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ABSTRACT

In response to rising fugkices, limited avidability, and environmental concerns, the automotive
industry has focusedn reducing aerodynamic drag to reduce vehicle consumption oaifuel
carbon dioxide emissionBuses are a common means of transportation, and understanding their
aerodynamics contributés theirincreased efficiency and lower drdghis study aimed ttessen

the aerodynamic drag of the Bishoftu bus througtying windshield angle and utilizing base

cavity configurations. Computational fluid dynamics (CFD) analysis in ANSYS 19.2 was
conducted to evaluate the aerodynamic performance of vehicle models at various vehicle speeds.
The SOLIDWORKS 21 was used for the creatiom8D CAD model of baselm model and 29
modified modelsTo verify the reference busodel's numerical results, wind tunnel tests were
also conductedlhrough investigated speeds for the baseline model, an average error percentage
of 6.09%was observed between tlig CFD findings and the wind tunnel test outconiBsis
suggests that the numerical and experimental data have a very precise conhkeet@verage

drag coefficient reduction of 7.06% was achieved by base cavity applicatisolely on the
baseline model wit a 12 base cavityangle and0.3 times the height of the vehic(6.3H)
taperedbase cavitydepth. Additionally, the study examined thienpact of windshield angle
variation on the aerodynamaharacteristicef a baseline model, finding that variations resulted

in reduced stagnation pressure arearaagimum average drag coefficient reductiorl@f12%.

Also, lower coefficients of lift and lift forces, indicating an increase in downward foee
exhibited hrough these modificationgurthermore, the combined effect of windshield angle
variations and base cavity configurations was studi€de minimum averagedrag
coefficientCy) anddrag forcefy) values of 0.477%nd 1420.9N were achieved respectively

by model 26 which has a 17° windshield angle,12° base cavity angle, andape3kdbase
cavity length.This modified model reducetthe drag coefficient b5.226 anddrag forceby

26.6% resulting in a maximum fuel consumpti reduction of 3.66it/hr, and thehighest
average O, saval annually was 48.35 tonne/ye&inally, Multi-objective optimization was
donethrough response surface metblogd)y by giving precedence to the study's primary goal
The optimum dimensions were identified &as11.54° base cavity anglel7° windshield angle
andO0.3 times the height of the vehiclé H) tapered base cavity length

Keywords: Bus, Drag CFD, Cavity, windshield Optimization



TABLE OF CONTENTS

APPROV AL .ottt e e et et e e — e e e e e e e e e e e s [
DECLARATION L.ttt ettt e et mmme et e e e e e e esta e e e e e e anmmeeesstn e e aeeeesnnnses L.
ACKNOWLEDGEMENT ...ttt eee e et e e e e e e e e e e ameneeeeeenes iii
AB S T R A C T et eee e e e ettt e e e ettt e eann e e e e e et e e e e e eena s aan v
LIST OF FIGURES . ...ttt ettt e e e e e e et mmme et e e e e eeananns X
LIST OF TABLES.. ... eeeee e eree et e e e e e e e e e e e e e XV
ACRONY M S ettt et e e e e e ettt e e e e e e et mmme e sba e e e e e eaea e e e XVi
NOMENCLATURE ...t e e e et e e e e e amnme e e e e XVii
CHAPTER ONE ... e e e et e e e e e e nnn e e e e eeees 1
INTRODUGCTION ... .ttt et e et e et s mma e e e e e e e a e e e e e ess s ammmr e e e e e e ennn e eas 1
1.1. Backgrounf StUAY...........uuuuuuiiiiiie e e e eeeer s e e e e e e e e e e e e e nnne e 1
1.2. Statement Of the ProbIEM...........iiiii et 4
1.3. Objectives Of the StUAY.......cciieiiii e e 5
1.3.1.  General ODJECHIVE. ........coiieeie e e e e e e e e e e e aeee s 5
1.3.2.  SPECITIC ODJECHIVES ... .ottt e ee et erer e e e e e e e e e e e e e e e e 5
1.4. Significance Of the STUAY.........c.uuiiiiiiiiie e 5
1.5, SCOPE Of the STUAY.....ciieiiiiiie e e e e eeereneeee 6
1.6. Limitations Of the STUOY........ceeiiiiiiiiiiiii e 6
1.7.  Structure Of the THESIS......coiiiii e e e e e e e e e e 6
CHAPTER TWO ... ettt st e e e e ettt e e e e e e st e e e e e e e ann e e e e A
LITERATURE REVIEW. ...ttt e e e enmmmeeennnn e el
2.1, AerodynNamiC fOICES . .....uuii ittt ee e e e 7
2.2. Key Determinants Of DIag..........ooiiiiiiiiiiii e ceeee e erees e e e e eaaaaad 8
2.2.1. Impact of Object Shape on Drag FOICES........cccooiiiiiiiiiiceeiii e 8



2.2.2. Air Flow CharacteristicS and Drag............ccouvvveveiiiimmmeeeeeeeeeeeeiiiiees s smmmeeeeeens 9

2.2.3. Air Properties and Their Influence on Aerodynamics.............ccccevvvvieeeeeennnnn. 12
2.3.  ACrOdYNAMIC UEVICES......cevvurirruiiiies e e e eeeerattaa i sa s e e s e e eeeeeesaaaesaaaseaeaaaeeaaeeeeeeeessrnnns 12
2.3.1. Passive aerodynamiC AEVICES.........uuuuiiiiiiiiiceeeiiiiiis e e e e e e e e e e e e s veeen e e e e eaaa e 12
2.3.2.  Active aerodynamiC JEVICES......ccouuiieeeieeiiiiieieeeee e e ee et mmme e eeeeeaeeees 15
2.4. Aerodynamics Effect on Fuel ConSUMPLIQN.........covvviiiiiiiiiieeneeeeeee e 17
2.5, NUMENICAl MOUEIS......coiiiiiiieeii e eeer e 19
2.5.1. Turbulence MOAElING..........ooiiiiiii e e e e e e e e e e 20
2.5.1.1. k-epsilon turbulence Model...............ueiiiiiiiiieeciiii 21
2.5.1.2. k-omega turbulence model............ccccuiiiiiiimemr 23
2.5.1.3. Reynolds Stress Models (RSM)..........coouvuiuuiiiiiireeeeeeeiiisen e e eeemrnnnnes 24

2.6. Experimental Approach: Wind Tunnel Testing for Vehicle Aerodynamics Analy3ts

2.6.1. Wind Tunnel ConfiguratioNS...........uuuueiiiiiei e ceeeccrs e e e eeeen e 27
2.7. Influence of Vehicle Speed on Aerodynamic Forces and Drag.......................... 28
2.8. Impact of aerodynamic drag on Vehicle emissSions............cccccevvvvieemeeeeeeeeeeeeennnn, 29

2.9. Multi-Objective Aerodynamic Design Optimization with Response Surface

(V1] g ToTe (o] 0 o )Y/ PP PPPPPPPPPPR 30
2.10. Literature SUMMArY QN0 GBI ... ..ueeeeeeeiiiiieieeeeeeeeeeeeeeeeaaaaaaae e s s s s rme e e e e e e e e e aaaaaaannns 31
CHAPTER THREE ... ..o ettt e et e e e e eaaanns 34
MATERIALS AND METHODS..... .ot e e e 34
3.1. Benchmarking the Baseline Model.............coooriiic e 36
3.2, BaSeliNe gEOMELLY.......uuii it eere e 37
3.3. Drag Reduction Mechanisms Applied to Baseline Madel..............cccccvcnnnnn.n. 38
3.4, NUMETICAl SELUP.....cvvviiiieiiiiiii et sreer e e e e e err e eneee e e e D
3.4.1. Design of Virtual Wind TUNNEL............uiiiiii e 45

Vi



G NV =2 g 0 L= LT = U1 o SRR 46

3.4.2.1. Mesh iNndependenCY tESt......uuuiiiiei e eeeeee e rree e e e e e e e 49
G0 00 T = o 1¥ ] [0 F= 1 VA @] T 111 =SSR 52
3.4.4. TUrbulENCE MOEL.......ooiiiii e 55
3.4.5. Solution method, control, and initialization..............ccoooeiiiiceee e 55
3.4.6. POSE PrOCESSAL. .. ..ci i i eeeiieiieeeeetteeee ettt emnna s 56
3.5. Experimental validation of numerical analysSiS..........cccccceiiiiimaniee 96
3.5.1. 3D MOdEel Preparation...........uueeiiiiiiiiii e 56
3.5.2.  EXperimental SETUR.......cooiii it ieeee bbb eeena e e e e e e e e ean 60
3.5.3.  TeSHNG PrOCEUULE. ... ..uuuiiiiiiiiiie ittt ettt e e e e e rmr e e e e e e e e e e e e nees 62
3.6. Percentage reduction in Fuel Consumption and foreign currency Saved........... 65
3.7. Reduction in Carbon DioXide (G............euviiiiiiiiiii i ereer s 65
3.8. Multi-objective Optimization using RSM in Design Expert software.................. 65
CHAPTER FOUR......c ettt emme et e e e et e e e e emene e e eesnn e e eeeennes 68
RESULTS ANDDISCUSSION......ciiiiiiiii ettt e e e mmmeeeea e e e e e e e e e e eeenes 68
4.1. Baseline MOdel rESULLS.............ueiiiiiiiieee e e 68
4.2. Experimental Validation of the Baseline Model...............cccooivieeeeieiei e, 78
4.3. Effect Of DASE CAVILY.......cccuiiiiiiiiiiii e 80
43.1. Base cavity Effect On Wake...........oooiiiiiiiiiee e 83
4.3.2. Base cavity effect on base pressure distribution...................eeeeeeeiiiviiiinennnn. 84
4.4. Windshield angle effeCt.........ooooiiiiiieee e 85

4.5. Combined Effect of Base Cavity and Windshield Angle Modifications on Bus

F X =T (0T Y/ T o 1[0 SPPPPRTP 87
4.6. Fuel consumMpPtion SAVE.........cooviiiiii e reee e 94
47. Amount of ...CO......S.ANM.L.0 s 95

vii



4.8. Annual FUEl COSt SAVINGS.......ciieiieiiiiiieeieieeee et eeeas 96

4.9. Effect of Individual Factors 0N RESPONSES..........evuvuuueiiiicreeriiiiiieaeeeeeeeeeeenanns 97
4.10. Effect of interaction of factors 0N reSPONSES..........uvuiiiiiieieeeeiiiie e e e e e 100
4.10.1. Effect of factors interaction on drag coefficieng)C..........cccovvrrriiiiiieeeeenenen. 100
4.10.2. Effect of factors interaction on Lift coefficient JC............ccccovvviiiiiiiieeniiinnee. 103
4.10.3. Effect of factors interaction on drag force)F.........oovvvvrvvriiiiiiiceciiiiiiennn 104
4.10.4. Effect of factors interaction on lift force JE..........cooooiiiiiiiiiicccie e, 105
4.10.5. Effect of factors interaction on Amount of fuel saved..................cccooeenrnns 108
4.10.6. Impact of factors inteidion 0N CQ SAVEd..........uuiiiiiiiiiiiieiieceicieee e 110
4.11. Optimization Of PAraMETEIS.......ccoiii i ee bbb 111
CHAPTER 5.ttt e e et e et e e e e em e e e e e e e ena e e e e ennaan s 114
CONCLUSION AND RECOMMENDATION. ...ttt eeeeeemmmeeei e e e e e eanmmeeeenes 114
5.1, CONCIUSION. ...ttt ettt eeer e e e e e e e e e e e e b anenrs e e e e e e e e annees 114
5.2, RECOMMENAALIONS .....ceiiiiiiiiiiieeeereei et e ettt e e s ammee e e e e e e e eeemeeeas 116
REFERENGCES. ... .o ee e et e ettt eemaea e e e e e e e e e eennes 117
APPENDICES ...t ee e e ettt e e et et e e emmer e e e e e e e e e e e eennas 126
Appendix A: Multiview drawing of Models.............ooovviiiiiiiicceeeee e 126
Appendix Al: Multrview drawing of the baseline model..............cccooviiiieeciiiiiiinnnn. 126
Appendix A2: Multrview drawing of modified model 26...............oeeeiiiiiiieeciiiiiiiieeen. 127
Appendix B: Baseline model and Modified ded 26 Mesh and its detalls..................... 128
Appendix B1: Baseline model Mesh and its details...............cccoeiieeceiiiiiiieec e, 128
Appendix B1: Modified model 26 Mesh and its detailS............cccceeeiiiccciiiiiieen e 131
Appendix C: Modified models scaled residualga@d G convergence history plots....... 134

Appendix C1:Modified model 1 Scaled residualg &d G convergence history plats 134

Appendix C2: Modified model 2 Scaled residualga@d G convergence history plats135

viii



Appendix C3: Modified model 3 Scaled residualga@d G convergence history platd.36
Appendix C4: Modified model 4 Scaled residualga@d G convergence history plats137
Appendix C5: Modified model Scaled residualga@d G convergence history plats.138
Appendix C6: Modified model 6 Scaled residualga@d G convergence history plats139
Appendix C7: Modified model 7 Scaled residualga@d G convergence history plat440

Appendix D: Residual vs predicted plots of Responses and Solutions found from optimization

141
Appendix D1: Residual vs predicted plots of RESPONSES.........ccoovvvviiiiccceeeeeeeeees 141
Appendix D2: Solutions found from mulbbjective optimization.................ccvvueee. 142



LIST OF FIGURES

Figure 1.2. BiShOftU DUS [7] ....eueeiiiii e eeee e s 3
Figure 2.1 Aerodynamic drag cefficient of shapes [14).........ccoooiiiiiiiiiimmmnnieeeeee 9
Figure 2.2. Formation of boundary layer [L18]..........ccccoiiimiiimmmiieee e 10
Figure 2.3. Exemplary laminar as well as turbulent boundary layer velocity patterns.[19]1
Figure 2.4. Flow separation in flow over cylinder [18].........ooovvvriviiiiicceeeeeeeeecee 11
Figure 2.5The relationship between wind speed and drag coefficieh{3q] ...................... 14
Figure 2.6. Schematic representation of the PIV measurempatimental setup [29]......... 16
Figure 2.7 Average realvorld and CQ emission of all light commercial vehiclg&0]............ 17
Figure 2. 8. Reynolds number independence.[S1]........ccccoeeiiiiiiicceiiiiiiiieee e eeee, 26
Figure 2.9. Open Circuit Wind Tunnel Simplified Design [55].........cccoooviiiiiiiic e 27
Figure 2.10. Closed Circuit Wind Tunnel Simplified Design [56]............ooooiiiiiiienneeennenns 28
Figure 2.11. A typical passengeehicle's rolling resistance force and aerodynamic drag force
532 OSSP PRTOURPPSPR 29
Figure 2. 12. Speexklated changes in G@MISSIONS [6Q]...........cuvvvviiiiiiiiiceceriieeee e 30
Figure 3.1. Flow chart of the methodology..........cuvvviiiiiiiiieee e 35
Figure 3.2. Isometric view of baseline 3D madel.............ooooiiiiiccc e 37
Figure 3.3. Front view of the baseline Model..............ccoooiiiiieeec e 38
Figure 3.4. Base cavity length depiction on thalified bus model..................cooooiirieeennnn. 39
Figure 3.5. Base cavity angle representations on the roof of the modified bus.model....40
Figure 3.6. Base cavity angle representations on sides of the modified bus.madel........ 40
Figure 3.7. Baseline model modified with 9° windshield angle..............cccovveeee 42
Figure 3.8. Baseline model modified with 17° windshield angle................cccoovcevvvvivnnnes 42
Figure 3.9. CFD solution ProCeaUre [82]........uuuuiiiiiiiiiii et 44
Figure 3.10. Baseline model in the Enclosure andrifoX..................eeeeeeiiiiiceeiiiiieeeeeennnn. 46
Figure 3.11. Enclosure for scalddwn baseline model............ccoooooiiiiiiicciiiii 46
Figure 3.12. Unstructured tetrahedral mesh...............ooocii e a7
Figure 3.13. Generated polyhedral Mesh............iee 48
Figure 3.14. Scaled baseline model unstructured tetralh@@sh................cccccceviiieeeneee.. .. 48

Figure 3.15. Element numbers Comparison between tetrahedral and polyhedral.mesh 50

Figure 3.16. Mesh iINdependencCe LeSL........cocoiiiiiiiii e 51



Figure 3.17. Mesh independency test for scalean baseline model.............ccccoeeeiiiiiieeees 51
Figure 3.18. Bus boundary Conditions as applied in Fluent...............ccoooveeevivniieeeneennn. 52
Figure 3.19. Velocity inlet boundary Conditions as applied in Fluent..................cccceeneee 53
Figure 3.20. Pressure ocettlboundary Conditions as applied in Fluent................cccoooeeeee. 53
Figure 3.21. Sidewall boundary Conditions as applied in Fluent................ccccoccevvevvvnnnnns 54
Figure 3.22. FIaShFOrge 3D Printel......cccciiieieeeieiieceeei st ee e mmme e e e e 57
Figure 3.23. ABS mounted on the 3D Printer........coouii e 57
Figure 3.24. Model in the Flash print SOftWAre............cooviiiiiiieeeeeee e 59
Figure 3.25. Printed 3D baseline model in 3D Printer..........ccooeeeiiiiiieeeii e 59
Figure 3.26. The printed 3D model of thisiBoftu bus..............ooorrrii 60
Figure 3.27. Wind tunnel (Mechanical Engineering Laboratory, . JIT)...........ccccccvviimennnnns 61
Figure 3.28. Schematic layout of the HM 170 academic wind tunnel [83]...................... 61
Figure 3.29. Test procedure [94].....cccoo oo e 63
Figure 3.30. Installed scal@tbwn Bishoftu bus model in the wind tunnel.......................... 63
Figure 3.31. Calibrated force display amplifiel..........ccooooriiicoc e 64
Figure 3.32. 3D model of the Bishoftu bus mounted in the closed test section............... 64
Figure 4.1. The scaled residuals of the baseline model at 60 km/hr, 80 km/hr, and 100&®n/h
Figure 4.2. Drag and lift coefficient convergence histories at 60 km/hr.....................ccc... 69
Figure 4.3. Drag coefficient and lift coefficient convergence history at 80 km/hr............. 70
Figure 4.4. Drag and lift coefficient convergence history at 100 km/hr...............oooveeeeee. 70

Figure 4.5. Pressure contour of the reference bus (a) At 60 km/hr (b) At 80 km/hr (c) 100 km/hr
....................................................................................................................... 73

Figure 4.6. Pressure contour of the reference bus on symmetry plane (a) At 60 km/hr (b) At 80

KM/NT (C) 100 KM/NE... et eeeea ettt e et et e e e e e s eeen e e e e e eeeeeaeaaeas 74

Figure 4.7. Pressure coefficient distribution on the reference bus.model........................ 75

Figure 4.8. Velocity contour of the baseline configuration (a) At 60 km/hr (b) At 80 km/hr (c) At

00O 0 o S 76
Figure 4. 9. Velocity streamlines (a) At 60 km/hr (b) 80 km/hr (c) 100 km/hr................. 77
Figure 4.10. Reynolds INndependenCe 1eSLh..........uuiiiiiiiiieemece e eeme e 80
Figure 4.11. Drag and lift coefficients of models with base cavity configurations............ 81
Figure 4.12. Drag force of baseline model with base cavity modifications...................... 81

Xi



Figure 4.13. Lift force of baseline model with base cavity modifications......................... 82

Figure 4.14. Percentage of Drag Coefficient Reduction in a Modified Bus with Base Cavity

Compared to Baseling MOGEL...........oooiiiiiiii e 83

Figure 4.15. Velocity vectors at 5° base cavity angle and 0.1H, 0.2H, and 0.3 H base cavity
1= o |4 o PSPPSR 84

Figure 4.16. Velocity vectors at 12° base cavity angle and 0.1H, 0.2H, and 0.3 H base cavity
LENGEN .. et e e e e e anen e e 84

Figure 4.17. Velocity vectors at 20° base cavity angle and 0.1H, 0.2H, and 0.3 H base cavity
1= o |4 o PSPPSR 84

Figure 4.18. Base pressure at 5° base cavity angle and 0.1H, 0.2H, and 0.3 H base cavity length
......................................................................................................................................... 85

Figure 4.19. Base pressure at 12° base cavity angle and 0.1H, 0.2H, and 0.3 H base cavity length
......................................................................................................................................... 85

Figure 4.20. Base pressure at 20° base cavity angle and 0.1H, 0.2H, and 0.3 H base cavity length
......................................................................................................................................... 85

Figure 4.21. Pressure and velocity contour on baseline model at 60. km/hr................... 86

Figure 4.22. Pressure and velocity contour on model with 9° windshield angle at 60.kr6r

Figure 4.23. Pressure and velocity contour on model with 17° windshield angle at 60.k88hr

Figure 4.24

Windshield Angle and Base Cavity Modifications

Figure 4.25

Base Cavity Modifications.

