlets. At each inlet or outlet a 

measurement section was placed where pressure, flow uniformity index and mass flow can be 

monitored. The sensor, its measurement sections and its location in the HFM7 can be seen in 

figure 3 and 4.  

Extra care was taken to the simplification of the HFM7 as the details affecting the flow are 

important but greatly increases the cell count of the mesh.  
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Figure 3. Transparent HFM7 mass sensor with highlighted section cuts.   
 

 
 

Figure 4. Transparent HFM7 housing, sensor, grid and clean air duct. Highlighted mass air 

sensor section cut. 
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The wrapper finds the entire enclosed volume according to sizes specified by the user. This 

makes it possible to keep the small details of the HFM7 while keeping the rest of the geometry 

simple. Care was taken to ensure a denser grid from the filter element down to the end of the 

HFM7 as to capture the details of the flow.  

The surface produced by the wrapper was not a good basis for volume meshing as it was created 

to represent the geometry. The surfaces were therefore re-meshed and the result was a smoother 

mesh that still kept the important features of the geometry. Two prism layers were produced on 

all surfaces with the exception of interfaces, inlets and outlets. 

Both a tetrahedral and a polyhedral mesh were then produced for one of the geometries except 

the filter region which was meshed with a hexahedral dominant mesh. The polyhedral and 

tetrahedral meshes were to be compared for quality and speed. To ensure results independent of 

grid density two grids were compared. 
 

 
Figure 5. Air filter system P1 wrap in StarCCM+ with transparent inlet bulbs and extrusion at 

outlet. Colored by region. 
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Figure 6. Air filter system Eucd wrap with transparent inlet bulb and outlet extrusion. Colored by 

region and visible surface mesh. 

 

The filter 

 

The filter is made out of paper in a pleat pattern. Depending on the direction of the pleats the 

porous viscous and inertial resistance will differ. The filter element can vary in porosity on 

individual basis as indicated by previous experiments. During the experiments two different 

elements were tested and compared to this data to find the most suitable individual. The 

simulations were conducted using the porosity specifications as following  

 

Table 1. Filter porosity specifications 

 Viscous Resistance 

[kg/m3-s]  

Inertial Resistance 

[kg/m^4] 

Along filter paper ribs 5.5085 0.4178227 

Perpendicular to filter paper ribs 5.5085*10^4 41782.27 

Perpendicular to filter element main spread 5.5085*10^2 417.8227 

 

Physics and boundary conditions 

 

The system was split up into four different regions to ease the meshing process, prepare for 

future geometry changes and separate the porous region from the fluid region. The boundary 

conditions were set as following.  

 A Pressure Outlet at the outlet with a target mass flow.  

 The inlet/inlets as stagnation inlets.  

The analysis was run in steady state with compressible air at default settings. To model the 

turbulence the High Reynolds Realizable k-epsilon model was used with high y+ wall function. 



11 

 

The analysis starts with all settings at first order with incompressible air. As the simulation 

reaches its end at 2500 iteration all models were set to second order and the flow was set to 

compressible. These steps were necessary to obtain stability of the solution. Table 2 describes the 

steps done during the simulation. The settings were so to best represent the actual physics of the 

problem where the engine sucks the air out of the system. When the pressure and mass flow at 

the outlet had stabilized the simulation was considered solved. The java code governing these 

steps can be seen in appendix A. 

 

Table 2. Solving sequence.  

500 iterations All 1-order, incompressible 

500 iterations 2-order k-e turbulence  

300 iterations 2-order segregated flow 

200 iterations 2-order segregated temperature model 

1000 iterations All 2-order, compressible 

 

Measurements of interest are the pressure drop over the parts of the system and in the case of two 

inlets, the mass flow ratio. These measurements were used to validate the model with the test 

data and compare it with the existing computational procedure using FLUENT. A result equal to 

the FLUENT results or closer to the test results was sought for. For investigating the HFM7 

sensor signal fluctuations the section cuts viewable in figure 3 was used for measuring mass flow 

and flow uniformity index, gamma. Gamma was defined as, 
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where u is the average velocity and A is the cross section area. Gamma gives an indication on 

how uniform the flow is on the section cut.  

To investigate the noise the flow uniformity and total pressure was measured on the sections in 

the HFM7 sections for a suitable mass flow. The mass flow was picked based on the 

experimental results of the signal fluctuation. 

Since the disturbance of the mass flow signal is time dependent it is probable that the steady state 

simulation will not yield any results of signal fluctuations. A transient simulation was therefore 

attempted after the steady state solution was confirmed to be valid.  

 

Experiments 
 

All variations of the systems were tested in the Volvo flow rig for comparison with the simulated 

results. The flow rig sucks the air through the system at a mass flow specified by the user. In all 

experiments a sweep over mass flows ranging from 60 kg/s to 720kg/s was performed. At each 

measurement point a number of quantities can be measured. Of special interest during the 

experiments are total pressure drop over the model, signal of the HFM7 sensor and signal 

fluctuation of the HFM7 sensor.  The HFM7 signal fluctuation is a measure in frequency, Hz. 

Among other quantities measured are ambient pressure and temperature.  
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Computational Procedure: Geometry optimization of air filter system 
 

 

The goal of the optimization procedure was to be fast, reliable and easy to implement. At the 

center of the optimization procedure was the software Mode Frontier. The program handles the 

entire process once it was set up and was also used to examine the results.  

 

The workflow was set up as following: 

1. The DOE sends one design to ANSA which morphs the geometry to its specification.  

2. ANSA then meshes the new geometry and outputs the volume mesh back to 

ModeFrontier.  

3. The model is then sent to StarCCM which applies all boundary conditions and physical 

settings. The case is then solved on the cluster and when finished sends the results, in this 

case pressure drop and uniformity index back to ModeFrontier.  

4. ModeFrontier registers the results and produces new designs according to the algorithm 

set for evolution.  

Figure 5 shows an overview of the process. A larger picture can be seen in appendix D. 
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Figure 5. The workflow of the optimization.  

 

 

The procedure requires three simulations to be set up manually by the user.  

 

1. The complete original system 

2. A simplified version ready for optimization 

3. The final optimal design in a complete system 

 

The procedure was developed on the P1 system. The system was limited to include only the filter 

box with the HFM7 and a cylindrical duct exiting it. The morphing was applied to the air filter 

nozzle located upstream the HFM7 sensor. By not simulating the full system computational time 

was saved but care had to be taken in order to ensure that the flow was still represented well. The 

goal was to reduce recirculation zones appearing before the HFM7 sensor. Recirculation zones 

have two things in common that can be measured, a decrease in flow uniformity index and 

increased pressure drop. These two quantities conflict and needs to be weighted against each 

other.   

 

CAD and preprocessing 

 

The demands on the geometry are much different to the previous procedure presented in this 

thesis. In this case it was important that the model was as simple as possible to limit solving 

time. For simplicity all preprocessing was done in ANSA where the inner geometry was found 

and simplified manually. Morphing was also conducted in ANSA by the use of morphing boxes. 

The nozzle in P1 was split with a rectangular box which was in turned split to fit the surface of 

the geometry. Every point in the box was connected to the geometry and was movable. The 

points on the outer edges of the box were fixed as to not alter the surfaces outside of the box. 

Figure 6 shows the morphing boxes located at the nozzle. 

 In the original system a recirculation zone can be observed as the flow releases from the wall of 

the nozzle. By theory the removal of this zone would give a better flow uniformity and reduce 

pressure losses. The recirculation zone can be observed to be slightly shifted to the right of the 

symmetry line of the nozzle slope. Three variables to control the shape of the geometry were set 

up. The rest of the control points were coupled to these with a percentage to maintain a smooth 

curve similar to the original. In this optimization the effect and combination of a 'bulb' or a 

'tongue' is tested on three locations on the slope. Using the batch functions in ANSA the 

geometry was meshed according to predefined values. One prism layer was created on all 

surfaces throughout the geometry.  

 

In order to ensure a result independent of mesh size and configuration, the following grids were 

compared. 

 

Coarse model 800 000 tetrahedral cells 

Fine model 950 000 tetrahedral cells 
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Figure 6. Morphing boxes and the slope to be morphed. 

Physics 

 

The boundary conditions and solution procedure differs from the first procedure. The simulated 

results from the complete system were to be applied on the smaller model to obtain the same 

flow. The mass flow and pressures obtained at appropriate sections in the complete system were 

set to the inlets. Because of the change in boundary conditions the solving procedure needed to 

be changed as well. The software could not handle a start from the conditions obtained so a flow 

was first established mimicking the converged case. After an acceptable flow has been started 

the intended boundary conditions were applied with the established pressures at the inlets. 

 

100 iterations Mass Flow Inlet and Pressure outlet 1 order, incompressible 

200 iterations Stagnation Inlets and Pressure outlet 2 order, incompressible 

700 iterations Stagnation Inlets and Pressure outlet 2 order, compressible 

 

For stability the under relaxation factors for pressure and velocity were started at 0.2 and 0.5 in 

the first 100 iterations and later restored to default values.  

 

The design of experiments, DOE, consisted of eighteen designs generated using the Latin 

hypercube algorithm. To find new designs the Multi Objective Genetic algorithm II, MOGA-II 

was used. The algorithm produced five generations from the initial eighteen. The size of the 

DOE was decided using the recommendation when using MOGA-II,  

2∙’number of variables’∙’number of objectives’=’size of the DOE’, 

In this case three variables were to be tested with three design goals. 
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The objectives of the optimization were set to maximize the uniformity index on two 

measurement sections and minimize the pressure drop over the slope. The measurement sections 

created to monitor the results can be seen in the following figure. 

 
Figure 7. Measurement sections for the optimization design goals.  
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Results 
 

Computational Procedure: MAF sensor signal deviation analysis 
 

The P1 system was used for testing grid cell type and density. The results showed a larger error 

in the polyhedral mesh compared to a tetrahedral mesh with the same settings. The polyhedral 

took marginally longer to produce. Based on the results all following simulations used a 

tetrahedral mesh.  

For the grid density test three grids were produced in the interval 2 500 000 – 6 300 000 cells. 

Based on the results the largest mesh was found to be sufficient and the settings were used in all 

following simulations.  

 

 
Figure 8. Total pressure for the polyhedral grid, tetrahedral grid and the experimental result for 

the P1 system. 

 

  

The pressure drop in each case was measured at measurement sections throughout the model. 

The measurement sections were placed at the same positions when solved with the FLUENT 

procedure currently used by Volvo. The position of the sections can be seen in figure 9. The total 

pressure measured at each section for both simulations can be seen in figure 10.   
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Figure 9. Position of the measurement sections in the P1 system 

 

 
Figure 10. Total pressure at measurement sections in calculated by FLUENT and StarCCM+ 

 

The procedures follow each other closely with the exception of the inlet and outlet of the filter 

element. This was due to a slightly different positioning of the element.  
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The results show that the new procedure is capable if predicting the pressure drop within a 5% -

2% error margin. The Eucd system showed a smaller error than the P1 system probably due to 

the P1 system being a more complex system with two inlets. The total pressure measured at the 

measurement sections for the geometries can be seen in appendix C.  

 

The orientation of the filter pleating did not show any effect on total pressure drop or uniformity 

index but the flow field at the filter outlet differences could be found. The scalar velocity at the 

filter outlet can be seen for both cases in appendix E.  

The existence of the snow protection did not show any effect on the sensor signal.   

 

The flow uniformity index monitored on the HFM7 sensor section can be seen in figure 11. This 

graph can be compared to the result obtained from the experiments viewable in figure 12. A 

general increased signal noise can be seen for one of the geometries, the old nozzle. This was 

also identified in the simulated results with a lower flow uniformity index. In figure 13 the mass 

flow ratio at 60 kg/h for each measurement section in the sensor can be seen. The measurement 

sections position can be seen in figure 3. The increased signal fluctuation for low mass flows in 

the experiments cannot be found in the simulations.  