. Average Drag CoefficientgfGnd lift coefficients Comparison for Models with

. Average Drag force and lift Force values for Models with Windshield Angle and

Figure 4. 26. Drag Coefficient Reduction Percentage for Models with Windshield Angle and

Base Cavity MOAIfICATIONS.........uuuuiiiiiiiiiiiii ettt ee e 89
Figure 4.27. Pressure Field Visualization of Model 26: (a) At 60 km/hr,(b) At 80 km/hr,(c) At
0[O 0 1 o PP 90
Figure 4.28. Pressure contour of reference bus on the symmetry.plane......................... 91
Figure 4.29. Velocity contour of Model 26: (a) At 60 km/hr, (b) At 80 km/hr, (c) At 100 K88/hr
Figure 4.30. Modified model 26 velocity streamlines..............ccoeeeeiiieeereeiiiiiii e 94
Figure 4.31. Average Fuel saved (Lit/hr) of all modified models.........c.ccccooeiiiieeeniieinnnnnn. 95
Figure 4.32. Average CQaved annually of all modified models.............ccceevvviiiieecnnnnnnn. 96

Xii



Figure 4.33.
Figure 4.34.
Figure 4.35.
Figure 4.36.
Figure 4.37.
Figure 4.38.
Figure 4.39.
Figure 4.40.
Figure 4.41.
Figure 4.42.
Figure 4.43.
Figure 4.44.
Figure 4.45.
Figure 4.46.
Figure 4.47.
Figure 4.48.
Figure 4.49.
Figure 4.50.
Figure 4.51.
Figure 4.52.
Figure 4.53.
Figure 4.54.
Figure 4.55.
Figure 4.56.
Figure 4.57.
Figure 4.58.
Figure 4.59.
Figure 4.60.
Figure C_ 1.
Figure C_ 2.
Figure C_ 3.

Average Annual Money Saved for Modified Models............cccoovvirieeeenn 97
Effect of Individual Factors 0g &1d G..........ccouiiiiiiiiiiiiieeeiiiiirire e 98
Effect of individual facteion Gand Fr........cc.oiiiiiiiiii e 99
Effect of individual factors on Fuel consumption saved apg®&@d.............. 99
Effect of vehicle speed and windshield angle on drag coefficignt.(C......... 100
Effect of vehicle speed and base cavity angle on drag coeffigient.(C........ 101

Impact of windshield angle and base cavity angle on drag coeffiglent.(C..101

Effect of windshield angle and base cavity length on drag coefficient.(C..102
Effect of base cavity angle and base cavity length on drag coeffigjent. (C.102
Effect of windshield angle and base cavity angle on lift coefficignt.(C......103
Effect of windshield angle and base cavity length on lift coefficignt.(C.....103
Effect of base cavity angle and base cavity length on lift coefficjgnt (C....104
Effect of vehicle speed and windshield angle on drag fajce.(E................. 104
Influence of vehicle speed and base cavity angle on Drag fgrce.(E.......... 105
Effect of vehicle speed and windshield angle on lift forpe (E.................... 105
Influence of vehicle speed and base cavity angle on lift fyce.(F.............. 106
Effect of base cavity length and vehicle speed on lift fojce.(F................... 106
Impact of windshield angle and base cavity angle on lift force(E.............. 107
Effect of windshield angle and base cavity length on lift fqyce(F............... 107
Effect of base cavity angle and base cavity length on lift fgrce(F.............. 108
Effect of windshield angle and base cavity angle on the amount of fuel.s40&d
Effect of windshield angle and base cavity length on the amount of fuel.shkd@d
Effect of base cavity angle and base cavity length on the amount of fuel 589ed
Effect of windshielgihgle and base cavity angle on{3aved....................... 110
Effect of windshield angle and base cavity lengthsa@d............................ 110
Effect of base cavity angle and base cavity length ggavéd....................... 111
DeSIrability PIOL.......cooviiiiiieie e 113
RAMP Graph. ..o 113

Modified model 1 (M1) Scalessiduals, @and G convergence history plots134
Modified model 2 (M2) Scaled residualsafd G convergence hisry plots... 135
Modified model 3 (M3) Scaled residualsafd G convergence history plots136

Xiii



Figure C_ 4. Modified model 4 (M4) Scaled residualsafd G convergence history plots137
Figure C_ 5. Modified model (M5) Scaled residualga@d G convergence history plots..138
Figure C_ 6. Modified model 6 (M6) Scaled residualsafd G convergence history plots139
Figure C_ 7. Modified model 7 (M7) Scaled residualsad G convergence history plots140

Xiv



LIST OF TABLES

Table 2.1. Summary and gap of some works of Literatute..............ocoeeveeeeveciiiiee e, 32
Table 3.1. Baseline Bus SpecifiCations [7,.66]..........cuurriiiiiiiieeeiiiiiieieieeeeeeee e 36
Table 3.2. Baseline bus model with different base cavity dimensions.................ccceeeenn.. 41

Table 3.3. The modified models with only windshield variation from the baseline model?2

Table 3.4. Modified models with base cavity and windshield angle.............ccccoovieeevvvnnns 43
Table 3.5. Computational domain and inner box dimensians...............uvvvvicrveeeeeeeeennnnnns 45
Table 3.6. Mesh cases for fisitale baseline model...........cccooiiiiiin e 49
Table 3.7. Boundary CONAItioN SEHINGS........uuurririiiiie i e e e e e s srnern e e e e e aeaes 54
Table 3.8. Properties of acrylonitrile butadiene StyfaAg............cccoeeeeeeiiiiiieeeeiiie e, 58
Table 3.9. Summary Of the DESIGN.........ccoiiiiiie e e e e e e 66
Table 3.10. Input parameters and responses for optimizatian...................eeeeiiiennvnnnnnns) 66
Table4.1. Drag force and drag coefficient values of the reference model....................... 71
Table 4.2. Lift force and lift coefficient values of the &lase model..........cccevvvvviiiiiiiiceennnn. 72
Table 4.3. Drag coefficient (difference (%) between scaled and-&dhle model.............. 78
Table 4.4. Drag coefficient Cwith propagated error...........ooooiiiiiiiiemmn e 79

Table 4.5. Comparison of drag coefficient (Cd) between wind tunnel test and CFD.resuig
Table 4.5. Aerodynamic Results for Modified Modelglind M; at Different Speeds......... 87

Table 4.6. Maximum pressure comparison between the baseline model and modified rA@del 26

Table 4.7. Diesel prices in Ethiopia, liter,-88p2023 [L01].......cuuiiiiiiiiiiiiiiiiiieeniiieeeeeeee 96
Table 4.8. Goals and CONSIIAINTS..........ceevviiieiiiire et eeereeaaa e e e e e e e eeeeeees 112
Table D_ 1. Solutions fourfdom multi-objective optimization..................cccvviceeevennnnns 142

XV



ACRONYMS

AFC Active Flow Control

AOA angle of attack

ANOVA Analysis of Variance

ANSYS Analysis System

CAD ComputerAided Design
CATIA ComputerAided ThreeDimensional Interactive Application
CFD Computational Fluid Dynamics
CO, Carbon Dioxide

CRF Cabroof fairing

DFA desirability function

DoE design of experiment

DNS Direct Numerical Simulation
DRS drag reduction system

FFF Fused filament fabrication
GHG Greenhouse Gas

HC Hydrocarbons

NOXx Nitrogen Oxides

LES Large Eddy Simulation

PIV Particle Image Velocimetry
RANS Reynolds Averaged NaivStokes
RNG Re-Normalization Group

RSM Responseaurface methodology
SUV Sport utility vehites

XVi



Cd
C

Fq
F

= C

Ce

NOMENCLATURE

Coefficient of drag
Coefficient of lift
Pressure coefficient
Drag force

Lift force

GREEK LETTERS
Density (kg/m)
Epsilon
Viscosity(nf /s)

basecavity angle

XVii



CHAPTER ONE

INTRODUCTION
1.1. Background of study

The quest to reduce dependence orbasled fuels has been a lestgnding goal driven by the
desire to enhance the cdmnefit dynamics ofproducts and mitigate potential adverse
environmental effectsThe transportation industry has been a sigaift contributor to
greenhousgases, which lead to global warmingghicle emissionsuch as Cg HC, and NQ

are highlighted as majosourcegshat leadto global climate changeThese days, the global war
crisisrelated rise in gas prices has led to a growing desire within the motor vehicle industry for
vehicles to use less fueh vehicled sonsumption of fuel is influenced by a variety of mtd

and external elements, including rolling, drag, and drivetrain losses, as well as traffic, wind, and
the condition and slope of the roakkrodynamic efficiencyenhancemens one of the chances

that vehicle makers use to reduce the consumption bfifu2].

Aerodynamic efficiency is a critical aspect of vehicle design and performance. It refers to a
vehicle's capacity tareduce air resistance or drag as it passes through the air. Higher
aerodynamic efficiency results in less drag, better fuel efficiency, and increased overall
performanceAs a result, it became critical for automotive companies to create aerodynamically
efficient, longrange vehicles with low polluting emissiongehicles that are designed with
aerodynamic efficiency are more likely to use less fuel, emit less carbon dioxide, and have
enhanced driving stabilitylt is possible to improve aerodynamic dragngiicantly, as it can
account for as much as 80% of the overall motion constraints in vehldlesmosttypical
approach to increaghe aerodynamicof a vehicleis to adjust the outside vehicle design. In
general, vehicle aerodynamics is a subjecstatly that has obtained a lot of interest to lessen

drag and consequently fuel consumption and emis§igrs.

Despite the rail network, buses are the most used means of public transportation worldwide.
They have recently introduced improved engines withderntypes of equipmentwhich
reduceghe usage of fuesignificantly however it continues to caupeoblemswhile the vehicle
is driven at high speeds. The majority of buses are known to have inefficient fuel usage,



especially at high speeds. As a result, efforts to improve the aerodynamics of bus forms to
minimize vehicle fuel consumption have besmtinued These enhancements aim to improve
how buses interact with the air by lowering dr&educedacceleration resistancenables
quicker speeds with the same amount of power or slower speeds withgthealen power

output. The bus's aerodynamically effective design minimizes drag, enhancing its fuel
consumptionlt is also essential to design a vehicle body shape that maximizes downforce and

negative lifts with the least amount of drag foj¢p

Efforts to improve the aerodynamics of bus forms continue to evolve by focusing on minimizing
aerodynamicdrag. Several tactics and technologies are being used to optimizair bus
interaction, particularly at high spee@mne strategy is to improve the sigle design of buses to
reduce dragnducing characteristics. This entails smoothing down shapes, reducing sharp edges,
and providing a consistent flow of air around the bus. The other approach is the utilization of
aerodynamic devices integrated spoilais,deflectors, and optimized wheel designs to enhance
aerodynamic efficiencyhile transitioning to better aerodynamic shapes resufistential fuel
savings the cost and feasibility of implementing design changes are challenges raised by

manufactures [5].

The aerodynamics investigations of vehicles are performed through experiments in the wind
tunnel or by using CFD analysis tools.the early phases of design, before the vehicle is made
to fulfill a specific function, a wind tunnel or a numerical approach might be util@ade the
vehicle has been developed, it may be tunedirspmbcted on the roadVind tunnels are
laboratory #cilities in which vehicles can be subjected to various airflow conditions. Engineers
can replicate the airflow around a vehicle and measuresffieets of forces impacting by
placing aprototypeor a fullsize vehicle inside a wind tunnét.gives usé&l information for
improving the vehicle's design and maximizing its aerodynamic perform@nee.to their
computational power and affordability computational fluid dynamics (CFD) becomes a
commonly used method in a wide range of engineering discipldtd3 analyzes the flow of air
around a vehicle using numerical methods and computer simulations. It can simulate airflow,
pressure distribution, and other aerodynamic factors by dividing the vehicle into smaller

computing cells and solving complex matheratequations. Engineers can use this technology



to observe and analyze the flow field, find areas of high drag, and optimize the vehicle's shape

and features as a res[it 6].

Among thebus transportation systesrin Ethiopia Bishoftubuses are one of thmostwidely
used.They areassembled locally by thethio Engineering group undéhe Bishoftu automotive
industry. The Bishoftu bus is a Yutong commercial vehicle. The eagahassis, and sheet metal

for exterior body design for Bishoftu buses are inpdifrom China and assembledEthiopia.

These buses are largely utilized for transportation within the city and between cities and towns.
They serve an important role in connecting various urban regions and outlying communities,
providing residents andommuters with an essential method of public traj@it Figure 1.1

shows the Bishoftu bus.

Figure 11. Bishoftu bug7]

Thereforethe usagefrequency ofthis busto transport passengarsurban and intercity settings,

and its blunt frontal shape makgptimizing the aerodynamics of &ioftu buses even more
essential Improving aerodynamiefficiency can help to reduce fuel consumption, improve
overall performance, and reduce the environmental effect of these buses d@ityoahd intercity
operations[7]. This research used CFD and wind tunnels for aerodynamics analysis of the
Bishoftu buswith windshield angle variation and base cavity configuratatnsultiple vehicle
speeds with the aim of drag reductidine wind tunnel tests aimed to provide experitakdata

and validate the CFD simulations result of the reference bus model (Bishoftu bus). In addition,

3



multi-objective optimization was carried out utilizing response surface methodology (RSM).
RSM isthe method of statistical analysier simultaneousi optimizing many objectives. It was
usedto identify the optimum combination of windshield angle variation and base cavity
configuration dimensionthat would result in significant drag reduction while taking other

important factors into account.

1.2. Statemert of the problem
The escalation in fuel pricehas becoma considerable issui@ the worldrelated to the global

war crisis [8]. When compared to other large vehicles, there aren't as many studies on the
aerodynamics of buses, which makes them one sort of vehicle that burns a lot Bthoglia

has a large number of motor veleig] most of which are imported from other countries and
assembleih Ethiopia. However, bus manufactursteess the bus's outside body appearance

while ignoring aerodynamic drd§].

The «isting Bishoftu bus design exhibits an aerodynamically inefficient frontal shape, resulting
in increased air resistance and higher drag forces, especially at higher. $peechigs's flat and
blunt front surfacegields a highpressure zonen the frontalrea while &one of low pressuns
formed at the reanf this bluff body This creates considerable disparity in pressinetween

the front and back ends, causing the bus to have more aerodynan itQdrapst of thevehicle
engine power is utilized to combat tractive opposition, which is comprised of rolling and
aerodynamic resistancAt greater speeds, aerodynamic resistance takes precedence over rolling
resistance, and the engine's maximum power is tsgét over theaerodynamic barrierAs a
result, thdoad on the engine risegynificantly, increasing fuel consumptiand CQ emissions.

So it becomesrucialto properlyaerodynamicallyedesign tle Bishoftubus aghe consideration

for the aerodynamic design of $hibus is less andi& closely associated wifiael efficiencyand

CO, emission.

Furthermore, e perimental validation of the CFD results for the aerodynamic analysis of
buses is imited[9, 11, 12] Base cavitiess drag reduction mechanisar®applicablefor SUVs

but their intensity of drag reduction ¢ime bus is not investigatedAlso the optimum windshield
angle of the bus for the drag reduction needed to be studiaddition theamount of fuel saved

by the implementationof these drag reduction mechanisara thus C@reduction due to fuel

save needs to be examinedrherefoe, his work investigatesaerodynamic forces,uél
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consumptionand CO, emissionsreductionof windshieldand base cavityangle ata variety of
vehicle speedsising CFD and wind tunnelAlso, multi-factor optimization using response
surface methodologyas conductedto identify the best combination of windshield angle
variation and base cavity configuration dimensions that lead to significant drag reduction while

considering other essential factors.

1.3. Objectives of the study

1.3.1. General objective
The general objective ahis thesis workwas to perform CFDaerodynamic analysisnothe

impactof thebase cavityconfigurationsand windshield angleariationon the aerodynamic drag

of the Bishoftubus andexperimental validation of the numericakults.

1.3.2. Specific objectives
1 To conduciCFD aerodynamic analyses on the models at various vehicle speeds.

1 To validate the baseline model CFD resulithg a wind tunnel test.
1 To estimate the fuel saving a@, emission reductiodue to the drageduction
1 To optimize thevindshield anglebase cavity anglend depthby considering multi

objective responsassingresponse surface methodology

1.4. Significance of the study
The Bishoftu buses (yutong arepopular buseghatare utilized for public transpom Ethiopia.

This bus is also used by several government and individual companies to provide services to its
workforce.The studyprovidedaerodynaically effective and efficientonfigurations of the bus

having reduced rdg Thus the reduction of the&lrag minimizes fuel consumption and
environmental pollutionThe minimization of fuel usage results in a reduction of the fuel
expenses for the operation of this bus and contributes to the country's economy by reducing the
foreign currency needed to import fuktlalso provides an improved comprehension of the flow
field over the bus as well as the wake formed at the baslk The studymay be utilized as a
foundation for any persons, scholars, or companies involved in bus body design to minimize

aerodynamic drag.



1.5. Scope of the study
The study includes improvinghe aerodynamic phenomenaf the Bishoftu bus through

windshield anglendbase avity. The studyanalyzedhe aerodynamic forces differentvehicle
speeds. The drag reduction percentage of new confignsatelated tdhe existing modelwas
studied. h addition the amount of fuel consumption af@D, reductionwas determinedAlso,

the economic contribution due to the fuel savimgs analyzed.The analysiswas conducted
using numerical and experimental tests. The results obtained from the CFD amahgsised
for multi-factor optimization using response surface medhagl indesign expert software.

1.6. Limitation sof the study
The aerodynamic analysis was performed buatmerically andexperimetally (by wind tunnel

testing). he 3D model of thehe reference busr the analysisvas preparetly excluding small
details like the bottom of the bus were taken as smddté.selection of material for the CFD
simulations was not considered, and the models were merely assessed aerodyndrically.
acquire results in less computing time, the numericalyars of the work has to be carried out
on a powerful computerThe simulation time wascreased due to the lack of a high

performance computer.

1.7. Structure of the Thesis
The thesis is divided inta total of fivechapters, each concentrating on a distanea of the

topic. Theopeningchapter provides an introduction, including the study's backgroundeprobl
statement, objectives, scopenportance, constraints, and overfiimework of the thesis. In
Chapter 2, a complete literature review is offerdigling into the current body of information
connected to the research issue. Chapter 3 focuses on the research methodmopingdthe
research strateggnd analytical methodologies used. The results and discussions from the data
analysis are present@adChapter 4. Finally, Chaptersaims upall themajor outcomesnd offers
recommendationbased on the study's finding® implementation and additionatudyon the

topic.



CHAPTER TWO

LITERATURE REVIEW

2.1.  Aerodynamic forces
Aerodynamic forcehave an essential part the field of fluid dynamics and are essential for

understanding the behavior of objects moving through a fluid medium, such as air or water.
These forces are primarily responsible for the motion and stability of aircraft, auteshavid

other objects that experience fluid flow. Understanding aerodynamic forces in automotive design
is crucial for achieving various design objectives, including fuel efficiency, stability, comfort,
noise reduction, cooling, performance, and safgrodynamic studies began with the goal of
reducing drag, but it quickly became clear that lift and side forces were also important in terms
of vehicle stability[13].

On the road, a vehicle maxperiencehree ypes of fluid forces: drag, lift, and side force. The
flow may experience either headwind or crosswhabsed onthe yaw introduction of the
associated velocitpf the vehicle and wind. The use of experiments and computational flow
prediction methods continue to require major advances to achieve an adequate awareness of flow
physics. A significantly prevalent factor that contributes ramised fuel usagand decrased
maximumacceleration of vehiclas drag forceThe other aerodynamic force that pushésdy
acrossa fluid in an orientationperpendicular to its motion is called lifide force, also known as
lateral force or side slip force, &sforce due toeodynamics that exerts pressure diagonally to
the axis of movement of a vehicle or objddnlike lift and drag, which primarily act in the
direction of notion, side force acts sideway®lodification of a vehicle configuration and
application of various aerodynamic devices tiiemost implemented methods in reducing drag
resistance, saving engine power and fuel at the sameahahgiving the vehicle a steadier ride.

In the field of aerodynamic€;4, C;, and Csare coefficients used to quantify the forces of drag
(Fg), lift (F), and side forceHs), respectively. These coefficients are dimensionless values that
allow for a standardized comparison of the magnitudes of these forces. They are determined by
relating the forces to the dynamic pressure aheé frontal area of the objec{l4]. The
coefficients of drag @), lift (C), and side force (Qsare calculated using equations31

respectiely.



C= (1)

Co= ()

Cs 3 (3)

The coefficients of lift, drag, and side forege represented by the letterg Cy and G
respectively. The air density is represented by the letter Wher e the vehicl eds

density are represented by v, ancespectively.

2.2. Key Determinants of Drag
Drag is an essential variable in aerodynamics that impacts the effectiveness and efficiency of

objects going across a fluid medium. Understanding the factors that contribute to drag is critical
for optimizing vehicle design to effectively reduce drag amidaece efficiency as a whole, and

the consequences of drag foarethe focus of this studyseveral key factorthat contribute to

the magnitude of dragrethe appearancand surface roughness of thedy, the flow velocity

and the density of thair [14].

2.2.1. Impact of Object Shape on Drag Forces
The magnitude of drag forces experienced by an object while moving through a fluid or air is

directly and significantly affected by its shapée frontal areaof the object is critical because it
determines the amount of drag caused by variations in pressure around the object. Furthermore,
threedimensional shapes influence friction drag, also known as skin friction, which is influenced
by the outer layerougmess of the object angesuls from the forces of shedretweenthe

surface of the item and the fluidhe arodynamic drag coefficiemtof various shapesare

displayedn Figure 21.
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2.2.2. Air Flow Characteristics and Drag

Drag is relatedo the motion of an object through the air, so the velocity of thengactsthe
drag Drag, like lift, changeswith the square of th@ssociatedselocity of the object to the

surrounding air. The level of drag that results from a given shaped object is also affected by the

object's preferencéor the flow. The object's motion within the air leads to boundary layers
forming on it. A boundary layer dscribes an area of low flow near the outermost layer of the
vehiclethat increases skin frictioMoreover, a lowpressure area created by flow separation at

the back end of the vehicle adds to total pressure[tiEdg

2.2.2.1. Boundary Layer and Its Influence on Drag

A boundary layer is aght film of fluid that developsext to the outermost portion of a boatyd
travelsin a liquid medium such as air. It is important in aerodynamics because it directly

interacts with the object's surface. It's in charge of transferring momentum and heat between the

object and the atmosphere's fluthe way the boundary layer behaves affects howhnihe
item encounters the drag forces.omprehending the boundary layer's behavior and
characteristics is critical for optimizing aerodynamic deslgnformation on the flat plates is

mostly used for understanding tdevelopmenbf the boundary layetnitially, the flow moves

towards the plate with a constant veloofyU D .

However

when

t he

f

the naslip statecomes into play, causing the fluid particles in direct contact with the plate to

come to a complete halt. Conversdby, from the flat surfacethe velocity remaingenticalto

9
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t he f r eest rTduasmaveloatyvariatipnis @dbablished in the fluid, oriented norigal

to the flow direction. This gradient gives rise to the formation of a layer near the solid wall,
known as the boundary layét's critical tounderstandt is not astagnanbccurrencéut rather a
dynamic one.As the flow progresses along the plate, thekness of the boundary layer
gradually increases. Several factors influence this growth, includingetaeehmenfrom the
foremostedge and the fluid properties. Because the boundary layer is thicker at the back of the
object the pressure is lower éhe than it is in front, causing the drag fof@®] [17]. The

creation of the boundary layer can be observed in Figure 2.2.
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Figure 22. Formation of boundary lay¢t 8]

2.2.2.2. Laminar and Turbulent Boundary Layers

The flow of fluid across the boundary layer is classified into two types: laminar and turbulent.
The laminar boundary layer is distinguished by smooth, ordered flow with little mixing and little
turbulence. The turbulent boundary layer, on the other hand, has chaotic, swirling flow patterns
that have substantial mixing and greater levels of turbuléfoe body's design, the object's
velocity aboutthe fluid, and the roughness of the surface are some of the elements that influence
how they developThe shift in form from laminar to turbulent boundary layer is influenced by

the Reynolds number, which is a dimensionigsantity reflectingthe inertialto-viscous force

ratio. The laminar boundary layer experiences lower skin friction drag compared to the turbulent
bourdary layer. This is because the laminar flow has less resistance to the object's motion due to
the smoother flow and reduced mixing of air molecules. The turbulent boundary layer,

10



experieneshigher skin friction drag due to the increased mixing and tarime{16]. Figure 23.

illustrates the typicalurbulent as well as laminar layers at the boundary
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Figure 23. Exemplary laminar as well as turbulent boundary layer velocity pafte®hs

2.2.2.3. Separation of Flow

Flow separation is a phenomenon that occurs when the fluid flow detaches or seipanatiee
object's surfacandas theair passe®ver the vehicle's surface, thdagty variationceases, and
the directionof the fluid reversedts control is also a hot topic in fundamental fluid dynamics
and aseveral uses in engineerinfhe extent of tb wake area and thus tremount of
aerodynamic drag are determined by its locatiirthe base, where the airflow over the vehicle
splits, an immense turbulence lopressureareaknown as the wake forms behind the vehicle.
This wakeleadsto the generation of pressure dr&gveral approaches for controlling flow
separation have been devised, either to prevent it or to minimize its infP@AA2). Figure 2.4.

shows the flow separation flow overacylinder.
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Figure 24. Flow separatioin flow overcylinder[18]
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2.2.3. Air Properties and Their Influence on Aerodynamics
The properties of air are important in aerodynamics because they influence the behavior of

objects moving through the atmosphetnderstanding these air properties iseesisl for
analyzing and optimizing the performance of various vehicles. One of the air properties that
impacts the aerodynamic drag is air denditigher resistance from higiensity air results in
higher drag forces, whereas less resistarm® fow-density air lessens draghe viscosity and
compressibility of the air are two additional characteristics that have a complex relationship with
drag. Skin friction is impacted by these factdvireover, air pressure plays a significant role in
aerodymmics. Changes in atmospheric pressure affect air density and can impact lift and drag
forces. Also, air temperature is another significant property that affects aerodynamics.

Temperature variations influence air densitylviscosity.

2.3. Aerodynamic devices
Aerodynamic devices are essential for improving the effectiveness and efficiency of road

vehicles. These engineering components are designeegttatethe flow of air around the
automobile tdessendrag, increase stability, and enhance fuel econdrhgre are two distinct
types of aerodynamic devices for road vehicles: active and paBsissive devices are fixed
components that do not require any external power or control to ofgoate. common
examples of passive aerodynamic devices include spodlele skirts, diffusers, and streamlined
body componentsActive devices, on the other hand, are dynamic components that can be
actively controlled or adjusted to optimize the aerodynamic performance of the vehicle. These
devices often require externabwer and control systems to oper&@eme of the advantages

this field include increasing the aerodynamic efficiency ofandlevices and improving design

[14, 23]

2.3.1. Passive aerodynamic devices

Passive aerodynamic devices play a crucial role in vehicle design to enhance aerodynamic
performance without the need for active control systems. Examples include spoilers, which
disrupt airflow to reduce lift and improve stability; side skirts, whichastlene the airflow

along the vehicle's profile to minimize turbulence and decrease drag; diffusers, which optimize
airflow underneath the vehicle to create a suction effect, increasing stability and reducing drag;

and streamlined body components.
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Danielet al.,[24] studied the influence of vortex generators, lateral devices, and rails on the drag
of the bus. The three drag reduction approaales combined to create 11 different layouts for
the examination as a whole. Wind tunnel experiments usrd to estimatehé variations in

drag caused by each configuration, and CFD wsasl to verify the results. With the devices, the
bus's flow behavior was changed, leadinghe highest decrease in the coefficient of ddg
8.63% and a drop in fuel usage of 3.92%.

DevangS. NatHey et al, [25] investigated the impacts of variogapplementeviceson the
vehicle to minimize drag. The application of a diffuser and spoiler resulted in the maximum drag
reduction of 23.19%, although fins and other devices additionally significantly decreased drag,
though they may have different functionalities such asecihg speed stability by channeling
flow at the rear.

Martin-Alcantara et a.[26] investigatedhe reduction of dragesulting fromtheimplementation

of a multicauvty at therear end of théluff body. The results showhat the usageof a multr

cavity significantly reduces theofiv's randomness, resulting in a wake that is considerably less
chaotic and almost twdimensional.

Naveen Koppa Shivanna et dR7] investigated rear cavity adjustments' impact on a Square
Back Ahmed Body's drag and flow field topologi. notable 22.55% drag reduction was
obtained by tapering the cavity edges at an angle of 6, mostly as a result of a large reduction in
wake size. The change in the mean wake topology brought about by aftshagpa#yremodeling
accounts for the drag reduction that is attained in every instance.

M. Lorite-D E é e z.428]eexamineld the reduction of drag on a thdémensional blunt body in

a crosswind with varioubasecavities. Furthermore, a significant base pressecovery that
results in a 4% diminution of drag is caused by the smaller near wake, which is caused by flow
reorientation and the shorter distariietween the curved cavity's back edges.

Kim et al, [29] have attempted to reduce drag on trattaifers with additive aerodymic
devices. The flow regulating mechanisms, containing gap fairing, cab roof fairing, boat tail, and
side skirt hosted to minimize the drag force applied on commercial vehicles. In the study, the
effect of applying multiple drag reduction devices wasstigated through the subsonic wind
tunnel with an error in measurement of side force and drag being less than 2% with varying yaw
angles between @£5°. For the tractetrailer model (1:15), Particle Image velocimetry(PIV) was

performed in an experimentgipe wind tunnel. The authors found the result which shows the

13



integrated aerodynamic device significantly changes the fomangementof the vehicle,
causing a decrease in air resistance and sideways force coefficient by 26.5% and 5.3%,
respectively, rative to the standard tracttnailer. Therefore, th@pplicationof an additional

flow control mechanisngreatly reduces the transport costs, which are genersdlgt upby the

fuel costs of heavy vehicles.

Chowdhury et al).[30] studied the dragreatedby deflectors that were used in the Asian
subcontinentabus Two deflectors, similar to those found in Bangladesh and Pakistan, were
employed with a 1/8 scale model. The base truck was measured first without the deflector and
then with both deflectors at speeds between 40 and 120 km/h with a yaw angle of 0° in a wind
tunnel. The outcome presents that the use of aerodynamic deflectors reduces air resistance by
12%, but the deflectors used in these countries increase drag by 22% and 56%, respdatively.

outcomesare plotted irFigure 25.
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Figure 25. The relationship between wind speed and drag coeffidh{30]

Kim et al, [31] studied flow control devices used to lessen the aerodynamic drag bluff body
vehides The aerodynamic effects of modified Caidnf fairing (CRF) models were inspected
through a wind tunnel having a vehicle model ratio of 1/8 tests to achieve a practical blockage
ratio and later by numerical simulatidrarge Eddy Simulations (LES) wetgilized to identify

flow characteristics and particle image velocimetry (PIV) flow field measurements were also
made in conjunction with and without CRF to assess the variations in flow characteristics

surrounding the front of the vehicle. By mounting t8RF on the vehicle model, drag was
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reduced by 15.05%; moreoueunding the lateral edges of the CRF 2D increased drag reduction
by 15.97%.

Ozcan et a).[32] investigated exterioconfigurationsand aerodynamic improvementf a
simplified Bus nodel by Computational Fluid DynamicEhe leading windscreen angle, front
diffuser angle, back diffuser tilt, and back and front top fillet [bending] weee ftur
aerodynamic devices that were examin®itimechanisms except the diffuser angleimprove
aerodynamics. The most influential vehicle reductieethanisnon a conceptual vehicle
designwas the front windshield angle, capable of diminishing drag coefficients by up to 51%.
On the other hand, an adverse aerodynamic effasshown when the rear diffuser inclination
wasemployed.

Cihan Bayindirli and Mehmet CeliB3] studied the nosmooth surface plate impact on the
reducing flow separationlts use on the minibudrontal roof area was found to reduce the

coefficient ofdrag with an average of 1.03%&sulting in the0.5%minimization offuel usage.

2.3.2. Active aerodynamic devices
Some of the active aerodynamic devices that are used for the drag reduction of vetiicdies

base bleedactive rear spoilers, active grilghutters, anddive ar dams Base bleed involves
injecting gas or combustion products into the vehicle's base region, minimizing tipedssure

wake and improving aerodynamic efficiency. Active rear spoilers adjust their position based on
vehicle speed and yaw angle to optimizelaf reducing drag and enhancing stability. Active

grille shutters automatically open or close to regulate airflow through the engine compartment,
reducing turbulence and improving aerodynamics. Active air dams dynamically adjust their
position to extend alvnwards at higher speeds, reducing airflow underneath the vehicle and
minimizing drag.Several studies have investigated the effectiveness of active aerodynamic
devices in reducing drag for vehicles.

Base bleed was used in the study by G. Sivarajl,d84l].to minimize aerodynamic drag and

usage of fuein road velrcles. According to the results of the experiment, installing base bleed at
an optimal location on the car's front and rear sides enhances efficiency and reduces drag
coefficient by 6.18%.SocWhang Baek and Sang Wook Leg5] researchedsehicle drag
reduction using rear blowing. A 6% reduction in drag was obtained vgthiija roof blown, and

a 7.5% reduction in drag was obtained when the vehicle's roof and sides were blown at the same

speedasthevehiclés speed.
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RaghavTandon et a) [36] investigated the aerodynamics of a passenger vehiai@nionize
dragthroughan active grile shutter and an active air dafrhe use of active devicessulted in a
12.23% decrease in draghsan Mahim, [37] performed a computational analysis tre
minimizationof the dragon the rear wing of a ForrfauStudent CarThe drag reduction system
(DRS), a system with active controls that enables the angle of attack (AoA) of the wings to be
adjusted, was useBrag rediction was determined to be 78%.

Bayindirli & Celik., [6] examined the active and passive flowntol systems that were
employed to regulate the flow around the vehicle. Six distinct flme velocities between
3.8x10° and 7.940° Re were used for the CFD simulatiofifie bus model was created using
Solid Works, and three different lengths (L/H)flofw control rods with diameters ¢én, twenty,

and thirty millimeters mmwere attached to the forefront surface of the bG&D study
implemented at the indistinguishable testumstances$or the smallestdrag coefficient model.
CFD analyses performed the Fluenprogram validated the experimental outcome with an error
tolerance of 1.81%Additionally, intricate distributions of pressure and bus model flow patterns
were detectedl'he simplified layout of the experiment's PIV measuring setup is shofigure

2.6.
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Figure 26. Schematic representation of the PIV measurement experimental[28{jup

Gurlek et al. [38] worked on visualizing the flowtructure of a bus model using a labaesed
PIV system to gaimafurther understanding of the vortical flow mechanisfsachieve less than
0.5% free stream turbulence, a free surface water channel was used. The model was a quarter of

a typical bus, with a top speed of 90 km/h. According to the findings, the wake flow region is
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aboutthe bus model's height multiplied bye6. The peak turbulence magnitudes, as well as the

lower and togbody shear layers, were discovered in horizontal and vertical measuring planes.