 

 
Figure 11. Simulated values for flow uniformity index as a function of mass flow for three p1 

systems 
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Figure 12. Experimental results for mass flow 3-sigma as a function of mass flow for three P1 

systems 

 
Figure 13. Mass flow ratio through measurement sections in the sensor at 60 kg/h 
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Computational Procedure: Geometry optimization of air filter system 

 

To test the validity of the procedure two tests were made. The first was the solutions dependency 

to grid density. The results for the two grids differed about 0.5% which was small enough to 

claim grid-independence and the meshes took an equal amount of time to produce and solve. The 

finer mesh was used in the rest of the procedure. The second test was to see the effects of 

limiting the optimization to be performed on a small part of the air filter system. The small 

model with its imported boundary conditions was thus compared to the full system result. The 

difference of the total pressure at the outlet was 2% which was acceptable. The flow field was 

checked manually and minor differences could be found, therefore the optimization was deemed 

to be a good representation.  The scalar velocities at the outlet of the filter element of both 

systems can be seen in appendix F. 

 

When the optimization was completed the results were analyzed by looking at the pareto front of 

the designs. The figure 14 shows the pareto front of the first 108 designs. When the front was 

examined more closely one could see that some designs which were not very good had been 

registered as good ones. This was due to one of the measurement sections for flow uniformity 

index being placed badly and thus missing recirculation zones in the flow. The section was 

denoted as Gamma2 in the figure and is visible in color-scale on each design.  

 

To continue the optimization without needing to rerun it from the beginning the pareto front was 

chosen for a new DOE. A new measurement section for uniformity index was added and three 

new generations were produced resulting in 56 new designs. The new pareto front can be seen in 

figure 15. A closer examination of the front and its corresponding designs reveals two optimal 

designs and a few odd designs. The odd designs marked as 20, 83, 4 and 5 were identified to be 

the ones present due to the errors in the previous optimization run. Of the two optimal designs, 

78 and 1, one was chosen as the winner due to uniformity being a more favored goal. The winner 

has an unsymmetrical tongue on the slope and the runner-up was a symmetrical tongue. The 

designs can be seen in figure 16 and 17. The second design is similar to the design in-production 

at Volvo.  
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Figure 14. Pareto front of the first 108 designs with total pressure as a function of gamma1 and 

with the gamma2 as color scale  
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Figure 15. Pareto front of the 56 final designs.  

 

 

 
Figure 16. Runner-up design with a tongue centered at the middle of the slope 
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Figure 17.  Best design with a tongue centered at the slopes right side. 

 

The optimal design found by the optimization procedure was run as a full system and compared 

to the in-production system. The optimal design showed an increase in uniformity index by 

2.98%.  

 

The efficiency of the optimization procedure was evaluated by studying the work hours required 

to set up a case, create an optimization procedure and run it. The time required is highly 

dependent on geometry complexity, number of variables to evaluate, design objectives and 

hardware resources. In this case the approximate time to go through all the steps in the procedure 

was summarized by table 3.  

 

Table 3. Estimate work hours needed for implementation of the optimization procedure 

 Time required (h) 

Preprocessing 16h 

Solving (20 min/design, 108 designs) 36h 

Evaluation 5h 

Total 57h 
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Discussion 
  

Computational Procedure: MAF sensor signal deviation analysis 
 

 

The procedure needs further development to find the mass sensor signal noise. This involves a 

transient approach on the detailed model described in this report. Attempts were made to 

investigate such solutions but the simulations were deemed to be too time consuming to be of 

practical use at Volvo today. The alternative is to run the models in the flow rig and is the 

recommended approach until more simulation possibilities are available. 

  

An alternative to the wrapping technique used in the computational procedure is to clean up the 

geometry entirely in CATIA and ANSA. This involves deleting all exterior faces and merging 

the interior to a closed volume. In retrospect this would have been a preferably technique as the 

details of the mass air sensor is too small to be suited for wrapping. The problem lies in 

producing a good quality mesh. The time saved by wrapping the geometry is taken up 

rewrapping to obtain a good enough quality. For a simpler geometry wrapping is a good 

instrument, expeditiously finding the details of the geometry and producing a good surface.   

 

Computational Procedure: Geometry optimization of air filter system 
 

The optimization procedure is a good basis for optimization on air filter systems. To improve this 

procedure there are two particular areas to look into, the morphing boxes and software 

implementation. 

 

The design of the morphing boxes highly affects the flexibility of the optimization. Smart design 

will save time and increase robustness.  When choosing the boxes one should also consider 

manufacturing possibilities and other restrictions of the new designs.  

 

Speed can be gained by running the procedure in a suitable environment for the software used. 

The software works either locally or remotely and may encounter problems on the way. A study 

in what platforms works best for which software and how to implement it should improve speed 

and flexibility. One of the biggest limitations is the licenses required to run the software, in 

particular the solver software. If one were to implement the procedure using open source code 

there would be no limit to how many design could be run simultaneously except for hardware 

restrictions.    
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Appendix A 
 

// STAR-CCM+ macro: segregated.java 

package macro; 

 

import java.util.*; 

 

import star.common.*; 

import star.keturb.*; 

import star.base.neo.*; 

import star.segregatedenergy.*; 

import star.flow.*; 

import star.segregatedflow.*; 

 

public class segregated extends StarMacro { 

 

  public void execute() { 

    execute0(); 

  } 

 

  private void execute0() { 

 

    Simulation simulation_0 =  

      getActiveSimulation(); 

 

 

    StepStoppingCriterion stepStoppingCriterion_0 =  

      ((StepStoppingCriterion) 

simulation_0.getSolverStoppingCriterionManager().getSolverStoppingCriterion("Maximum Steps")); 