2.4. AerodynamicsEffect on Fuel Consumption
Aerodynamic drag accounts for-80% offuel usagen automobiles on mar expresswayslhe

current crucial urgings for low drag around the world are fuel economy and, increasingly,
climate change. The increasing cost of fuel and the effects of global warming have prompted
researchers to examine various aerodynamic configngto reducehe utilization of fuel and

drag force.The energy needed to counteract drag corresponds to the cube of the vehicle's free
stream velocity, suggesting that a massive amotifuel is spen{39]. The arerage reaivorld

CO; emission of all light commercial vehicles is shown in Figlire
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Figure 27. Average realvorld and CQ emission of all light commerciaiehicles[40]

Tafesse et gl.[12] worked on improving the aerodynamics of the ISUZU bus mostly
manufactured in Ethiopia. The authors compared the aerodynamic drag of the existing
configuration and the modifiedne obtained from CFD analysiBhe amount of fuel usage and

CO, emissions were also calculatéithe modified Bus body was developed using CATIA and
Pheonix software to conduct the CFD analysis fer $peed range of 80 to 1R@/hr. This
investigation regals the possibility of lowering drag, consumption of fuel, and carbon dioxide
emissions in the Isuzu bus's configuratigvhen contrasted to model 1, model 2 achieves fuel

redemption of 5.17 L/h ana reduction of 52.1 tons of G@missions annually at a speed of 120
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km/hr. The CFD outcome shows the variation of pressure and velocity over the batkeand
vehicle's leading sides have a significant impact on its total drag.

H.Yesfalgn Damisse and N. Ramesh B48l worked to minimize the aerodynamic drag of
domestic buses to reduce fuel consumption. The baseline model (Yutong bus) was modified in 2
more models using software and their aerodynamic behavior was analyzed by CFD. Outer
volume meshed with coarse elements. Timd@s conduct the research only by considering the
direct wind conditions at 8ariousvehicle speeds of 85, 100, and Ki&/hr. It was observed

that theminimumdrag force wasichievedwith the average 0.364 value and fuel consumption
reduction of abol22.8% ata speed of 85 Km/h.

Jadhav & Choragfb] conducted research thminish bus aerodynamic drag for fuel economy.
Modifications to the Volvo B11R were made by designing the bus per cod®&2Ai@thout
disturbing the fundamental body of the bus. The Volvo bus moddbdmscreated in CATIA

and analyzed IrPANSYS for speeds varym from 80 to 123 kmph and drag was calculated
accordingly. Presswaffected area and velocity distribution were also implemented on both
models to get accurate data. The result shows a drag lessening of 36.61% and 13%@&¥%nfyel
was achieved at 120 krpvithout changing the structural integrity of the bus.

Belachew et al[41] researched minimizing the aerodynamic drag of the locally made FSR Isuzu
bus by improving the frontal body configuration. The authors consider moddiswetizing

and assessing drag force lessenlmgnt gasminimization, and fuel consumption reductioh o

the model bus. Four new configuratiom®&re simulated using CFD to detect the optimum
aerodynamically effective configuration. The result shows maximum drag coefficient reduction
has been achieved for theufth model where it reduced from 0.5451 the model to 0.4141, thus
the 24.03%fall in C4 is achieved at 80 kmph. Concerning this, the drag force lessening from
581.07N to 441.43N has been achieved in this work, which in return thus reduces energy
necessy by 3447.5&W (17.87%). Model 4 modification minimized fuel consumption by
0.256296gal/hrs and reduced £€nissions by 17.87%According to the study, reducing the
frontal body design areend addinga curved device that minimizes drag leads to an overall
decrease in aerodynamic drag.

Bekele et al.[42] examine&l the aerodynamics of a locally formed body of Isuzu Midibus
available in Ethiopia with a miserable aerodynamic body configuration that looks like a blunt

rectangle. The authors develop the 1:20 scale model in SolidWorks and perform the agalysis
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utilizing the CFD/ANSYS Fluent modeling of the realizabledpsilonturbulence. Four models

have been developddy improving the rear spoiler. Th&tudy result reveals th#te improved
aerodynamic configuration of the model resulted in a 54.88%6easen the drag coefficient,
resulting in a 32.61% reduction in energynsumption. This minimizationf fuel consumption

has a positive environmental effect.

Peng et a).[43] studied a tractor cab modified to reduce drag. The parametric cab design in this
study was inspired by the cheetah's outer huthiioimize drag on the tractetrailer. The angle
between the Aillar and the flat plane was set between 120° to 135° anlattedine of the cab

was set between 4800 mm. The optimum drag reduction was obtained in a 50aL&5h cab

design with a reduction in drag coefficient by 8.49% ar&l18% fuel consumption reduction.

The vortex made over the protruding portion actedédsvaor t ex cushi ond to ac
which reduces the aerodynamic drag.

Al-Garni & Bernal[44] investigated the aerodynamics of pickup ksiasing an open return

wind tunnel, precise flow field measurements usingRhé system at Reynolds numbers, and
unsteady and mean pressure measurememesauthors obtain and analyze the numerical system
resultsin comparison between CFD and the experimental model. The mean pressure results
exposed that the pressure outside the rear door was higher than inside the rear door advising that

the tailgate minimizes the aerodynia drag and fuel consumption.

2.5. Numerical Models
In most cases, numerical research is more-effsttive and produces better results than

experimental studies because vehicle aerodynamics the variables vary throtighaind
tunnel but stay constant in CFEFD is a subset of humerical modeling that concentrates on
simulating fluid flow as well as associated phenomena. It gives the solution to the flow's
governing equations under certamtial and boundary condition3.he three basic principles of
conservation of mass, momentum, and energy are represented by the equations that govern fluid
motion. In fluid dynamics, especially when studying vehicle aerodynamics, the momentum and
continuity equations of the Navi&tokesequations which do not contain the energy equation
are utilized45].
1 Continuity Equation (Conservation of Mass):
0O T (1)

1 Momentum Equations (Conservation of Momentum):
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W Q (v)

U u represents the velocity vector (u, v, w) in the X, y, and z directions,
respectively.

U p represents the pressure.

0@} is the fluid density.

U 3 is the kinematic viscosity.

U g represents the acceleration due to gravity.
The NavierStokes equations express mass and momentum conservation in fluid flow at all
points in space and time. They reflect the fluid's entire, unaveraged behavior, including all
fluctuations and turbulent features. Although the Na@imkes equationgan theoretically
depict turbulence, solving them directly for all turbulent scales is computationally challenging
for the majority of practical applicationsThe NavierStokes equations are particularly
computationally difficult to solve for the reasoreyhinvolve solving all turbulence scales, which
can be extremely complex and computationally cogtljurbulent flow can be calculated using
three fundamental methods: Reynolds Averaged Navier Stokes Simulation (RANS), Large Eddy
Simulation (LES), and Dact Numerical Simulation (DNS). DNS solves the entire set of
unstable NavieStokes equations numerically, but it is too expensive and impractical for
industrial flows.Though less costly than DNS, LES still requires too much work and computer
power for mat realworld uses.LES resolves certain turbulence completely and resolves the
filtered N-S equationsReynolds averaged navistocks are thus required and widely applicable
in CFD. By averaging the equations over time and modeling the unresolved turbulence, RANS
equations give a computationally less expensive apprddavierStokes equations that have
been simplified are knowms Reynoldsveraged NavieBtokes equations, or RANShe
steadystate solution and the tirtependent variations in the system that cause turbulence in

various flow zones have been distinguished in the RANS equations.

2.5.1. Turbulence modeling
Reynolds Averag® NavierStokes Equations (RANS) are usedcimbinationwith turbulent

models to address the difficultyontaining Reynolds stress which resulted from the time

averaging process. The development of turbulence models has grown considerably in the past
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few decaces due to providing reliable numerical solutions for fluid dynamic problems that
involve intricate flows that are turbulent. CFD software uses a variety of approximate equations
to precisely describe and simulate the flow fields within and around lmatgal objects. CFD
software allows for a variety of turbulence models to model various fluid phenomena under
various circumstances and presumptions. It detireolve turbulent flows by using fully closed
numericalresolutiongo the Reynolds equationBurbulence models of various types are used i
CFD simulations using the Reynoldsreraged NavieStokes (RANS) framework.-&psilon
models, komega modelsand Reynolds Stress Models (RSM) aseme of the RAN®ased

turbulence models used in vehicle aerodynai@i6s

25.1.1. k-epsilonturbulence model
The kepsilon turbulence model isidely in CFD simulations particularly for external flow

analysis It provides a solution ta coupleof transport equations, one for turbulent kinetic energy
(k) and the other for dissipation rate (epsildbjuations 6 and 7 show the condensed equations
for the kepslon turbulence moddgi7].

The euation for turbulent kinetic energy (k):

_ " 60 « — 0 0 z- (@

The equation depicts the development of turbulent kinetic energy (k) ovefTtméerms in the
equation represent the time rate of change kfddvection by the mean flgwurbulent diffusion
of k, Py is theresultanoutputof k by meanflow gradients.and di ssi pati on of Kk

Equation for turbulent dissipation rate (epsilon):

— 6 - - - - )

The equation governs thdevelopmentof the turbulent dissipation rate (epsilon). It includes
terms representing the time rate of change of epsilon, advection of epsilon by the mean flow,
turbulent diffusion of epsilon, production of epsilon by turbulenetic energy gradients, and
destruction of epsilon due to its dissipation.
In these equations:
T The fluid's density is indicated by the sy
1 tdenotes time.
1 uis the vector of velocity.
1

€ I's the dynamic viscosity.
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g1 is the turbulent viscosity, whicis related to k and epsilon through empirical formulae.

N represents the gradient operator.

Pk is the term that signifies the generation of turbulent kinetic energy and is influenced by
the gradients in the mean flow.

T U refers to t heatkinetctemergpdissipatasi ch t ur b u |

T & @ _U, c_ U1, and C_U2 are model constants.

According to the kepsilon turbulence model, the turbulent viscosity the turbulent kinetic energy
and the dissipation rate are directly proportional. It provides a projectiothefimpacts of
turbulence on the mean flow and predicts the energgadasacross major eddies to minor
eddies.Compared to other turbulence models, it kaseralbenefits that make it a popular
option for a variety of engineering computations. It is ulskfr a variety of applications due to

its ease of use and computational efficiency, as it only requires the solution of two transport
equations. The model is appropriate for a variety of engineering challenges betatsse
resilience and versatility, lch allow for accurate forecasts for a range of flow regimes,
including high and low Reynolds number flows. Thegsilon model's reliability is further
increased by the thorough calibration and validation of tleeainagainst experimental data.
There arevarious forms or variations of thedpsilon turbulence model, each having unique
properties. Some commonly used types of thep&ilon turbulence model are discussed as
follows.

1. Standard lepsilon Model:The most fundamental variant, known as the standard k
epsilon model, is frequentlgmployed in simulations of engineeringg uses basic
algebraic relations for turbulence quantities and assumes that turbulence is isotropic.

2. RNG (Renormalization Group)-épsilon Model:The RNG kepsilon model adds terms
from the renormalization group theory to the standard model to improve it. The accuracy
of the model is increased by these extra factors, especially when anticipating flows with
unfavorable pressure gradisrand splitting flows.

3. Realizable kepsilon Model:To ersure that the model's predictions can be physically
realized, the realizable-&psilon model imposes constrairttsatovercomes certain of the
conventional model's shortcomings. For intricate flowshwsignificant streamling

curvature or swirling motion, it offers increased precision.
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These are some of the frequently used variations of -#ygsiton turbulence model, each with
differing degrees of accuracy and applicability for specific flow conditions. Because of its
advantageous properties, the realizablpkilon variant differs &m the previously mentioned
k-epsilon turbulence models. It guarantees the significance and veracity of predicted turbulence
guantities with improved physical realizability, particularly in flows with considerable
streamlined curvature or whirling motiohhe realizable model operates rather well in complex

flow situations, such as detachment and adverse pressure gradients.

2.5.1.2. k-omegaturbulence model
In simulations of computational fluid dynamics (CFD), therkega turbulence model &n

additional populamodel. Like the kepsilon model, it solves two transport equations, but for the
particular dissipation rate (omega) and the turbulent kinetic energyh&)simplified equations
of the komega turbulence model are expressed in Equations 8 and 9.

The equaton for turbulent kinetic energy (k):

_ " 60 ‘ — 0 0 1717 ()

The equation describes the evolution of the turbulent kinetic energy (k) over time.

The equation for the specific dissipation rate (omega):
— " 0] ‘ — 1 11! (@)

The equation governs the evolution of the specific dissipation rate (omega).
Where

T4 is the density of the fluid.

1 tistime.

1 uis the velocity vector.

T "A (Juk) represents the dtuhbdentkieticcerergpf t he
T ¢ is the dynamic viscosity of the fluid.

T ¢e_t is the turbulent viscosity.

9 & _k and G0_¥ are turbulence model constants
T n"A [ (e + nK spraséntd thekd)ffiision term for turbulent kinetic energy.

1 P_k s the production ternoff turbulent kinetic energy.

T b is a turbulence model constant.
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¥ i s the specific dissipation rate of turb

1
T nA (Juyr) represents the diaspecifigdessipatenratd. t he
T "A [ (e + ngt _t e ptheaiFfusionttesm for specific dissipation rate.
1T o is a turbulence model constant.
Rustan Tarakka et .al[48] evaluated the impact of the turbulence model in the computational
study of active contrabf flow on the aerodynamic drag of the Van modéle outcome shows
that the kepsilon realizable turbulence model is the one that most closely matches the results of
the experiment.
2.5.1.3. Reynolds Stress Models (RSM)
Reynolds Stress Models (RSM) are advancedulence modelsmployedin CFD simulations
to capture the effects of turbulent fluctuations in the fl®gynolds stresses are the primary
parameters that reflect the turbulent fluctuations in the flow, and RSMs directly model them in
contrast to moréasic turbulence models like thesksilon or komega models. Further transport
equations are calculated for each of the Reynolds stresses' parts in RSMs. Based on the creation,
diffusion, and dissipation of the Reynolds stresses, these transport eqdatctshow those
stresses changed over tinfde transport equations for the Reynolds stresses can be written as
follows:

Transport equation for turbulent kinetic energy (k):

. - "o Q
1"oerréo .. L Too .
To T w0 T 00 P
Her e, J is the fluid density, t i's ti me, u

coordinates, Pk e pr esent s the production of turbulent

di ssipation rate, Uk represents the turbulent

Transport equation for Reynolds shear stress

(

T”T T”(’)k T”(TQ TH(“bTTm(b

ro 1 T o PP
Il n this equation, P i represents the turbul
dissipationt e r m, and U _ij represents the turbul en
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stresses. The term T_ij corresponds to the additional stresses due to the mean velocity gradients

and is often referred to as the turbulent transport term.

2.6. Experimental Approach: Wind Tunnel Testing for Vehicle Aerodynamics
Analysis
Experimental approaches are crucial for understanding and optimizing the aerodynamic

characteristics of vehicles, as they provide valuable insights into the flow behavior and forces
acting on vehi@s.Wind tunnel testing, onoad testing, coastown testing, and track testing are
some of these experimental techniques. Aerodynamic testing on actual vehicles while they are
being driven on public roads or specially designed test tracks is known -asathrtesting.
Coastdown testing uses an analysis of the rate of deceleration to estimate aerodynamic drag.
The method of testing and evaluating vehicles on a closed course is known as "track testing."
Through the examination of data gathered frorrtrank tials, scientists can learn more about

the flow patterns, drag, lift, and aerodynamic forces surrounding the veB@ioke.popular
experimental method for analyzing vehicle aerodynamics is wind tunnel testing. Because wind
tunnel testing can employ smallerodels, they are less expensive and simpler than other
experimentatests. A full wind tunnel test, however, may be more expensiveahaad tedtl4,

49].

Despite its advantages, wind tunnel testing has limitations. Scale effects, wall interference, and
blockage effects can influence the accuracy of the results. Reynolds number matching, which
ensures similarity between the wind tunnel conditiond eealworld conditions, is a critical
considerationin a smaklscale test, it is exceedingly challenging to match the Reynolds number
between the prototype and the model. The dimensionless analysis demonstrates that the
Reynolds numbers in boitenarios must match to guarantee the dynamic similarity between the
flows. While these techniques can be more-edfistctive than standard wind tunnel testing, they

can also boost Reynolds numbelt is simpler, less expensive, and faster to use thexéldy
number independence rather than attempting to raise the Reynolds number in the wind tunnel
[50]. The Reynolds number is given in Equation 12.

YQ —” w P C

Where

1 Re s the Reynolds number
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T 4 is the de@235kgymd)of the fl uid

1 Vs the velocity of the fluid relative to the object

1 L is acharacteristic length of the object (such as its characteristic dimension or length)
e is the dynami 1.8tk XWtRasorkym-s)f the fluid
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Figure 2.8. Reynolds number independerjbé]

At low Reynolds numbers, the drag coefficie@t)(has a strong relationship with the Reynolds
number; however, beyond a certain Reynolds value, the coefficient remains constant.
Irrespective of the nature of thmundary layer, the shagzlged entities tend to generate flow
separation and are indifferent to the Reynolds number. Thus, Reynolds number independence
can be utilized to calculate the drag coefficient of blunt bodies like trucks andddises

By using the passive flow control metha@lj h a n B 3] éwestigated tBe drag force of

the 1/33 size bus model. The Reynolds numbers in which the experimentcomeiected

ranged from 3.8xT0to 7.9x16. Except for the moving road, similar circumstances were offered

in experimental investigations. The model bus was created on a 3D printer by scanning three
dimensions to fulfill the geometrical similarity requirentenThe dynamic matching criteria

were based on Reynolds number independence. The CFD program was used to do a flow study
to see the flow structure surrounding the bus. Wind tunnel findings are supported by the
numerical results.

Agrewale & Mauryg53] analyzedthe aerodynamic behavior of a flat solar panel mounted on a

minibus model unddhe platooning effect. The authors investigate the impact of flat solar panels
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on the coefficient of drag using numerical analysis. To validate numerical results, the wind
tunnel test is performed on a scabklvn model and the results obtained from both aeslyare

close. Also, a numerical analysis has been carried out by these authors with the arrangement of
vehicles in a platoon, considering distances between them from 3ntofd2a range of speed

from 80°120kmph. In addition, the authors investigateoalynamic properties by considering

the change of yaw angles froni18° for a designated detachment distance dn&éh. The

result shows important variations in drag and lift coeffitiender platooning conditions.

2.6.1. Wind Tunnel Configurations
A. Open Circuit

The basicwind tunnel designusually comprisesa fan or blower that pulls air in from the
surrounding area. After passing through the test part and being accelerated, the air is released
into the environment. These wind tunnels are affordable and deefulany different purposes.
Nevertheless, the reproducibility of results may be impacted by fluctuations in the surrounding
environment, such as shifts in humidity and temperature. In compadasdosedcircuit wind

tunnels thesavind tunnelshave lesontrol over the flow condition®4]. Figure 2.9 depicts the

open circuit wind tunnel's odiguration.

Contraction Diffuser

$ — MotorlFan $
driven unit
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Honeycomb and screens

Figure 29. Open Circuit Wind Tunnebimplified Design[55]

B. Closed Loop

By creating a closed loop, the closedcuit wind tunnels keep the air in the system constantly
circulating. They are made up of a diffuser, contraction section, test section, settling chamber,
fan, and other parts. Better control overflow conditionsantbre steady, consistent airflow are
provided by closedircuit wind tunnels. Irdepth aerodynamic testing benefits greatly from their
ability to enable greater velocities. But because of their intricate design and extra parts, closed

circuit wind tunnelsare typically more expensive to build and operate. For many aerodynamics
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research and development projects, clesedlit wind tunnels are the favored option because of
their superior control and consistent outcomes, even with their highef5dsfFigure 2.10
depicts the closed loop wind tunnel's configuration.
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Figure 210. Closed Circuit Wind Tunnedimplified Design[56]

2.7. Influence of Vehicle Speed on Aerodynamic Forces and Drag
The drag that results from the aerodynamic forces experienced by a vehicle is largely dependent

on its speed of travel. Enhancing vehicle performance, energyeatficiand comprehensive
vehicle design requires an awareness of how vehicle speed affects aerodynamics. Aerodynamic
drag is a sort of resistance that an object experiences when traveling through the air. When
compared to other forces operating on the alehiincluding rolling resistance, the impact of
dragis negligible at lower speeds. Drag, however, contributes more and more to the overall
resistance as speed risés the vehicle accelerates, the flow becomes increasingly turbulent,
increasing drag bacse of dargepressurevariationbetweerthe vehicle's front and bacwhich

results in a larger wake area and more substantial drag forces. At low speeds, the airflow remains
mostly undisturbed, and the drag is mostly determined by the vehicle's fametl and
shapg7]. At roughly 6070 km/h, the aerodynamidrag force for mediursized European

passenger vehideverrides the rolling resistance force, as shown in Figuire.
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Figure 211. A typical passenger vehicle's rolling resistance force and aerodynamic drag force
[58]

2.8. Impact of aerodynamic drag onVehicle emissiors
Theregularpassenger vehicldischarges total of 4.6 metric tons @O, annually.According to

a vehicle's kind of fuel, fuel efficiency, and annual mileage, this figure may change. The amount
of carbon in a gallon of gasoline determines how m@ch is produced during combustion.
When a fuel undergoes combustion, the majaftits carbon is usually released@®,. Carbon
monoxide and hydrocarbons, which are released in very minute amounts, are swiftly transformed
into CO; in the environment. Fuels differ in their carbon concentration, and some variance within
every categor of fuel is typical. Per gallon, diesel produces roughly 15% nuide It's also
evident that lowering a vehicle's aerodynamic drag is necessary to reduce the release of
greenhouse gases. Furthermore, it was observedotthtvehicles were responsilfier more

than 30% of greenhouse gas emissions, mostly as a result of burnin§utbermore, the
engine's productive power was primarily used to overcome rolling resistance (32%) and
aerodynamic drag (53%); only auxiliary equipment (9%), and the dxinei$%), acounted for

the remaining energy9].

Harun Chowdhuryet al, [60] examinedthe consequencef vehicle aerodynamiasn energy

usage and emissions of greenhouse ga$hs. investigators identdd that when speeds
increased, so did fuel consumption, resulting in a ris€@ emissions.CO, emissions as a

function of speed argeenin Figure2.12
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2.9. Multi -Objective Aerodynamic Design Opimization with Response Surface
Methodology
Aerodynamic design optimization techniques are critical for obtaining effectiveambmical

aerodynamic performance in a variety of engineering applications such as road vehicles, aircratft,
and wind turbines. These methods employ advanced computational tools and optimization
algorithms that methodically enhance a design's aerodynprojerties while taking into
account several competing objectives. Furthermore, Response Surface Methodology (RSM) is a
useful tool in the design optimization procéss).

Aerodynamic design optimization approaches rely heavily on +objéctive optimization.
Engineers can examine trad#s and esblish a set of ideal solutionsimultaneously
considering numerous objectives such as decreasing drag, maximizing lift, maintaining stability,
and improving other performance indicators. This front reflects the best compromise solutions,
with design possibilities based on unique needs and [§2jIsRSM plays a critical rolen
aerodynamic design optimization in this endeavor. RSM is a statistical technique for analyzing
and modeling complex interactions between input variables (factors) and output responses.
Engineers can effectively design experiments, collect data, anesfiobnse surface models by

using software tools such as Design Expert.
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These models approximate the relationships between the input factors and the output responses,
enabling prediction and optimization of the system behavior. By utilizing RSM in colganct
with multi-objective optimization techniques, engineers can enhance the aerodynamic design
optimization process. The integration of RSM with malijective optimization techniques
provides a comprehensive approach to aerodynamic design optimizaBoh.f&ilitates the
understanding of relationships between factors and responses, whil@bjedtive optimization
enables the consideration of multiple objectives simultaneodslg use of multobjective
optimization techniques and Response Surfacehdtietiogy (RSM) in tools such as Design
Expert improves the aerodynamic design optimization process. Engineers can use this integrated
method to assess numerous objectives, explore-triégleand seek optimal solutions by fitting
response surface modelsedigners can achieve improved aerodynamic performance and make
informed judgments based on individual requirements and priorities by employing RSM and
multi-objective optimizatio63].

2.10. Literatur e summary and gap

Aerodynamic drag is a very significant variable in a vehicle's fuel consumption, power loss, and
emissions The wake that occurs behind bluff bodesd the stagnation pressure at the vehicle
front has been recognized as a cause for the development of a larger drag coeffibiasteen
shown that a vehicle's external configurattbraracteristicpossessa significant functionin
lowering the impact of drag in a vehiclehe literatureemphasizethe significance of CFD in
vehicle aerodynamics analys@ne of the most commonly employed turbulence modeGHp
simulations was the kepslon turbulence model. Howeverhe realizable variant offers
advantageous properties for capturing turbulgpltenomena accuratebAnother approach to
vehicle aerodynamic analysis is the Experimental Approach, specifically Wind Tunnel Testing.
This method allows researchers to study and analyze the aerodynapiigsioal fullscale and
prototypevehiclemodelswithin a wind tunnel.

Also, it was obvious thathe drag experienced by a vehicle due to aerodynamic forces is
predominantly influenced by its speed of traved. magnitudewith the rise of vehicle speethd

it overrides the rolling resistance fora raughly 60 70 km/h. Related to thislowering
aerodynamic drag is crucial for reducing greenhouse gas emissiemsaerodynamic devices

and body streamliningire identified as thelrag reluction methods. Also, multi-objective

optimization plays a vital role in achieving optimal aerodynamic design solutions.
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However, there are several gaps in the literature. Existing research primarily focuses on external
body streamliningasa dragreduction mecanism which dog not considethe internal space of
thebuses and the driver visibilityt was noticed that many researchers have not attempted much
to detectdetailed pressure and velocity distributions on the wake regMostly CFD flow
analysis is used in thesxamined papers which may not give more accurate yasouc flow
parametersit was noticed thatdse cavitiesninimize the wake and tensify the higher base
pressuralistribution Table 2.1. presents the summary and gaps of some literature.

Table 21. Summary and gap of somerks of Literature

No. | Author Name Methodology Findings Gap

1. | DanielGarcia 1 Experimental Maximum decrease ¢ § Multi-objective
Ribeiro et al and CFD| 8.63% in the drag Optimization
(2023) analysis coefficient

1 vortex
generators,
lateral devices
and rails

2. |Ozcan et al CFD Maximum G | 1 Experimental test
(2023) T Exterior design reduction of 51% 1 Multi-objective

modification(taperin Optimization

9)

3. | Koppa 1 CFD Drag reduction ol § Experimental test
Shivanna et 8  q Rear cavity 22.55% f  Multi-objective
(20210 Optimization

4., | Dawit T. et al 1 CFD Maximum dragl 1 Experimental
(2021)  Body coefficient reduction validation

streamlining of 16.782 f Optimization

5. | Belachew et 1 CFD Cdreduction 24.03%| 1 Experimental test
al. (2021) 1 Frontal  body T Multi-objective

modifications Optimization

6. | Cihan 1 CFD and| Decreased the drag § Multi-objective
Bayindirli Experimental test | coefficient by an Optimization
and , Mehme{ § nonsmooth surfac¢ average of
Celik (2023) p|ate 1.03%.

Also, the visualization of the wake structure available is usually restricted to one or a small
number of planes and does not cover a larger range of basedimatysions. Most of the effect
of the base cavities aerodynamic investigations are performed onv&tudles and their effect

on buses is not investigated. Even for t SUV vehicles, the optimization of base cavities was not
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done by considering multiple factors and multiple outputs or responses. The optimum windshield
angle of the buses was not done bysidering multiple objectives even though the optimum
windshield angle differs from vehicle to vehicle. Also, the joint effects of the base cavity and
windshield angle variations were not investigated. The fuel consumption reduction and CO
emission relai to the application of the base cavity and windshield angle variation are not
studied

To address these gapdjist study investigatedrear cavities of different geometriesnd
windshield anglsat different vehicle speedshe analysis was done by emplayithe CFD and

also experimental wind tunnel test wasrformedto validate the CFD result of the Baseline
model. The amount of fuel an€O, saveddue to the aerodynamic drag improvement of the
Bishoftu bus was analyzed. Fingllymulti-factor optimization using response surface
methodologywasconducted.
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CHAPTER THREE

MATERIALS AND METHOD S

In this study numericasimulation, experimental tesand optimization ofBishoftu bus and
different modified bus configurationswere performed. Thescaledmodelswere prepared in the
SOLIDWORKS CAD software anda 3D printer was used for printing the 3D models
Windshield angle and base cavity configuration aerodynamics drag reduction mechanisms at
different dimensions were implemented in this research work. For the baseline model and
modified models, the computational fluid dynamics (CFD) aerodynamic analysi3i'S 19.2

was done. In the CFD analysis, three phases were involved those are preprocess, solver, and
postprocessing Generating avirtual wind tunnel,setting up boundary Conditions, and mesh
generation were steps done in the-precessor stagéilso, a mesh independence test for the
full-scale baseline model and 1/6Gcaleddown baseline model to check whether the results
were dependent on the mesh sizes or not was conducted. The Realizpbi®k model that

was designed to deal with theelvknown shortcomings of customaryepsilon Models was

used in this studyFlow visualizations like velocity contours, pressure contours, velocity vectors,
and streamlines were plotted in the pasicessor phase intendexlcomprehend how the flow

behawes around the models.

To verify the CFD findings of the baseline model the wind tunnel test was @beescaled

down 3D model of the baseline model was prepared and printed in the 3D pxantdonitrile
butadiene styrene (ABShaterialhad been utiliedto print the 3D model of the baseline model.
Multi-objective optimization using response surface methodology in design expert software was
conducted. The factors considered were windshield angle, base cavity angle, base cavity length,
and vehicle speedhe responses such as coefficiehtirag and lift,dragand lift force, amount

of fuel saved, and C3saved were considered with a variety of objectivdsee methodology's

flow chart is displayed in Figure 3.1.
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Figure 31. Flow chart of theanethodology
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3.1. Benchmarking the Baseline Model
It is a popular bus in Ethiopia, and it is employed as a service and public transportation by

various government and private compankshoftu city buses areuseghatoperate within the

city and between the city andrsaunding townsand many people are using these buses for
transportation. They are usedCities like Addis AbabaDire Dawa, Bishoftu, Mekelle, Jimma,

and Bahirdarln addition in Addis Ababa Bus Rapid Transit system is under development and
construction[64]. This BRT system includes exclusive bus lanes and busways that allow buses
to operate at higher speef85]. Overall the above reasons make study of arodynamic
performance on thiBus more important ami¢ operation of this buat high speed makes them

consume more fuel and emit increased emissieatedto their aerodynamic efficiency

Table 31. Baseline Bus specificatiog, 66]

ZK6118HGA Overall dimension
Length (mm) 11687
Width (mm) 2500
Height (mm) 3300 (to the A/C)
Interior Height (mm) >1900
Wheel Base (mm) 5800
Tread Front/Rear (mm) 2020/1860
Front/Rear Overhang (mm) 2590/3300
Min Ground Clearance (mm) 190
Diffuser angle (°) 10
Approach / Departure Angle)(° 717
Weight kg) 12750
Gross Vehicle Weight (¥ 18000
Front/ Rear Axle (g) 6500/13000
Max. SpeedKm/hr) 100
Min. turning diameter (m) 24
Front fillet 40 mm at top and 60mm side
Back fillet 40mm
Fuel Tank Capacity 300 L
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ENGINE
Engine WEICHAI Engine10.290
Max Power 290 HP @ 2200 rpm
. Max. Torque 1160NM @ 120G 1600 RPM
WP Position of the Engine Rear Mounted
Type of fuel Diesel
Emission Standard Euro 11l

3.2. Baseline geometry
SOLIDWORKS CAD software was used in this study to create the 3D noddbe Bishoftu

bus. The model was generated based on the specifiednimdel specifications from the
manufacturer presented in Taldd. The underbodyof the bus was kegtat anda cooling air
passagéor the 3D model preparatiorlowever, theside mirrors and & units mounted on the
Bishoftu bus were included in preparing itsCAD model. The ceveloped B model of the
baseline modelsometric and front views arshown in Figure3.2. and 3.3.The detas

dimensions of the baseline model are shawfAppendix A.

Figure 32. Isometricview of baseline 3D model
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Figure 33. Front view ofthebaseline model

3.3. Drag ReductionMechanisms Applied to Baseline Model
Multiple drag reduction approache®re used in this study, and their aerodynamic effectiveness

was studied using CFD and wind tunnels. The study analyzed 29 modified snafdel
aerodynamics performance on the Bishoftu bus baseline model. The first strategy utilized in this
study to reducerdg was to raise the pressulistributionsat the lowpressure base causby

suction on thesurfaces that face bacpgaticularly in the separated flow areas at the bus's base.
Reducing the drag at the back end concentrates on building up the bassiseprEhe intended

base pressumistributionwas increased by using base cavity designs. The base cavity lengthens
the recirculatingzone at the bak of the vehicle allowing for pressure recovery while
symmetrizing the flow and reducing asymmetejated drag.The basic cavity configuration that

was employed was the tapered base cavity which reduces the drag more than the straight cavities
[67]. It was applied to the top rearward and sideward edges, leaving the bottom rearward at a 0

degree diffuser angle becauke bottom rear end of the baseline already had a tapered diffuser.

The optimal dimensions of a base cawifyy depending on the vehicle model. The effectiveness

of a base cavity is determined by several factors, including cavity geometry, Reynolds,number
and angle of attack7] [68]. Howell et al, [69] studied thereduction of the bluff bodgrag

using base cavities and found an optimal base cavity depth at 45 percent of the model height that
achieves 0.027 decrease in drag coefficidmbwever Evrardet al, [70] agree with Howelket

al., [69] on drag coefficieninitigation intensity while the optimum base cavity depth ®&%

model heightHowell et al, [71] examined solid wall cavities on a 25%indsor model. The

authors identified from the result tfiaest cavity lengthof 35% of the height of the modeiith
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a drag coefficient reductioof 0.03 Ther ef or e, itdéds i mportant to c
and design of each vehicle when designing an effective base cawtyiety of base cavity

lengths wasused in this study as l@alancebetween practicality and drag reduction and also
includes the minimum length which has not been studied yet. The base cavity lengths studied in

this study as nocdimensionalted depth associated with vehicle height to carry that

parametric study were 0.1 times base model height (0.1H), 0.2 times base model height (0.2H),
and 0.1 times base model height (0.3H)gure 3.4 illustrates the base cavity length
representation oriné modified bus model.

Figure 34. Base cavity lengthiepictionon the modified bus model

In addition, the optimum angle of the tapered cavity differs from model to model and studies
suggest the tapered base cavity has mdoag reduction capacity when compared to the straight

base cavities. Magnus Urquhart et 7] studied drag reductioof a squareback vehiclanodel

by employing the base cavity, the acquired result indicates that the base cavity with a 0° diffuser

and 14° sideand rooftapering produced a higher value of 0.08tlam Abikan et a| [72]

investigated the impact diie tapered and straight cavities on the bluff bodies the authors stated

that 41 % drag reduction is achieved at@eg§ree base cavity angle. Naveen Koppa Shivanna et

al., [73] studied the alteration of the rearward cavity on a Square Back Ahmed Body's drag and

flow zone structureThe study reveals tapered <cavity at
symmetrical wake, led to a notable 22.55% drag reduction. So the prestizdiss show

different optimum base cavity angldrom 6214° for the models that havéifferent designs.
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Therefore, m this study, the anglef the base cavity 912°, and 20 werestudied to analyzthe
implications ofthe base cavity angle on the overalhimization of thedrag of the Bishoftu bus.

These angles were studied by considering the minimum and maximum optimum base cavity
angles for other vehicle modelsAlso, their mpacton the structure of thewake and bse
pressuralistributionwas studied in CFD. A parametiitvestigationwas conducted to determine

the opti mal base cavity angle "U," taking int
20°. Figures 3.5. and 3.6shows the base cavity angle repentations on the roof end and sides

of the modified modslat the base.

Figure 35. Base cavity angle representations on the roof of the modified bus model

Figure 36. Base cavity angleepresentations on sides of the modified bus model
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Brown et al, [74] demonstrated that as the base cavity wall thickness insyghseconfiguration

tends to the reference base model with the same allied flow field, and they recommend the
minimum base cavity thickness. Varn@p] recommends the minimum base cavity thickness of
0.01H nondimensionalized cavity wall thickness as vehicle height. Therefore in this study, this
base cavity thickness was adoptedttwas suitable to taste more asgliethe base cavitylable

3.2. shows the baseline bus model with different base cavity dimensions.

Table 32. Baseline bus model with different base cavity dimensions

Models Base cavity angl€’) Base cavity length
M1 5 0.1H
M, 5 0.2H
M3 5 0.3H
Mgy 12 0.1H
Ms 12 0.2H
Mg 12 0.3H
M~ 20 0.1H
Mg 20 0.2H
Mg 20 0.3H

The other method employed in this study for improvement of the aerodynamic performance was
varying windshield angleThis isto lessen the pressure drag caused by stagnation on the bus's
frontal body.B a y € n d &, [76] éinvestigated the impact of changes in windshield angle in
conjunction with a bus's coefficient of drathe authors noted that modifying the windscreen
angle can reduce the coefficient of drige optimum windslkgld angles for the various vehicle
models are different and the optimum angle of specific vehicles needs to be inveftigatofi

The existing doorway | ocation of the Bishoftu
more than 17° because hurts the design[66]. Also, the higher wirdshield angle causes
visibility degradation due to the veily glare caused by the reflection of the -gluminated,
redudng drive visibility distance and internal occupant spd&€§. Therefore, in this studyhe
maximum baseline modelindshield anglevariationof 17° and windshield angle 8f that was

at the middle of the windshield angletb& Bishoftu bus (0°) and the maximum windshield angle
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of 17°were studied.Table 33. shows the dimensions of the maglglodified with windshield

angle onlyFigures 3.7. an8.8. showmodified models 10 and 11 respectively.