 

    stepStoppingCriterion_0.setMaximumNumberSteps(500); 

 

    Solution solution_0 =  

      simulation_0.getSolution(); 

 

    solution_0.initializeSolution(); 

 

    ResidualPlot residualPlot_0 =  

      ((ResidualPlot) simulation_0.getPlotManager().getObject("Residuals")); 

 

    residualPlot_0.setTitleFont(new java.awt.Font("SansSerif", 0, 12)); 

 

    simulation_0.getSimulationIterator().run(); 

 

    PhysicsContinuum physicsContinuum_0 =  

      ((PhysicsContinuum) simulation_0.getContinuumManager().getContinuum("Physics 1")); 

 

    RkeTurbModel rkeTurbModel_0 =  

      physicsContinuum_0.getModelManager().getModel(RkeTurbModel.class); 

 

    rkeTurbModel_0.getUpwindOption().setSelected(UpwindOption.SECOND_ORDER); 

 

    SegregatedEnergySolver segregatedEnergySolver_0 =  

      ((SegregatedEnergySolver) simulation_0.getSolverManager().getSolver(SegregatedEnergySolver.class));  

 



27 

 

 

    stepStoppingCriterion_0.setMaximumNumberSteps(1000); 

 

    simulation_0.getSimulationIterator().run(); 

 

    SegregatedFlowModel segregatedFlowModel_0 =  

      physicsContinuum_0.getModelManager().getModel(SegregatedFlowModel.class); 

 

    segregatedFlowModel_0.getUpwindOption().setSelected(FlowUpwindOption.SECOND_ORDER); 

 

 

    stepStoppingCriterion_0.setMaximumNumberSteps(1300); 

 

    simulation_0.getSimulationIterator().run(); 

 

    SegregatedFluidTemperatureModel segregatedFluidTemperatureModel_0 =  

      physicsContinuum_0.getModelManager().getModel(SegregatedFluidTemperatureModel.class); 

 

    segregatedFluidTemperatureModel_0.getUpwindOption().setSelected(UpwindOption.SECOND_ORDER); 

 

    stepStoppingCriterion_0.setMaximumNumberSteps(1500); 

 

    simulation_0.getSimulationIterator().run(); 

 

 

    IdealGasModel idealGasModel_0 =  

      physicsContinuum_0.getModelManager().getModel(IdealGasModel.class); 

 

    idealGasModel_0.setIncompressible(false); 

 

    stepStoppingCriterion_0.setMaximumNumberSteps(2500); 

 

    simulation_0.getSimulationIterator().run(); 

  } 

} 
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Appendix B 
 

/ STAR-CCM+ macro: OP_P1.java 

package macro; 

 

import java.util.*; 

 

import star.turbulence.*; 

import star.common.*; 

import star.keturb.*; 

import star.base.neo.*; 

import star.vis.*; 

import star.flow.*; 

import star.material.*; 

import star.segregatedenergy.*; 

import star.base.report.*; 

import star.segregatedflow.*; 

 

import java.io.BufferedWriter; 

import java.io.FileWriter; 

 

public class OP_P1 extends StarMacro { 

 

  public void execute() { 

    execute0(); 

  } 

 

  private void execute0() { 

 

    Simulation simulation_0 =  

      getActiveSimulation(); 

 

//import the geometry 

 

    ImportManager importManager_0 =  

      simulation_0.getImportManager(); 

 

    importManager_0.importFile(resolvePath("OP_vertikalt.cas"), false); 

 

    FvRepresentation fvRepresentation_0 =  

      ((FvRepresentation) simulation_0.getRepresentationManager().getObject("Volume Mesh")); 

 

    Region region_0 =  

      simulation_0.getRegionManager().getRegion("vol_cleanside_duct"); 

 

    Region region_1 =  

      simulation_0.getRegionManager().getRegion("vol_cleansidehousing_layers"); 

 

    Region region_2 =  

      simulation_0.getRegionManager().getRegion("vol_dirtysidehousing"); 

 

    Region region_3 =  

      simulation_0.getRegionManager().getRegion("vol_filter"); 
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    fvRepresentation_0.generateMeshReport(new NeoObjectVector(new Object[] {region_0, region_1, region_2, 

region_3})); 

 

 

//scale the geometry 

 

    LabCoordinateSystem labCoordinateSystem_0 =  

      ((LabCoordinateSystem) simulation_0.getCoordinateSystemManager().getObject("Laboratory")); 

 

    simulation_0.getRepresentationManager().scaleMesh(new NeoObjectVector(new Object[] {region_0, region_1, 

region_2, region_3}), new DoubleVector(new double[] {0.0010, 0.0010, 0.0010}), labCoordinateSystem_0); 

 

 

//Set up the physics models 

 

    PhysicsContinuum physicsContinuum_0 =  

      ((PhysicsContinuum) simulation_0.getContinuumManager().getContinuum("Physics 1")); 

 

    physicsContinuum_0.enable(SteadyModel.class); 

 

    physicsContinuum_0.enable(SingleComponentGasModel.class); 

 

    physicsContinuum_0.enable(SegregatedFlowModel.class); 

 

    physicsContinuum_0.enable(IdealGasModel.class); 

 

    physicsContinuum_0.enable(SegregatedFluidTemperatureModel.class); 

 

    physicsContinuum_0.enable(TurbulentModel.class); 

 

    physicsContinuum_0.enable(RansTurbulenceModel.class); 

 

    physicsContinuum_0.enable(KEpsilonTurbulence.class); 

 

    physicsContinuum_0.enable(RkeTurbModel.class); 

 

    physicsContinuum_0.enable(KeHighYplusWallTreatment.class); 

 

 

//Change the model settings to 1-order and incompressible 

 

 

    IdealGasModel idealGasModel_0 =  

      physicsContinuum_0.getModelManager().getModel(IdealGasModel.class); 

 

    idealGasModel_0.setIncompressible(true); 

 

    RkeTurbModel rkeTurbModel_0 =  

      physicsContinuum_0.getModelManager().getModel(RkeTurbModel.class); 

 

    rkeTurbModel_0.getUpwindOption().setSelected(UpwindOption.FIRST_ORDER); 

 

    SegregatedFluidTemperatureModel segregatedFluidTemperatureModel_0 =  

      physicsContinuum_0.getModelManager().getModel(SegregatedFluidTemperatureModel.class); 
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    segregatedFluidTemperatureModel_0.getUpwindOption().setSelected(UpwindOption.FIRST_ORDER); 

 

    SegregatedFlowModel segregatedFlowModel_0 =  

      physicsContinuum_0.getModelManager().getModel(SegregatedFlowModel.class); 

 

    segregatedFlowModel_0.getUpwindOption().setSelected(FlowUpwindOption.FIRST_ORDER); 

 

    

physicsContinuum_0.getInitialConditions().get(KeTurbSpecOption.class).setSelected(KeTurbSpecOption.K_EPSIL

ON); 

 

    TurbulentDissipationRateProfile turbulentDissipationRateProfile_0 =  

      physicsContinuum_0.getInitialConditions().get(TurbulentDissipationRateProfile.class); 

 

    

turbulentDissipationRateProfile_0.getMethod(ConstantScalarProfileMethod.class).getQuantity().setValue(1000.0); 

 

    TurbulentKineticEnergyProfile turbulentKineticEnergyProfile_0 =  

      physicsContinuum_0.getInitialConditions().get(TurbulentKineticEnergyProfile.class); 

 

    turbulentKineticEnergyProfile_0.getMethod(ConstantScalarProfileMethod.class).getQuantity().setValue(1.0); 

 

    InitialPressureProfile initialPressureProfile_0 =  

      physicsContinuum_0.getInitialConditions().get(InitialPressureProfile.class); 

 

    initialPressureProfile_0.getMethod(ConstantScalarProfileMethod.class).getQuantity().setValue(-1580.0); 

 

//set up pouros filter region 

 

    region_3.setRegionType(PorousRegion.class); 

 

    PorousInertialResistance porousInertialResistance_0 =  

      region_3.getValues().get(PorousInertialResistance.class); 

 

//set coord for inertial 

 

 

    ScalarProfile scalarProfile_0 =  

      porousInertialResistance_0.getMethod(PrincipalTensorProfileMethod.class).getProfile(0); 

 

    scalarProfile_0.getMethod(ConstantScalarProfileMethod.class).getQuantity().setValue(41782.27); 

 

    ScalarProfile scalarProfile_1 =  

      porousInertialResistance_0.getMethod(PrincipalTensorProfileMethod.class).getProfile(1); 

 

    scalarProfile_1.getMethod(ConstantScalarProfileMethod.class).getQuantity().setValue(0.4178227); 

 

    ScalarProfile scalarProfile_2 =  

      porousInertialResistance_0.getMethod(PrincipalTensorProfileMethod.class).getProfile(2); 

 

    scalarProfile_2.getMethod(ConstantScalarProfileMethod.class).getQuantity().setValue(417.8227); 

 

    PorousViscousResistance porousViscousResistance_0 =  

      region_3.getValues().get(PorousViscousResistance.class); 
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//set coord for viscous 

 

    ScalarProfile scalarProfile_3 =  

      porousViscousResistance_0.getMethod(PrincipalTensorProfileMethod.class).getProfile(0); 

 

    scalarProfile_3.getMethod(ConstantScalarProfileMethod.class).getQuantity().setValue(55085); 

 

    ScalarProfile scalarProfile_4 =  

      porousViscousResistance_0.getMethod(PrincipalTensorProfileMethod.class).getProfile(1); 

 

    scalarProfile_4.getMethod(ConstantScalarProfileMethod.class).getQuantity().setValue(5.5085); 

 

    ScalarProfile scalarProfile_5 =  

      porousViscousResistance_0.getMethod(PrincipalTensorProfileMethod.class).getProfile(2); 

 

    scalarProfile_5.getMethod(ConstantScalarProfileMethod.class).getQuantity().setValue(550.85); 

 

 

//set initial boundary conditions on outlet 

 

    Boundary boundary_0 =  

      region_0.getBoundaryManager().getBoundary("outlet"); 

 

    boundary_0.setBoundaryType(MassFlowBoundary.class); 

 

 

    MassFlowRateProfile massFlowRateProfile_2 =  

      boundary_0.getValues().get(MassFlowRateProfile.class); 

 

    massFlowRateProfile_2.getMethod(ConstantScalarProfileMethod.class).getQuantity().setValue(0.2); 

 

    

boundary_0.getConditions().get(KeTurbSpecOption.class).setSelected(KeTurbSpecOption.INTENSITY_LENGTH

_SCALE); 

 

    TurbulenceIntensityProfile turbulenceIntensityProfile_3 =  

      boundary_0.getValues().get(TurbulenceIntensityProfile.class); 

 

    turbulenceIntensityProfile_3.getMethod(ConstantScalarProfileMethod.class).getQuantity().setValue(0.1); 

 

    TurbulentLengthScaleProfile turbulentLengthScaleProfile_3 =  

      boundary_0.getValues().get(TurbulentLengthScaleProfile.class); 

 

    turbulentLengthScaleProfile_3.getMethod(ConstantScalarProfileMethod.class).getQuantity().setValue(0.0056); 

 

 

 

//set initial boundary conditions on inlets 

     Boundary boundary_7 =  

      region_2.getBoundaryManager().getBoundary("inlet_da"); 

 

    Boundary boundary_8 =  

      region_2.getBoundaryManager().getBoundary("inlet_snowpocket"); 

 

    boundary_7.setBoundaryType(StagnationBoundary.class); 
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    boundary_8.setBoundaryType(StagnationBoundary.class); 

 

 