Table 33. The nodified mode$ with only windshield variation frorthe baseline model

Base cavity length

Models Windshield angle Base cavity angle
Mio 9 - R
Mi1 17 - -

Figure 37. Baseline model modified with°®vindshield angle

Figure 38. Baseline model modified with 2windshield angle
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The windshield angles and base cavity dimensiais modified models that have both
modifications areshown in Table.4.

Table 34. Modified models with base cavity and windshield angle

Models Windshield angle (°) Base cavity angle(°) Base cavity length
M2 9 5 0.1H
Mi3 9 5 0.2H
Mi1a 9 5 0.3H
Mis 9 12 0.1H
Mie 9 12 0.2H
M7 9 12 0.3H
Mg 9 20 0.1H
Mg 9 20 0.2H
M2o 9 20 0.3H
M2g 17 5 0.1H
M22 17 5 0.2H
Ma3 17 5 0.3H
M2y 17 12 0.1H
M5 17 12 0.2H
Mg 17 12 0.3H
Moz 17 20 0.1H
Mg 17 20 0.2H
Mg 17 20 0.3H

3.4. Numerical setup
The numerical simulation in this study was performed via the commercial tool ANSYS 19.2

software The finite volume approach is the basis of the program's numerical formul&hien.
NavierStokes equations, which are conservation equations, are the fundaetpraabns in

fluid mechanicsThese are the laws for the mass and momentum equation. The solver computes
the velocity and the acceleration using these equatidmes.pattern of pressure distribution is
used to compute the drag and lift forcEse simulaibn using computational fluid dynamics has

threegeneraphase$81, 82] Those are:
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1 Preprocessar generatingVirtual Wind Tunnel,setting up boundary Conditionand
mesh generation
1 Solverstage: Solution methodpntrol and initialization

1 Postprocessar Creating the velocity and pressure contours and vectors

Figure3.9. shows the CFD solution procedure.

Creation of virtual
wind tunnel

v

Mesh Generation

Boundary conditions
setup

7

Turbulence model

!

Solutionmethod control and
initialization

Adjust the

mesh or CFD calculation
solution

parameter

No

Is the
solution
converaed?

Yes

[ Post processing ]

Figure 39. CFD solution procedur82]
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3.4.1. Design of Virtual Wind Tunnel
The size of avirtual wind tunnel in CFD cauwliffer dependingon theparticularapplication and

the level of detail required in the simulation. CFD allows for virtual wind tunnels to be created,
which can be much larger or smaller than physical wind tuniéls. virtual wind tunnel's
dimensions must be sufficient to encompass alingart flow characteristicsThe virtual wind
tunnel has an upstream length of three times the bus lemgitwnstream length of five tes
the bus length, aidth of three times the bus width on the sided aheight of three times the
bus height on théop. An inner box can bemployedto regulatethe volume meshdjacent tdhe
bus. This box should be about@hiclelength in the wake and half a bus length in front, sides,
andtop.Thebody of i nfl uenc e 0lushedyiadrdwn fors gnpastamcea r o u n d
capturingflow features aroundthe bus body and geting good boundary conditi@[81]. The
dimensions of the enclosure and the inner box are tabulated in Tablé8.enclosure and the
inner box that werereatedor the baseline modainalysisareillustrated inFigure 3.10.

Table3.5. Computational domain and inner box dimensions

Computational domain dimensions

Upstream length (m) Downstream Width (m) Height (m)
length(m)
35 58.35 7.5 9.9

Inner box dimensions

Upstream length (m) Downstream Width (m) Height (m)
length(m)
5.835 11.67 5.835 5.835
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I
10.00 30.00

Figure 310. Baseline model in the Enclosure and inner box

For the scaled model CFD analysibe size of the enclosure used wdentical to the
dimensions othe measurement section of tkend tunnel available at the Jimma Institute of
Technology. The measuring portion of the wind tunnel has a length of 450 mm and-a cross
section area of 292 x 292 mMi83]. Figure 3.11. depictthe enclosure generated for thés0 "

scaleddown model othebaseline mode

0.100 L0300

Figure 311 Enclosure for scaledown baseline model

3.4.2. Mesh generation
In the present investigation, polyhedral meshes were utilized to discretize the computational

domain, which was initially tetrahedrahdsubsequently transformed to polyhedral to lower the
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cell count and hence the amount of time needed for comput&tionregular polyhedral grid
produced plausible outcomes farground vehicle outside fluid flows as wgB4]. Mesh
refinement was employed in the current investigatioregulatethe numberof elements located

inside the control zoneThe goal was to improve calculati@morrectnesgand thus element
density) in areas where fluid flow comes into contact with bus body significant fakes.
method chosen for mesh refinemémtthis study to particularly manage mesh size was based on
interior boxes formed surrounding the vehicle and in the wake[@bgalhe box vascreated in

the design module.The proximity and curvature advanced size function wesed to
progresgrom the smallest size elements closeand surrounding the bus's curvatureetgarge

the element size distant from the bus and approaching the walggh Smoothing was
employed taupturnthe amount of smoothing iterations while enhanc¢hequality of elements

by relocating nodes and elements close to each oftherelement edge length was grown by
12% in each consecutive layer of the mesh using the default growth rate dhé.2efalt
curvature normal angle of 18 was used, as was the greatest angle that a single element could
span, and the curvature minimum size was 6mm. The defeature size was maintained at 3mm.
Parameters that included aspect ratio and skewness were checkedeadlensaorrectness of the
created meshrlhe specifics ofthe mesh generated are illustrated in Appendi¥iBure 3.12.

demonstrates the unstructured tetrahedrallggfdre it was converted to the polyhedral mesh.

0 Se+03 1e+04 (mm)
— —
2.5e+03 7.5e+03

Figure 312. Unstructured tetrahedral mesh
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Figure 3.13. depicts the polyhedral mesh that resulted from the conversion of the tetrahedral
mesh for the baseline model. The tetrahedral was transformed into a polyhedrgitid to
improve accuracy as well as minimize total cell cowitjch wasintended to lower the total

amount of time necessary for computation

{7 ane
B

rdast
G

0 5(n)

Figure 313. Generated polyhedral mesh

Figure3.14.showsthe unstructured mesh that was generated for the scaled baseline model. The

generated mesh has a 2224004 element number and a 401004 node. This mesh was also

converted to polyhedral mesh.

Figure 314. Scaled baseline modehstructured tetrahedral mesh
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3.4.2.1. Mesh independency test
For CFD simulations to produce accurate and trustworthy results, meshing is estegtidl.

neutrality test has beeronducted to guarantee that the solutiorgnisl-independentlt is a
technique fordetermining whether or not the findingé the simulation are independent of the
underlying grid. Numerous grid independence investigations are carried out to minimize
numerical difficulties like inaccurate outcomes and poor mesh quality. Veridyihgpated data
estimations based on CFD has been one of the key concerns in choosing an advanced
enginering strategy in recenyears [86][87]. The result check process via a gbased
independent study was crucial in giving satisfying resultsabse one ahe purposes of this
studywas to minimize vorticesreationon the bus'zones of flow separation employing various

drag reductiortactics.The final mesh for the study was identified through a niredépendency
investigation based on the letine model's drag coefficient tite 60 km/hr speed of the vehicle.

The study considered seven mesh cases, with a total number of cells ranging from 500000
thousand to 2.3 million tetrahedral medrhe tetrahedral mesh generated for all casas w

converted to the polyhedral medihe mesh casare shown irmmable 36.

Table 36. Mesh casefor full-scale baseline model

Case Body Body Face Tetrahedral mesh Polyhedral mesh
sizing 1 sizing 2| sizing Node Element | Node Element
number number
Casel |900 700 150 96761 | 520935 |761504 125813
Case 2 | 850 650 130 119691 | 647729 933542 153004
Case 3 |800 600 100 165446 | 895280 1262608 202453
Case 4 | 750 550 80 229620 | 1245920 | 1729688 274679
Case 5 | 700 500 70 292618 | 1594057 | 2174233 341447
Case6 | 650 450 60 385467 | 2105659 | 2618778 408215
Case 7 | 600 400 55 426390 | 2350385 | 30633323 | 474983

Figure 3.15. illustratethe element number contrasting the tetrahedral mesh and polyhedral mesh

for the various mesh cases. The result shows the polyhedral element numbers for all mesh cases

are minimal compared to the tetrahedral meshes.
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Figure 315. Element numbers Comparison between tetrahedral and polyhedral mesh

Figure 3.16 demonstrateshe grid independence tesiutcomesfor a variety of mesh cases
concerninghe coefficientof dragof the baseline model at &n/hr. The percentage differences
between consecutive cases are as follolWe distinction across Cases 1 and 2 wa$4%,
between Case 2 and Case 3 wa$4%, between Case 3 and Case 4 W@8%, between Case 4

and Case 5 wak.12%, between Case 5 and Cased&0.94%, and between Casawd Case 7
was0.33%. These percentage differences represent the change€irvitlees from one case to

the nextlt was discovered that Case 7 has the smallest percentage differ€hoeloes when
compared to its priocase, indicating a relatively minimal shift @y. So it is evident that the
percentage difference of consecutive <cases
decrement. That suggests t8g result is not significantly dependent on the mesh. Therefore
mesh case 7 was used for teéerencemodel and the modified mod€FD analysis Compared

to the previous mesh scenarios, it is probably going to feature more number elements, which
provides abetter representation of the flow phenomenon being stusliesh case 7 was used in

the analgis of the all modified modeldrigure 3.16 depicts mesh independence test resilt

thefull-scale baseline model.
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Figure 316. Mesh independendest

In addition the mesh independence test was also conducted for the-doaladmodel of the
baseline model. Six cases were included starting from course mesh to finéAsastesult, the
percentage disparities between consecutsteomes are0.5474%,-0.4815%, 2.08%, 1.42%
and0.43%respectivelylt is evident from the percentage differences that no obvious pattern or
trend exists. The percentage of differences varies as values rise and fall. This shows that there
not be a majomesh dependence for the varialli)( Therefore mesh case 6 was used for the
scaled modesimulation.Figure 3.17.depictsthe mesh independence test resulttiod scaled

down model
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0.7
0.65 — —
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0.55
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1 2 3 MesHtcases 5 6 7

—o—Cd
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Figure 317. Mesh independency test fecaleddown baseline model
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3.4.3. Boundary Conditions
The boundary conditions are an especially significant component in the mathematical simulation

of CFD-based studie#\s a result, in CFEbased situations, boundary condition requirements are
essential because reliable conditions can only deliver adequate outttoneesdefined aslet,
outlet, wall, and bughroughthe option of named selectioim this study, the rmalytical solver

was pressurbased, with a constant time and absolute velocity formulation. The density of the
air flowing over the bus was 1.225 kg/m3 and the viscosity was 1.7894 105 kgl(mes).
pressure needed for the operation was set at 101,324l Ralsich is a typical static value acting
upon the bus's environment of operation (atmospheric preg8@iie)The velocity inlet had
values of 16.67 m/s, 22.23 m/s, and 27.67 & exit was a pressure outlet having a gauge
pressure of 0 Pascalrhe bus and the wall were each regardsdixed walls with neslip
features.Figures 3.18-3.21. show bus velocity inlet, pressure outletand side wallboundary
conditions as applied in fluenthe boundary settings of all applied conditions are tabulated as

displayedn Table 3.7.

I |
0 2404 de +04 (mrm) ZA X

Te+(4 Je+(4

Figure 318. Bus boundary Conditions as applied in Fluent
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Figure 319. Velocity inlet boundarygonditions as applied in Fluent
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Figure 320. Pressure outlet boundary Conditions as applied in Fluent
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Figure 321. Sidewall boundary Conditions as applied in Fluent

Table 37. Boundary condition settirsy

Boundary Boundary conditions value

Velocity Inlet Constant velocity 60 km/hr,80 km/hr,200km/hr
Turbulent intensyt 5%
Turbulent viscosity ratio 10

Pressure outlet Gauge pressure 0 (pa
Pressure profile multiplier 1

Wall zones

Bus

Backflow direction
specification method
Turbulent intensity
Turbulent viscosity ratio

Wall motion

Shear condition

Roughness models

No slipT stationary wal

Fluid Type

Density

Kinematic viscosity

Normal to boundary

5%

10

Stationary wall
No slip
Standard

Air
} = 1.2p5 (kg
v=1.7894x16G( k g u ( my
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3.4.4. Turbulence model
The precision of CFD calculations involving turbulent flow is greatly reliant on the

characteristics of the turbulence modelifige Realizable depsilon Model was designed to deal
with the weltknown shortcomings afustomaryk-epsilon nodels.Applications of this model in

the industrial setting@&monstrate that satisfactory resudte obtained within 25% for integral
guantties (e.g., drag coefficientlhe dissipation rate transport equation has been derived from
the equation for measquare vorticityfluctuation transport, and a new equation for turbulent
viscosity is used by this modédlhe conventional and RNG-Epsilon models cannot satisfy this,
hence the realizable model is significantly more pre@sg Therefore the Realizable kepsilon
model was employedsince it best matches the expenta results The representedransport

equations for k and in therealizable kT model are:

— —— — ¢ —— 00 0® 7 ®& YQ (13)

_— — — —— &Y 8 —= 08 -8 00 YQ pT

Where"Gdenotes the creation of turbulent kinetic energy causeddayn velocity gradient3@
symbolizes the formation of turbulent kinetic energy as a result of bugyancy
andthe fluctuating dilation in compressible turbulence which leads to the total dissipation rate is
represented by a. { and {gare source terms defined by the user. and , are

the turbulentPrandtl numlers for k and its dissipation ) All of the formerlymentioned
governing equations, boundary conditions, and numerical integrations were used in the CFD

study of the resbf the modifiedous models.

3.4.5. Solution method, control, and initialization
The coupled schemesolution mechanism for presswerelocity couplingthat has a quicker time

to-solution and greater stabilitwas used Seconebrder upwind was used to quantifiie
pressure, momentum, turbulent kinetic energy, turbulent dissipation rate, and spatial
discretization gradienbecause it yieled more precise outcomeban firstorder upwind[88].

Drag andift monitors were built beneath the monitofi$ie solution was initiated using the
standard initialization procedur&éhe standard initialization technique was utilized to belgen

process of solving the problem. Levels of-BEre regarded as well converged in CFD, while
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residual levels of 1# are regarded to be somewhat converd@d]. To achieve an
acceptablesolution, in this study the convergence criteria for residual of all theingol

parameters were set to10

3.4.6. Post processor
CFD has been known for producing sharp graphic imggesally presented in magnificeaind

superbly coloredesuls, the ability to effectively show computationalitcomes The various

ways that outcomesom CFD are graphically representack data reports, -X graphs, vector

plots, and contour plo§82]. In this study, all the above mechanisms were used to visualize the
flow around the baseline model and the modified models. Also, quantitative results were

presented from the data report of the CFD post.

3.5. Experimental validation of numerical analysis
In a wind tunnel, the numerical analysis of the baseline model result was validated

experimentally. This validation was carried out using an actual test on the baseline model's
scaled 3D model. The study establishakdity by contrasting numerical compitonal fluid

dynamics (CFD) findings with experimental outcomes.

3.5.1. 3D Model Preparation
The process of creating tangible, graspable objects from-dmemnsional models is known as

threedimensional printing. Because layers upon layers of materidhdded"” to the 3D model
until the object is fully formed, it is also known as additive manufacty@0g In the lab at
Jimma University Institute of Technology, a 3D model of the baseline model (Bishoftu bus) was
printed at a réo of 1:60 to the fullscale baseline modelhe tireedimensional fused filament
fabrication (FFF)printing processvhich useshigh temperatureto fuse the filament of plastic
material to the printing surfacnd then ifament solidifies washe methodused by the printer

In Figure 3.22.the printer is displayed.
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Figure 322. FlashForg 3D printer

In this study,to print the 3D model of the baseline that was used for the experimental test the
acrylonitrile butadienetyrene ABS) materialwas used. ABS is the most common 3D printing
filament. It is highly beneficial in resilient plastic goods that must withstand high temperatures.
Also, it is a thermosetting polymer composed three different monomers: acrylonitrile,
butadiene, and styrene. Because of its flexibiligldability, and strength, it is now widely
employed in a wide range of sectors. ABS filament is a popular gemerase printing
material[91]. The ABS materi al t hat was used for thi

mounted on the 3D printer.

Figure 323. ABS mounted on the 3D printer
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Listed below are some of its properties:

It can withstand high temperatures and has a high heat tolerance.
ABS-printed parts are extremely tough and can withstand multiple impacts.
It has a high impact resistance even at low temperatures.

ABS filaments have a very good melt flow.

= =2 =4 A -

High abrasion and strain resistance.

Table 38. Properties ofcrylonitrile butadiene styrerj@l]

Impact strength 200215 J/m
durability against UV Average

Density 1.031.14 g/mL
Conductivity of heat 0.17- 0.23 W/mK
Yield intensity 2.9648 MPa
Flexural strength 2400 MPa

Tensile strength 2.9643 MPa
Specific heat capacity 1.602.13 kJ/(kg-K)
Young modulus 1.793.2 GPa

The three steps used in the 3D printomgcess wel82]:

1 Creatinga3D modelin CAD
1 Exporting and slicing the thredimensional model

M Construct the 3D model.

The 3D model wscreated in SOLIDWORK®AD software and converted ®TL. File format.

The STL file from CAD software was used in the FlashPrint slice software, which reads 3D
models and converts them into instructions for the 3Btgm To aid the model in staying firmly

on the platform, a raft was adde®&upports were also addéal createa supporing part for the

print model.Figure3.24.shows the model that was to be printed virtual 3D printer.
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Load Supports Print

Figure 324. Model in theFlash printsoftware
The build time that was needed to print the scdl@dn baseline model was 4 hr 19 niigure
3.25.showsa Printed 3D baseline model the 3D printer that the phenomena at the end of the
print processFinally, the supports and raft were genuinely removed from theint of the
baseline modelThe printed scaled baselipeototype is illustratech Figure 3.26.

) - r— s am———\

L

Figure 325. Printed 3D baseline model in 3Winter
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Figure 326. The printed3D modelof the Bishoftu bus

3.5.2. Experimental setup
The experimental test on the dibinted scaled baseline Bishoftu bus was carried out in the

Jimma Institute of Technology's HM 170 wind tunnel, an open, subsonic wind twewiaf a
rectangular measuremesection profile These experiments' main objective was to assess the
aerodynamidorces on a Bishoftbus model based on CFD. The wind tunnel is divided into
three sections: the power section, which sets up an external blower for the tunnel's air supply; the
test section,which contains some equipment; and the diffuser, which useslaminam
honeycomb to provide steady airflow. The test section's air velocity is established using
Bernoulli's principle[83]. So in this research aerodynamic force on thevimasdetermined by
mounting the vehicle 3D print on the force balance of the wind tuigiete increasinghe
Reynolds number in the wind tunnel is expensive angaossible in the lovscale wind tunnels

the Reynolds number independence approaah followed for the scaled model test this
researchThe windtunnel that was used to anaythe scaled baseline model depicted in
Figure 3.27.
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1 2 4 5 6 9 78 10

1. Funnel 5. Measirement section 9. A guard in front of a
2. Flow straightener 6. Diffuser fan
3. Jet 7. Axial fan 10. A guard behind of fan
4. Static pressure 8. Downstream guide

measurement

Figure 328. Schematic layout of the HM 1 #&rademiavind tunnel[83]
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The Schematic layout of the HM 170 academic wind tunnel is illustrated in FigureTBi28.
streamlined funnel draws in air from the surrounding environnmidmg.flow adjuster that has a
honeycomb tubular arrangenteremoves unwanted crosswise flow elemeftsee compressed

air leaves thdlow adjusterin a parallel manner and gains speed to nearly 3.3 times the initial
velocity via the jetAt the entry to the testing area, the constant pressure is obtained dawnstre
of the jet The flow velocity is determined from the pressure differential between the flow and
the ambient pressure under the presumption of almost lossless flow. As indicated I8 2Z8ure
the airpassewia the tesarea & fixed areg. Following the measuringnit, the flow is slowed
down in a diffuser, and a fraction of the pressure drop needed to speed up the air in the jet is
regained. The diffuser angle has been utilized to avoid flow separatienlateral guide of an
axial fan plls air from the diffuser and delivers it out into the environment. A cover placed in

front of the fan protects it from unwanted mat{&3).

3.5.3. Testing procedure
The wind tunnel experiments were carried out by fastening the busn8bel in the test

sectionand calibrating the foremeasuring amplifier apparatus with two sensitiwgttings.A

model holder was used to secure the modelsvas linked to the round rod, which was
connectedo the force transducers, which meastine forcesapplied tothe model.Figure 3.30
depicts the scaledownBishoftu bus prototype placed inside tind tunnel.

To calibrate the measuring equipment, 2 radial dials were manipulated till the readings of the lift
and drag reflect zero as feasildB®=cause the buttons are easily affected by even minor changes,
it was difficult to make the numbers onetehowspreciselyzero. The alibrated force display
amplifier is shown in Figure 3.3The enclosure's cover was securely fastdyeddreinitiating

the wind tunnel's motor to keep the technician safe and the cover from being dahtegetd
tunnel's speed was reduced after turning on the m@&rforming the test slowly and gradually
increagsthe pace, obtaining readings at evasge in speedand then conducting the test five
times to obtairprecise outcome®3]. The test was performed five times to collect a sufficient
amount of information for evaluation and to produce an average Viau®btain a good resul

an average valuef five testresultswas takenFigure 329. illustrates the flowchart of the test
procedure.
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Securing the baseline model ir
the windtunnel

\i

Calibrating the force measuring
\

Closing the encl

Startingthevi ndt unnel
W

Begin the test at a low speed

v

Repeating the test five times
V2

Analyzing the obtained data for further analys

Figure 329. Test procedurf94]

Figure 330. Installedscaleddown Bshoftubusmodelin the wind tunnel
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Figure 331 Calibratedforce display amplifier

Before proceeding to the test the measuremensdegon was checked that it closedperly. If

not, there is a chance that the measurement section will suddenly open while the device is in use.
The model has been evaluatéd/arious speeds rangirfigpm 11.2to 26 m/s at a zergaw angle

and the blockage ratio was 2.11#8hich was acceptablf©5]. The model mounted in the closed

test section islemonstrateth Figure3.32

Figure 332. 3D model ofthe Bishoftu bus mounted itheclosed test section
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3.6. Percentage reduction in Fuel Consumptionand foreign currency Saved
The power savedue tothe reduced drag force can be used to estimate the amount of fuel saved.

[96]. Equation 15 can be used to estimate the power savings on the modified bus model
compared to theeferenceéous model.

0 &$AAOAZBRBAT AAD 96 AOO (15)
Fuelconserved due to the decrease in drag force:

— 7 7Q0 QaQ¢ "Q0QE Q 16)

Where 00'Qw is the lower hating value of diesel fugl"®@Qis the fuel derisy at ambient
temperature and ‘2 "C&Qis the thermaéfficiency of the diesel engine.

The amount of moneyavedwasalso estimated depending tire amount of fuel saved and its
current price in EthiopiaThen it was converted to foreign curren@nd economic contribution

wasstated.

3.7. Reduction in Carbon Dioxide (CQ)
The following analytical formulae can be used to estimageaimount of carbon dioxide (GO

released generated from burning diesel f26]:

O0Q&Qi i Q¢ ¢ao0 UOC—C P X
Where

1 m stands fotheamount of fossil fuel burneak activity Level offuel consumption
§ | # / for carbon content is 0.77 tons/or 0.77 kglliter

1 Fossil fuel oxidation factor (OH) (complete combustion)

3.8.  Multi -objective Optimization using RSM in Design Expert software

RSM is aset of mathematial and statistical mechanisnigr modeling and analyzing issues
involving multiple factors.lt is commonly used in areas such as formulation and product
development, as well asnproving existing designg6l]. The response surface method
desirability function (RSM/DFA) based design of experiment (D@tethodwas used in this
studyto optimize the base cavity dimensions and windshield adglenput parameterghe
three significant variablewindshield angle, vehicle speeds)d base cavity depth and angle

were chosen. During each expeemtal run, the output responsegh as the coefficient of drag
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andlift, drag force, lift force fuel consumptioand CQ emissionwere measuredio ensure &l
possible component and factor combinations the defined design was selected wipnepre
specified list thatwas imported to the DoE after th€EFD results and other anabs were
conducted.Table 3.9. shows the summary of the desigrhe design model was quadratic and
had 90 runs as shown in the summary of the design cre@tdde 3.10 displays the maximum

and minimum values of the input fact@nsd responses.

Table 39. Summary of the Bsign

Study Type Response Surface Subtype Randomized
Design Type Blank Spreadsheet Runs 90.00
Design Model Quadratic Blocks No Blocks

Table 310. Input parameters and responses for optimization

Factors Min. | Max Responses Min. Max.

Speed(A) 60 100.00 | C4(R1) 0.4763 0.6397

windshield angle(B) 0 17.00 | C(R2) -0.3308 -0.0785

Base cavity angle(C) |0 20.00 | Drag force (R3) 772.32 2902.97

Base cavity length(D) | O 0.9900 | Lift force (R4) -1477 -128.43
Fuel saved (R5) 0 6.35
CO, saved annually | O 83.97
(R6)

Furthermore, the constructed quadratic models were statistically verified using an analysis of
variance (ANOVA). It has been seen that the ANOVA analysis for responseé®. coefficient

of drag,lift coefficient, dragforce, lift force, fuel savedand annuldy eliminated CQ emission

the P-valuesare less than 0.000That suggests the model is statidticaignificant which
indicates the observed resutre highly unlikely to occur by chance under the assumpfio
significant relationshipAlso residual vs predicted plots of responses were pltitegsess the
viability of the model.The assesnent illustrates therare no distnct trends observed in the
residuals as the predicted value vari€his indicates that the models are not consistently
underestimating or overestimating the response variable across different ranges of predicted

values. The residual vs predicted plots are shown in Appendix D.
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The desirability function (DFA) approadi RSV wasemployedto optimize the multresponse.

Every anticipated output response wasverted into a dimensionless value known as
desirability (di) for optimization analysisThese desirability ratings were then utilized to
calculate the global desiralbyli function (D) using Degin Expert software version 13he

largest value of D, which is believed to be the optimum result, implies the best function value of
the system's variables (the input parameters) correlating to the most desirable value of the
outcomes.As a result, it is feasible to discover the most suitable set of input paramater
which the highest desirexitcome values should be obtained through raolifective

optimization based on a range of outcomes.
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CHAPTER FOUR

RESULTSAND DISCUSSION

This chapter consists of the findings and discussions from a study into the change of
aerodynamic parameters across various configuration models, which varies based on windshield
angle and base cavity dimensiote CFD and xperimentaltestfindings of the referencebus

model were presented and discusspdmaiily in this chapterThe aerodynamic characteristics
consist of the drag force (dift force (Fl), coefficient of drag (Cd), and coefficient of lift (Cl)

of the reference bus model are presented as the pressure and viscous components. Also, the flow
field around the reference bus model was obtained and disc&sgecks and tablesereused

to provide a clear and thorough explanation of the resulteedbaseline model anchodified

models The aerodynamic parameters and flow field differences between the maoaifcs

and the reference bus model were discustbis. comparison efdes a thorough evaluation of

the variations in aerodynamitiaracteristics between configuratioitswas usedo establish a

more understanding of thenpactof the base cavity and windshield angletba aerodynamic
effectivenessin addition, the presse distribution, the wake structure, and overall field around

the bus configuration variations due to the windshield modification and base cavity
implementation have been presented and discugded, the rsulting fuel consumption and

CO, saved due to the application of the aerodynamic drag reduction mechanisms were presented.
The individual and combined effects of the parameters like windshield angle, base cavity angle
and length, and vehicle speed on thg C;, Fy, F, fuel consumptionand CQ saved were
presentedand discussedh this section by utilizing 2D contours and 3D surface pldimally,

the outcomes of the multibjective optimization have been provided and discussed.

4.1. Baseline model results
This section presentee CFD findingsof the referencenodel (Bishoftu bus)The residuals, and

coefficient of drag and lift convergence histories at 60 km/h, 80 km/h, and 100 km/h vehicle
speeds are presented. The simplest method for determining whether or not the solutions have
converged is to examine the residual trertdgives a precise measurement of the error in the
system of equations' solutioAfter 300 iterations at 60 km/h and 400 iterati@m$0 km/h and

100 km/h, it was obviouthat theresidua$ had already reaclteconvergence which meatise

residuals meehe convergenceequiremenbf below 10°, which is a pair of magnitude decrease
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from the typical fluentonvergence requirement (30 The calculated values of the lift and drag
coefficients remained constant throughout the iteratidhge. scaled residuals of theference

bus modeht multiple speedareshown in Figure 4.1.

10809 e 09 — 1608 + ey
0 S 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400
Iterations Iterations Iterations
‘Scaled Residuals Jul 20,203 Scaled Residuals 20,202 ‘Scaled Residuals Jui21, 2023
ANSYS Fluent Release 19.2 (3d. dp, pons, rke) ANSYS Fluent Release 19.2 (3d, dp, pbns, rke) ANSYS Fluent Release 19.2 (3d. dp, pbns, ke)

Figure 41. The aledresidualsf thebaseline model at @dm/hr, 80km/hr, and 100 km/h

The kaseline model's coefficienf drag(Cy) and lift coefficien{C;) convergence historiest 60
km/hr appear in Figure 4.2t has beerunderstoodhe C4 andC, values are stable after 150 and

200 iterations respectiveliprag and lift coefficient convergence histories at 60 km/hr are shown

in Figure 4.2.
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Figure 42. Dragand lift coefficient convergence historias 60km/hr
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In Figure 4.3. the convergence history plots othe coefficient ofdragand lift of the Bishoftu
busat 80km/hr have been shownlt has been sedhat theCy andC, valueswerestable after 70

and350iterations respectively.
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Figure 43. Drag coefficient and lift coefficient convergence history ak8ohr

Figure 4.4 demonstrateshe C4 and G convergence historplots of the basemodel for 100
km/hr. It has been identified that after 150 and 250 iterations, respectivelg, tued C, levels

remain stable.
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Figure 44. Dragand lift coefficient convergence history at 10@/hr

The drag forces and drag coefficients (Cd) valoiethe baseline models atvariety of speeds

are summarized in Tabkel The Cy andF4 values were presented as fressure and viscous
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components, also the net values @escribedThe drag forcedueto the pressure is 1023.12
and the drag fee due to friction is 22.68l at 60km/hr as observed from the CFD resulhe
netCqy value at this velocityvas0.6397 where the pressure component is 0.6258 and the viscous

component is 0.01387

Table 41. Drag force and drag coefficient valuestioé referencanodel

1023.72 22.69 1046.42  0.6258 0.0138 0.6397

1819.64 39.13 1858.78  0.6257 0.0134 0.6391

2843.22 59.74 290296  0.6257 0.0131 0.6388

At the 80km/hr vehicle speedboth the drag due to pressure and viscous are increfised.
result shows 1819.64 N due to pressure and 3ug3to visceity. So the overall drag forcat
this speed becomes 1858 N8The netCy value at this velocity80 km/hr) was0.6391where the
pressure component %6257 and the viscous component 0901345 The drag force reaches
2902.96N at 100km/hr wherethe drag force due to pressure further reac2&s3.22N and tke
drag forcedue to frictions becomes 59.R4 The netC,y value at this velocityvas0.6388where the
pressure component@s257and the viscous componenii®1314

The finding indicatessthe speed of the vehicle increagbg drag force of the baseline model
increasesThat means the bus experiestégher dragat higher speedd.he overall drag force
and drag coefficients are dominated byithessurecomponentsThe amountsof the viscous
components to the n&y and Cy areless compared to the pressure componrEme. result also
reveals the behavior of thgy of the Bishoftu bus with its spee8o that it is seen that thgy
remains relatively constant.

The summary of lift force and lift coefficient valuestbt basline model are shown in Table
4.2.The net lift force at 68m/hr,80 km/hr, and 100km/hr are-417.80N, -753.61N, and-1189.24

N respectivelyWhere the lift force due to pressurerere-415.24 N;749.13N, and-1182.30N. The lift
forces due to the viscouare-2.55N, -4.47N, and-6.94N respectively with the vehicle speed used in the
analysis.The net lift coefficients are0.2554 -0.2591and -0.2617at 60 km/hr, 80 km/hr, and 100
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km/hr respectively.The lift coefficients due to vissity are-0.00156,-0.00154 and -0.00152with
corresponding speedfressurgelated lift coefficients forstudiedvehicle speedare-0.2538, -
0.2576, and0.2602 respectivelylhe lift coefficient dudo visceity shows an increase slightly

and due to pressuiedecreaseslhe findingreveals that as the vehicle's speed rises, the lift force
declines.That indicates with the increase of the vehicle speed favorable downward force can be
achieved.The pressure componeraéF and C; participationto overallvalues ofFy andC; are

greater

Table 42. Lift force and lift coefficient values dhebaseline model

60 -415.24 -2.55 -417.80 -0.2538 -0.00156 -0.2554

80 -749.13 -4.47 -753.61 -0.2576 -0.00154 -0.2591

100 -1182.30 -6.94 -1189.24  -0.2602 -0.00152 -0.2617

Figures 4.5. presersg the pressure distributions on the baseline madeb0, 80, and 100
kilometers per hourAlong the reference model (Bishoftu bus) surfat®es distributionof the
pressuravasobserved to change at different speddxording to the pressure contour pldtse
pressure on the bumper of thrdelattainsthe maximumlevel for all speeds. Esemaximum
pressureare attained athe fluid moving towards the vehicle appears to a halt at its fromtlfor
analyzed speeddJaximum pressures are observed tolb&.9 Pa at 6kkm/hr, 287 Paat 80
km/hr, and 447.6 Pat 100 km/hr. This indicates the maximum pressure on the baseline model
riseswith the increasén vehicle speedOn the other hand, because of flow separationtaad
wakeat the back ofhe busjt was noted thathe fluid pressure across teerface of the model
experiencesiegativepressurevalues and that the rear wall of the bus experiences lower pressure
than the frontConsequentially, a very high "Pressure Drag" results from the bus‘piagsure
differential between its front and rear enédé¢so, themaximum pressure distribution that was
relatively smaller than the pressure distribution at the frontal area of the bus has been noted on
the side mirrorsThe lowest pressureamong allhas beerseen at thdottomfront edges of the

bus.
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Figure 45. Pressure contour of the reference bus (a) At 60 km/hr (b) At 80 km/hr (c) 100
km/hr

Figures 46. exhibits the distribution of pressure contours on the exterior of the Bishoftu
busmodel on the symmetry plane. The result revédads the highest pressure happened on the
forehead areaf the Bishoftu bus and alongside the risen vehicle speed the higher pressure

increasedThis implies that to achieve reduced aerodynamic drag the reduction of the pressure at
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the frontal part othe modeland maximization of the pressure distribution at the back of the bus
was needed.
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Figure 46. Pressure contour of the reference bus on symmetry plane (a) At 60 km/hr (b)
At 80 km/hr (c) 100 km/hr
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In addition the pressure coefficient gCdistributiors on the reference bus modat different
vehicle speeslaredisplayedn Figure 47. The G, values are highest at the frontal surfaces of the
bus that interact with the oncoming airflow in all casése observation of higher,(alues of
around 1 atthe bus's frontal areand the bus mirror suggests regions of increased pressure
relative to the freestream. These areas typically experience a slowdown in the airflow, leading to
higher pressure coefficient$he lowest and higher Cp values at 6km/hr are -3.8154 and

1.1545 At 80 km/hr, the lowestand higher Cp values are3.8328and 1.1521 For 100km/hr
minimum Cp 0f-3.8435 and a maximum Cp of 1.15@&ve been observed.
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Figure 47. Pressure coefficient distribution timereference bus model

The velocity contour platof the baseline model at 60,80 and kb@hr arepresentedn Figure

4.8. The velocity contour of the vehicle at various speeds depicts the distribution of velocities
across the vehicle's surfacehe result shows #t large recirculation zonest the base of the
reference modedre observed at varying vehicle speddaximumvelocitiesobserved are 27.99

m/s at 60km/hr, 37.28 m/s at 8@m/hr, and 46.5 m/s at 10Km/hr. These maximum velocities

are visible on the frontal top edgad bottom edgef the baselinenodel, where the flow is split.