    

boundary_7.getConditions().get(KeTurbSpecOption.class).setSelected(KeTurbSpecOption.INTENSITY_LENGTH

_SCALE); 

 

    TurbulenceIntensityProfile turbulenceIntensityProfile_4 =  

      boundary_7.getValues().get(TurbulenceIntensityProfile.class); 

 

    turbulenceIntensityProfile_4.getMethod(ConstantScalarProfileMethod.class).getQuantity().setValue(0.1); 

 

    TurbulentLengthScaleProfile turbulentLengthScaleProfile_4 =  

      boundary_7.getValues().get(TurbulentLengthScaleProfile.class); 

 

    turbulentLengthScaleProfile_4.getMethod(ConstantScalarProfileMethod.class).getQuantity().setValue(0.0020); 

 

    

boundary_8.getConditions().get(KeTurbSpecOption.class).setSelected(KeTurbSpecOption.INTENSITY_LENGTH

_SCALE); 

 

    TurbulenceIntensityProfile turbulenceIntensityProfile_5 =  

      boundary_8.getValues().get(TurbulenceIntensityProfile.class); 

 

    turbulenceIntensityProfile_5.getMethod(ConstantScalarProfileMethod.class).getQuantity().setValue(0.1); 

 

    TurbulentLengthScaleProfile turbulentLengthScaleProfile_5 = 

boundary_8.getValues().get(TurbulentLengthScaleProfile.class); 

    turbulentLengthScaleProfile_5.getMethod(ConstantScalarProfileMethod.class).getQuantity().setValue(0.0015); 

 

    TotalPressureProfile totalPressureProfile_4 =  

      boundary_7.getValues().get(TotalPressureProfile.class); 

 

    totalPressureProfile_4.getMethod(ConstantScalarProfileMethod.class).getQuantity().setValue(-1534.0); 

 

    TotalPressureProfile totalPressureProfile_5 =  

      boundary_8.getValues().get(TotalPressureProfile.class); 

 

    totalPressureProfile_5.getMethod(ConstantScalarProfileMethod.class).getQuantity().setValue(-1221.0); 

 

//set up coordinate systems 

 

    CartesianCoordinateSystem cartesianCoordinateSystem_2 =  

      

labCoordinateSystem_0.getLocalCoordinateSystemManager().createLocalCoordinateSystem(CartesianCoordinateS

ystem.class, "Cartesian"); 

 

    cartesianCoordinateSystem_2.setBasis0(new DoubleVector(new double[] {0.27785939438906854, 

0.01293120368191968, -0.9605347161456876})); 

 

    cartesianCoordinateSystem_2.setBasis1(new DoubleVector(new double[] {-0.95952852624281, -

0.043954364578181575, -0.27816006392152925})); 

 

    Coordinate coordinate_2 =  

      cartesianCoordinateSystem_2.getOrigin(); 
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    Units units_0 =  

      ((Units) simulation_0.getUnitsManager().getObject("m")); 

 

    coordinate_2.setCoordinate(units_0, units_0, units_0, new DoubleVector(new double[] {1.3064497709274292, 

0.3043783903121948, 0.9260901212692261})); 

 

    CartesianCoordinateSystem cartesianCoordinateSystem_3 =  

      

labCoordinateSystem_0.getLocalCoordinateSystemManager().createLocalCoordinateSystem(CartesianCoordinateS

ystem.class, "Cartesian"); 

 

    cartesianCoordinateSystem_3.setBasis0(new DoubleVector(new double[] {-0.011744519585789188, 

0.9995061636139091, -0.029146100210914645})); 

 

    cartesianCoordinateSystem_3.setBasis1(new DoubleVector(new double[] {-0.979533469585752, -

0.017357434322181745, -0.2005315472314761})); 

 

    Coordinate coordinate_3 =  

      cartesianCoordinateSystem_3.getOrigin(); 

 

    coordinate_3.setCoordinate(units_0, units_0, units_0, new DoubleVector(new double[] {1.4488991498947144, -

0.5056393146514893, 0.9484552145004272})); 

 

// set coord to outlet boundary and filter porousity 

 

    VectorProfile vectorProfile_0 =  

      porousInertialResistance_0.getMethod(PrincipalTensorProfileMethod.class).getXAxis(); 

 

    CartesianCoordinateSystem cartesianCoordinateSystem_0 =  

      ((CartesianCoordinateSystem) 

labCoordinateSystem_0.getLocalCoordinateSystemManager().getObject("Cartesian 2")); 

 

    vectorProfile_0.setCoordinateSystem(cartesianCoordinateSystem_0); 

 

    VectorProfile vectorProfile_1 =  

      porousInertialResistance_0.getMethod(PrincipalTensorProfileMethod.class).getYAxis(); 

 

    vectorProfile_1.setCoordinateSystem(cartesianCoordinateSystem_0); 

 

    VectorProfile vectorProfile_2 =  

      porousViscousResistance_0.getMethod(PrincipalTensorProfileMethod.class).getXAxis(); 

 

    vectorProfile_2.setCoordinateSystem(cartesianCoordinateSystem_0); 

 

    VectorProfile vectorProfile_3 =  

      porousViscousResistance_0.getMethod(PrincipalTensorProfileMethod.class).getYAxis(); 

 

    vectorProfile_3.setCoordinateSystem(cartesianCoordinateSystem_0); 

 

    boundary_0.getConditions().get(FlowDirectionOption.class).setSelected(FlowDirectionOption.COMPONENTS); 

 

    FlowDirectionProfile flowDirectionProfile_0 =  

      boundary_0.getValues().get(FlowDirectionProfile.class); 

 

    CartesianCoordinateSystem cartesianCoordinateSystem_1 =  
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      ((CartesianCoordinateSystem) 

labCoordinateSystem_0.getLocalCoordinateSystemManager().getObject("Cartesian 1")); 

 

    flowDirectionProfile_0.setCoordinateSystem(cartesianCoordinateSystem_1); 

 

    flowDirectionProfile_0.getMethod(ConstantVectorProfileMethod.class).getQuantity().setComponents(0.0, 0.0, 

1.0); 

 

 

// solve the case 

 

    StepStoppingCriterion stepStoppingCriterion_0 =  

      ((StepStoppingCriterion) 

simulation_0.getSolverStoppingCriterionManager().getSolverStoppingCriterion("Maximum Steps")); 

 

    Solution solution_0 =  

      simulation_0.getSolution(); 

 

    solution_0.initializeSolution(); 

 

    ResidualPlot residualPlot_0 =  

      ((ResidualPlot) simulation_0.getPlotManager().getObject("Residuals")); 

 

    residualPlot_0.setTitleFont(new java.awt.Font("SansSerif", 0, 12)); 

 

    SegregatedFlowSolver segregatedFlowSolver_0 =  

      ((SegregatedFlowSolver) simulation_0.getSolverManager().getSolver(SegregatedFlowSolver.class)); 

 

    VelocitySolver velocitySolver_0 =  

      segregatedFlowSolver_0.getVelocitySolver(); 

 

    PressureSolver pressureSolver_0 =  

      segregatedFlowSolver_0.getPressureSolver(); 

 

    velocitySolver_0.setUrf(0.7); 

 

 

    pressureSolver_0.setUrf(0.3); 

 

 

    stepStoppingCriterion_0.setMaximumNumberSteps(100); 

 

    simulation_0.getSimulationIterator().run(); 

 

    rkeTurbModel_0.getUpwindOption().setSelected(UpwindOption.SECOND_ORDER); 

 

    SegregatedEnergySolver segregatedEnergySolver_0 =  

      ((SegregatedEnergySolver) simulation_0.getSolverManager().getSolver(SegregatedEnergySolver.class));  

 

    segregatedEnergySolver_0.setFrozen(false); 

 

    segregatedFlowModel_0.getUpwindOption().setSelected(FlowUpwindOption.SECOND_ORDER); 

 

    segregatedFluidTemperatureModel_0.getUpwindOption().setSelected(UpwindOption.SECOND_ORDER); 

 

    stepStoppingCriterion_0.setMaximumNumberSteps(150); 
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    simulation_0.getSimulationIterator().run(); 

 

    boundary_0.setBoundaryType(PressureBoundary.class); 

 

    TargetMassFlowOption targetMassFlowOption_0 =  

      boundary_0.getConditions().get(TargetMassFlowOption.class); 

 

    targetMassFlowOption_0.setTargetMassFlowOption(true); 

 

    boundary_0.getValues().get(TargetMassFlowPressureAdjuster.class).setUrf(0.15); 

 

    boundary_0.getValues().get(TargetMassFlowPressureAdjuster.class).getMinimumPressure().setValue(-50000.0); 

 

    boundary_0.getValues().get(TargetMassFlowPressureAdjuster.class).getMaximumPressure().setValue(-1.0); 

 

    boundary_0.getValues().get(TargetMassFlowPressureAdjuster.class).getMassFlowRate().setValue(0.2); 

 

    StaticPressureProfile staticPressureProfile_0 =  

      boundary_0.getValues().get(StaticPressureProfile.class); 

 

    staticPressureProfile_0.getMethod(ConstantScalarProfileMethod.class).getQuantity().setValue(-3800.0); 

 

 

 

    stepStoppingCriterion_0.setMaximumNumberSteps(300); 

 

    simulation_0.getSimulationIterator().run(); 

 

    idealGasModel_0.setIncompressible(false); 

 

    stepStoppingCriterion_0.setMaximumNumberSteps(1000); 

 

    simulation_0.getSimulationIterator().run(); 

 

// import arbitrary surface and name it outlet_maf 

 

    Units units_1 =  

      ((Units) simulation_0.getUnitsManager().getObject("mm")); 

 

    ArbitrarySection arbitrarySection_2 =  

      (ArbitrarySection) simulation_0.getPartManager().createArbitraryImplicitPart(new NeoObjectVector(new 

Object[] {}), resolvePath("M:\\OptimeringP1\\UI_1.stl"), units_1); 

 

    arbitrarySection_2.setPresentationName("sec_UI_1"); 

 

    arbitrarySection_2.getInputParts().setObjects(region_1); 

 

    ArbitrarySection arbitrarySection_3 =  

      (ArbitrarySection) simulation_0.getPartManager().createArbitraryImplicitPart(new NeoObjectVector(new 

Object[] {}), resolvePath("M:\\OptimeringP1\\UI_2.stl"), units_1); 

 

    arbitrarySection_3.setPresentationName("sec_UI_2"); 

 

    arbitrarySection_3.getInputParts().setObjects(region_1); 
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// import arbitrary sections for pressure measurement 

 

    ArbitrarySection arbitrarySection_0 =  

      (ArbitrarySection) simulation_0.getPartManager().createArbitraryImplicitPart(new NeoObjectVector(new 

Object[] {}), resolvePath("M:\\OptimeringP1\\pressure_1.stl"), units_1); 

 

    arbitrarySection_0.setPresentationName("sec_pressure_1"); 

 

    arbitrarySection_0.getInputParts().setObjects(region_1); 

 

    ArbitrarySection arbitrarySection_1 =  

      (ArbitrarySection) simulation_0.getPartManager().createArbitraryImplicitPart(new NeoObjectVector(new 

Object[] {}), resolvePath("M:\\OptimeringP1\\pressure_2.stl"), units_1); 

 

    arbitrarySection_1.setPresentationName("sec_pressure_2"); 

 

    arbitrarySection_1.getInputParts().setObjects(region_0); 

 

 

//Create a report of the total pressure difference 

 

 

    AreaAverageReport areaAverageReport_0 =  

      simulation_0.getReportManager().createReport(AreaAverageReport.class); 

 

    PrimitiveFieldFunction primitiveFieldFunction_0 =  

      ((PrimitiveFieldFunction) simulation_0.getFieldFunctionManager().getFunction("TotalPressure")); 

 

    areaAverageReport_0.setScalar(primitiveFieldFunction_0); 

 

    areaAverageReport_0.getParts().setObjects(arbitrarySection_0); 

 

    areaAverageReport_0.setPresentationName("pressure1"); 

 

    AreaAverageReport areaAverageReport_1 =  

      simulation_0.getReportManager().createReport(AreaAverageReport.class); 

 

    areaAverageReport_1.setScalar(primitiveFieldFunction_0); 

 

    areaAverageReport_1.getParts().setObjects(arbitrarySection_1); 

 

    areaAverageReport_1.setPresentationName("pressure2"); 

 

    UserFieldFunction userFieldFunction_0 =  

      simulation_0.getFieldFunctionManager().createFieldFunction(); 

 

    userFieldFunction_0.setDefinition("$pressure1Report-$pressure2Report"); 

 

    ExpressionReport expressionReport_0 =  

      simulation_0.getReportManager().createReport(ExpressionReport.class); 

 

    expressionReport_0.setDefinition("$UserFieldFunction_1"); 

 

    // Export a text file with the Pressure 

        try{ 
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    String pl = resolvePath("TotalPressure.txt"); 

    FileWriter fw = new FileWriter(pl); 

    BufferedWriter bw = new BufferedWriter(fw); 

     

        double pressurediff = simulation_0.getReportManager().getReport("Expression 1").getReportMonitorValue(); 

        bw.write(pressurediff+"");  

         

       

        //Close output file 

 

        bw.close(); 

 

        }catch (Exception e){//Catch exception if any 

            System.err.println("Error: " +e.getMessage()); 

            } 

 

//Define the uniformity index gamma at U1 as a report 

 

    new StarScript(getActiveSimulation(), 

 

                   new java.io.File(resolvePath("uindex1.java"))).play(); 

 

    // Export a text file with the Gamma 

        try{ 

 

    String pl = resolvePath("Gamma1.txt"); 

    FileWriter fw = new FileWriter(pl); 

    BufferedWriter bw = new BufferedWriter(fw); 

     

        double gamma1 = 

simulation_0.getReportManager().getReport("gamma_sec_UI_1").getReportMonitorValue(); 

        bw.write(gamma1+"");  

         

       

        //Close output file 

        bw.close(); 

 

        }catch (Exception e){//Catch exception if any 

            System.err.println("Error: " +e.getMessage()); 

            } 

 

 

//Define the uniformity index gamma as a report 

 

    new StarScript(getActiveSimulation(), 

 

                   new java.io.File(resolvePath("uindex2.java"))).play(); 

    // Export a text file with the Gamma 

        try{ 

 

    String pl = resolvePath("Gamma2.txt"); 

    FileWriter fw = new FileWriter(pl); 

    BufferedWriter bw = new BufferedWriter(fw); 

     

        double gamma2 = 

simulation_0.getReportManager().getReport("gamma_sec_UI_2").getReportMonitorValue(); 
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        bw.write(gamma2+"");  

         

       

        //Close output file 

        bw.close(); 

 

        }catch (Exception e){//Catch exception if any 

            System.err.println("Error: " +e.getMessage()); 

            } 

  } 

} 
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Appendix C 
 

Geometry p1_no_snow p1_large_volume p1_old_nozzle p1 

Massflow 0,2kg/s 0,2 kg/s 0,2 kg/s 0,2kg/s 

Number of cells 6186931 6300000 6250000 5900000 

     Total pressure (Pa) 

    sec_ca_duct_maf -3901 -3921 -4886 -4539 

sec_ca -4596 -4615 -5591 -5252 

sec_maf_sensor -4153 -4283 -5455 -4773 

sec_inlet_da_duct -61 -60 -60 -981 

sec_da_duct_filter_housing -675 -663 -667 -1580 

Pressureoutlet -5616 -5636 -6612 -6283 

sec_filter_inlet_da -2177 -2138 -2165 -2901 

sec_ecm_duct_filter_housing -1001 -1032 -991 -1263 

sec_ecm_ecm_duct -546 -563 -542 -697 

sec_outlet -4971 -4991 -5966 -5634 

sec_filterinlet_ecm -1642 -1695 -1628 -2069 

sec_inlet_ecm -44 -46 -44 -59 

     Mass Flow (kg/h) 

    Pressureoutlet 725,49 724,89 723,88 722,51 

sec_filter_inlet_da -485,93 -481,30 -485,01 -451,66 

sec_filterinlet_ecm -240,76 -244,85 -240,19 -272,13 

     Flow uniformity index 

    sec_maf_sensor        0,886 0,891 0,872 0,885 

 

 

 

Geometry eucd_cold eucd_warm eucd eucd_warm_E3 

Mass Flow(kg/s) 0,2 kg/s 0,2 kg/s 0,2 kg/s 0,2 kg/s 

Number of cells 5040000 5060000 5050000 5050000 

     Total pressure (Pa) 

    sec7_ca_in -2817 -2753 -2383 -2795 

sec9_outlet -4234 -4173 -3793 -4216 

sec_maf_sensor -2794 -2730 -2356 -2800 

PressureOutlet -4199 -4139 -3759 -4182 

sec1_entrance -719 -593 -223 -594 

Filter_outlet -1828 -1763 -1402 -1729 

Filter_inlet -1514 -1436 -1089 -1370 

sec8_ca_rear_in -3394 -3333 -2957 -3377 

     Flow uniformity index 

    sec_maf_sensor 0,742 0,892 0,890 0,878 
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Appendix D 
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Appendix E 
 

 
The scalar velocity at the inlet and outlet of the filter element with pleating folds in x direction 

 
The scalar velocity at the inlet and outlet of the filter element with pleating folds in x direction 
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Appendix F 
 

 
The scalar velocity field at the filter element outlet for the small optimization model 

 
The scalar velocity field at the filter element outlet for the full system 
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