In the velocity contour plots, &ppears as a yellow region.
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(a) Velocity contour of the baselirmnfigurationat 60 km/hr

(b) Velocity contour of the baselir@nfigurationat 80km/hr

(c) Velocity contour of the baselirmnfigurationat 100km/hr

Figure 48. Velocity contour of the baseline configuration (a) At 60 km/hr (b) At 80
km/hr (c) At 100 km/hr

Figures 4.9. depicts a streamlined plot of the basekoeafigurationat the symmetry plane at

vehicle speeds of 60, 80, and 106/hr. Maximum separation ofdws was seen at the back and

top of the baseline configuratidront, resulting in maximum turbulence and tmeaximum drag
force.The flow that had separated at the frontal edges of the bus was seen reattached to the bus's

Ac unit surface.
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(c) Velocity greamlines at 10@m/hr
Figure 4.9. Velocity streamlines (a) At 60 km/hr (b) 80 km/hr (c) 100 km/hr
Table4.3.showsthe CFD Cgq result difference percentage of fgltale baseline model result and
1/60" scaled model result at different vehicle spedthe Cy difference percentage at &n/hr
between the fulscale baseline model and scaled baseline model is Wfiéte theCy values are
0.6508 and 0.639 fothe scaled model and fulicale model respectivelylhe Cy4 difference
percentage at 8km/hrand 100km/hr are0.95% and 0.42% respectivehveragely 1.04%C4 value

77



difference across all studied speenlerl the scaled model haalslightly higherCqy than the fullscale

baseline model.

Table 43. Drag coefficient Cy) difference (%) between scaled andfstalemodel

Vehicle C4 of thescalal baseline Cq of thefull-scale baseline | C4difference
speed model model %
60 0.6508 0.6397 1.7%
80 0.6452 0.6391 0.95%
100 0.6415 0.6388 0.42%
Average 1.04%

4.2. Experimental Validation of the Baseline Model
The experimentalassessmenvas done to verify the CFEesults of the baseline modéh the

drag coefficient calculatignvarious sources of uncertainty were considered and error
propagation was done. The force measurement amplifier dispayam uncertainty of

0. 00H. Agt-the velocity irregularity [88l.ghhys the f t he
uncertainty ofthe drag force measuring device and the velocity irregularity of the wind tunnel
were used to determine the errg.rThepumcertpiigsat i on
associated with the measured values of the drag force and velecgpmpagatd through the

error propagation rulfd7]. The error propagation of the dragefficient was determined using

Equation 18

— — — P
Where

1 v reptheeeé¢micsty irregul arantdyyO( g¥ )—of t he w

1 Rrepresents the uncertainty in the quantity Fd.

1 oG representshepropagated error adhedrag coefficient.
The uncertainty of each drag coefficient valwas expressed as a percentage, ranging from
+0.76% to +6.17%. These percentages represent the range of potential variation in the drag
coefficient values due to uncertainties associated with the measurements. This means that the
average drag coefficienwas estimated to be 0.6093, and the uncertainty associated with this
valuewas +2.396 Drag coefficient (@) values at multiple velogés with propagated error are
tabulated in Table 4.4.
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Table 44. Drag coefficient (§) with propagated error

Velocity +2% Average drag forc{ Cy + Propagated errop¢ A
(£0.005)

11.2 0.086 0.6218 £ 6.17%
13.3 0.12 0.6153+ 4.46%
15.5 0.162 0.6116+ 3.34%
18.5 0.23 0.6095+ 1.45%
21.5 0.308 0.6043+ 1.09%
22.5 0.338 0.6055+ 1.00%
23.57 0.37 0.6040+ 0.89%

26 0.4488 0.6021+ 0.76%

Average 0.60932.3%%

Table 4.5. illustrates the experimentgl and numerically determine@y4 values for a scaled
reference bumodel. The average difference percentage6d@i9% was seen between the CFD
outcomes and the experimental outcomes through studied speeds. The percentage of error falls

an acceptable percegfe because the error rates in engineering computations can be lower than

or equal to 109%98].

Table 45. Comparison ofirag coefficient Cd) between windunnel test and CFD ressilt

Speed (m/s) | Scaled baseline | Wind tunnel test | Percentagef difference
model (CFD)

11.2 0.658 0.6218 5.490
13.3 0.6545 0.6153 5.98%
155 0.6518 0.6116 6.16%
18.5 0.649 0.6095 6.0%0
21.5 0.6458 0.6043 6.41%
22.5 0.64% 0.6055 6.11%
23.57 0.6442 0.6040 6.22%0
26 0.6425 0.6021 6.2770
Average 6.09%
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The variations of the findingsay be related to the assumptions relatethe CFD calculations

and wind tunnel test Wind tunnel test results can be influenced by aspects dikéace
roughness boundary conditionsand the accuracy of measuring instrumeilise turbulence
models and computational approachssd in CFD simulations maltsointroduce uncertainty

into theresults[99, 100]

Figure4.10. shows théReynolds independence test result. The Reynolds number was calculated
depending on Equation 12. The plot shows that the data points are dispersed with no obvious
trend or structureFrom theCy values of the CFD and wind tunnél is possible to deduce tha

there is no apparent systematic association between the Reynolds number \aidethd he
evidence confirms the Reynolds independence idea.
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Figure 410. Reynold Independence test
4.3. Effect of base cavity

The drag and lift coefficientSFD resultf nine modified modelsvhich weremodified with the
base cavity configuratianalone at studiedspeedsare presentedn Figure4.18 The outcome
reveals that théowestCy value of 0.5927that wereachieved bythe modified model which has
0.99m (0.3H) tapered base cavity length and 12° base cavity amgiiel(§ at 100km/hr. The
minimum C, value of-0.2261wasobtained 6r model on€0.1H tapered base cavity length and 5°
base cavity angleat 100km/hr. Drag and lift coefficients of the models only modified with base

cavity configuations are shown in Figure 4.11
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Figure 411. Drag and lift cefficients of nodels with base cavityonfigurations

Figure4.12. illustratesthe drag force of Modified models with Base cavity modificatidrise
results indicate for all models the drag forgeantity is increased with vehicle speed.
Comparablythe least drag forcef 974.27N,1726.85N, and 2693.1N at 60, 80, and 100
kilometers per hourespectivelywere acheved with model 6(Mg). The average drag forda

this modified model is 1798.18 which shows 138 N average drag reduction relative to the

baseline modellhat indicates 7.12% average drag reduction at all analyzed speeds.
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Figure 412. Drag force of baseline model with base cavity modifications
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Figure 4.13 illustrates thdift force of models modified with &se cavity modificationsThe
results indicatehat vehicle speed has a positive effémt all modelsasthe lift force decreases
with vehicle speedavhich shows favourable achievement of downward fofides lower lift was
achieved by Model 1 where the lift force-860.48 N;6499 N, and-1027.36N at 60, 80, and
100km/hr vehicle speed respectivelijhe averagdft forcein this modified model is679.24N
which showsan increae of -107 .64N averagdift force relative to the baseline moddihat
indicatesl3.67% of the averagdift force percentage incremeat all analyzed speedAlso, the

result reveals all nine modified Yveminimum downward force relative to the baseline model.
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Figure 413. Lift force of baseline model with base cawhpodifications

Figure 4.14. shows the percentage of drag coe#its of models that were modified with
variety of base cavity dimensions relative to the baseline mddw.finding shows the highest
percentage of coefficient of dragduction of 7.21% waaccomplishedvith Model 6 at 100
km/hr. Model 6 hasa 12-degree base cavity angle and 0.3H tapered base cavity Wépthe the
percentage of th€y reductiors are 6.89% and 7.08% at 8dm/hr and 80km/hr for the model.
The averagé€, reduction percentage through all speéat model 6was 7.06%which was the
highest reduction compared to other modified modelshbyase cavityThe reduction points
out the importance of the base cavity couafgjons in reducingCy and improving the

aerodynamic performance of the Bishoftu bus.
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Figure 414. Percentage of Dra@oefficientReduction in a Modified Bus with Base Cavity
Compared to Baseline Model

4.3.1. Base cavity Effect on wake
Figures 4.15,4.16 and 4.17show theinfluenceof the base cavity angle and base cavity length

on the wake of the bust 80km/hr. The velocity vector asplotted on the XY plane at Z=1.25 to
investigatethe featuresof the wake of modelmodified with the base cavity. The results reveal

that at 5° and 12° the wake flovas seemsdirected upwardvhich means its upward dominated
wake.The given result indicates the behavior of wake patterns at different base cavity angles in a
specific configuration. Whilat 20° base cavity angline upward washed wake is shown only at

the shortettaperedbase cavity length (0.1HHowever at 0.2Hand 0.3H taperedbase cavity

length downwash dominant wakesseen.The result shows the wake size was reduced with all
basecavity configurationsWhile atthe 20° base cavity angle the flow starts to detach from the
surface ofthe base cavity earlier compared to the base cavity angle of 5° anth&2presence

of a downwaskdominant wake at the larger base cavity angle suggests an increased downward

flow behind the vehicle. This can contributeatase in the total drag coefficient.
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Figure 416. Velocity vectorsat 12 base cavity angle and 0.1H, 0,24hd 0.3 H base cavity
length
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Figure 417. Velocity vectorsat 2@ base cavity angle and 0.1H, 0,24hd 0.3 H base cavity
length

4.3.2. Base cavity effect on bge pressurdistribution
Figures4.18.,4.19. and 4.2@emonstrateéhe pressure contour on tN& planeat the basédor

thereferenceconfiguration modifiedvith base cavity modificationast 80km/hr. From the result

it has been observed that theaximum base pressurdistribution was increasedas the base

cavity lengthbecame largeHowever the wide maximumbase pressur@eawasobserved at the

12° base cavity angle and 0.3H base cavity lenptie lowpressure areas for the modified
models were observed thus their area has been decreased with base cavity configurations and
almost diminished for the modified model which has a li&8e cavity angle and 0.3H base

cavity length.
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Figure 420. Base pressure at 20ase cavity angle and 0.1H, 0.2ihd 0.3 H base cavity length

4.4. Windshield angle effect
Figures 4.21.,4.22. and 4.2Blustrates the pressure contours and velocity contours of the

baseline model and two models that were modified with windshield afggeresult illustrates
the pressure and velocity distributiongtod baseline modethebaseline model modified with 9°
and 17° windshield angeFrom the resultst is understood the stagnation pressure reduction at
17° washigherin comparison to the reference lmmnfiguration and modified modelhich hasa

9° windshield angleThe stagnation pressure for the basetimedel,a model with9° and 17°
windshield angle was 161.9 Pascal, 158.5 Paacal 152.8 Pascal respectivelihat indicates
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the lowest resistance to the bus mdddébrward motion and result® the lower aerodynamic
drag.The windshield angleariations cause the flow at thefit of the bus more smoother and

streamlined.

EoneT ANSYS ot
R AR ML
5.037€+01 10e+01

.
[ 3500 7.000 (m) I—o
—

—
1750 5.250

Figure 421. Pressure and velocity contour on baseline model &trglr
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Figure 422. Pressure and velocityontour on mdel with ® windshield angle at 6Km/hr
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Figure 423. Pressure and velocity contour orodel with 1P windshield angle at 6km/hr

The velocity contours areused to visualize the 4@rculation zoneThe minimum recirculation
zone was observed for the model which has a windshield angle @&fl4d°it has been observed
that thelow-velocity zoneat the front of the modified model which has a 17° windshield angle is

the lowest compared to the other modelsis low-velocity region shown as blue at the frontal
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surface of the models is where the airflow comes in contact with the vehicle surfastlnd
The smaller the recirculation zone, the less turbulence created, and thus the lower the drag.
Table 4.6. shows the Aerodynamic Rdss for baseline models 9° (M and 17° (M, at
Different SpeedsThe results illustrate the improvemeantaerodynamics for the models with
windshield angle variation relative to the baseline mobet.Cy value for the two models shows
areduction at all speadn contrast tadhe baseline modelThe averag€, reduction percentages
for both models (Mband M) are10.21% and 17.12%, respectively. addition the modified
models achievéhelowest coefficient of lift and lift forceompared tdhe baseline Bishoftu bus.
That indicates more downward for@dso, the drag force reductioravera@ for both models are
9.87% and 18.62%, respectively.

Table 46. Aerodynamic Results for Modified Models;yand M; at Different Speeds

Models SpeedKm/hr) Cy4 C Fq F

M10 60 0.5763 -0.2697 942.71 -441.30
80 0.5755 -0.2750 1673.77 -799.80
100 0.5746 -0.2774 2610.97 -1260.81

M11 60 0.5309 -0.3214 853.36 -516.69
80 0.5298 -0.3270 1514.06 -934.43
100 0.5290 -0.3308 2361.88 -1477

4.5. Combined Effect of Base Cavity and Windshield Angle Modifications on Bus
Aerodynamics
The combined effect of base cavity configurations and windshield angle on the aerodynamic

efficiency of the Bishoftu bus was presented and discugdexl modified models which ka
both basecavity and windshield modifications were 18 moddlse average drafCq) and lift
coefficients comparison for models with windshield angle and base cavity icatidifis is
shown in Figure 4.24The graph providesnsaverageCy andC; of 18 modified modek andthat
allows for a direct comparisoof minimum C4 and C; achieved through the combined
modifications.The minimum averag€y value was0.47794514wvhich was achieved bymodel
26 which hasa 17° windshield angle,12° base cavity angled 0.3H base cavity lengtiihe
minimum averageC, value was achieved by model 21 which kasindshield angle of 17°,5°
base cavity angland 0.1H base cavity length.
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Figure 424. Average Drag CoefficientQy) and lift coeffigentsComparison for Models with
Windshield Angle and Base Cavity Modifications

Figure4.25 showsthe average force and lift comparison for models with windshield angle and
base cavity mdifications. The minimum average drag force value was 1420.9%6ith was
achieved by model 26 which hasl7° windshield angle,12° base cavity anglled 0.3H base
cavity length.
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Figure 425. Average Drag force and lift Force values for Models with Windshield Angle and
Base CavityModifications
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The minimum avermge lift force value was815.96N which was achieved by model 21 which

has a windshield angle of 17°,5° base cavity angle, and 0.1H base cavity length. From the models
modified with both windshield angle and base cavity, this model has a higher downward force.
The amount of the&Cy redudion percentage for all 18 models modified with both windshield
angle base sdéties was presented in Figurd.26. From the 18 models model 26 achieves the
highest drag coefficient reduction tlugh all analyzed speeds. The&dgreduction percentage
achieved with this model were 24.8%, 25.4%, and 26.8t speeds 060, 80, and 10&m/hr,
respectivelyAveragely it wasa 25.26 reduction of drag coefficienthus the applicatiasof the
windshield angle and base cavity modificatioase effective in the enhancemenbf the

aerodynamic efficiencgf the baseline bus model.
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Figure 4.26. Drag Coefficient Reduction Percentage for Models with Windshield Angle and
Base Cavity Modifications

Figure 4.27. presend the pressure distributions on the modified model 26 which achieves the
minimum drag force out of all modified modelBhe maximum pressures of this model 26
increase with the vehicle speed. Atlgf/hr, the maximum pressure is 151.9 Pa, ak®dhrit is

269.3 Pa, and at 100n/hr, it reaches 419.8 Pa&he result reveals that the highpsessure area

on the leading end of this modifieéhicle modeivasreducedvhen contrasted with the baseline
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bus.The result illustrates the minimum stagnation pressig& laas been observed at the front of
the modified bus which resulis the minimized aerodynamic drag.
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Figure 427. Pressure Field Visualizatiaaf Model 26: (a) A60km/hr,(b) At 80km/hr,(c) At
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The pressure contour distribution of the modifieddel 26 on the symetry plane is shown in
Figure 4.28 Comparing the outcome to theference busnodel, it can be seen that the peak

pressure has decreasddhe maximum pressure of this modides as the speed of the vehicle
rises.

(a) Pressure contour of reference bus on symmetry planekain/0

(b) Pressure contour of reference bus on symmetry planekain/80

(c) Pressure contour of reference bus on symmetry plane &ini/0o

Figure 428. Pressure contour of reference budlmsymmetry plane

The maximum pessurecomparison between theaseine model and modified model 26

comparisons shown in Tablet.7. At 60 km/h, the modified model 26's maximum pressure is
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10.9 Palesserthan that of theeference busin the same way, the modified model 26 shows a
17.7 Pa drop in pressure at 80 km/h compared to the baseline Wisdeimodel 26 shows the

most pressure decrease, with a difference of 27.8 Pa from the baseline model, at the maximum
speed of 100 km/h.

Table 47. Maximum pessure comparison between tlasdline model and modified model 26

Vehicle Baseline model Maximun Modified model 26 Differences
speed pressuréPg Maximum pressuréPg | (Pa)

60 161.9 151 10.9

80 287 269.3 17.7

100 447.6 Pa 419.8 Pa 27.8 Pa

Figure 4.29 illustrates the velocity contour platf Model 26 at studied vehicle speed3he
velocity contour of the vehicle at different speeds shows the distribution of velocities across the
vehicle's surface. The maximum velocities observed are 32.26 m/kat/bf) 43.03 m/s at 80

km/hr, and 53.91 m/s at 1(n/hr. These maximum velocities are seen on the frontal top edge
of the modified model at which the flow 1is
velocity contour plotslt has been seen the recirculation zonthatear of the reference busas

reducel with the modified modelThe redarculation zone ofthe modified model is much
minimumthan that of the baseline model at all speeds.

(a) Velocity contour at 6@&m/hr
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(b) Velocity contour at 8&m/hr

(c) Velocity contour at 10&m/hr
Figure 429. Velocity contour of Model 26: (a) A0 km/hg (b) At 80km/hr, (c) At 200km/hr

Figure 430. shows a streamlined plot of the modifieddel 26 at the symmetry plane at 60, 80,
and 10km/hrvehicle speeds. When compared to the baseline bus model, less flow separation

was found at the back and top of the modified model front, resulting in minimal turbulence and,

as a result, maximum drag force reduction.

Velocity. —
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(c) Modified model 26 velocity streamlines at 1@/hr
Figure 430. Modified model 26 velocity streamlines

4.6. Fuel consumptionsaved
Figure4.31 showsthe average fuel saved (lit/hr) of all modified models relative to the baseline

Bishoftu bus through all analyzed speed@lke highest average fuel consumption saves w
achieved with model 26 which hdke lowest drag force among all modified modelhe
maximum average fuel consumption saved was 3.6601749 lit/ hr.
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Figure 431. Average Fuel saved (Lit/hr) of all modified models
4.7. Amount of CO saved

Figure 4.32 shows theaverage CQ saved annuallyf all modified modelsrelative to the
baseline Bishoftu bus through all analyzed spe#us.overall impact of the base cavity and
windshield angle variation on the environment can be s&ka.amount of C@saved was
calculated by considerindpé operating hours per dafthe Bishoftu buswhichis 13 hours and
the yearly operation of this bus 360 days per y&4F. The highest average G®@aved annually
wasachieved with model 26 which h#se lowest dragiorce among all modified model$his
model has 48.35 toegyear of CO, saved annuallyhich alters the releasef such a huge
amount of emission per year.
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4.8. Annual Fuel Cost Savings
The annual fuel cost saving was determined depending on the average fuel saved per year for all

the modified models relative to the baseline Bishoftu bus mddel operating hosgmper day br
the Bishoftu bus is 13 hours and the yearly operation of this bus is 360 days pé@4y.€tie
current cost of diesel in Ethiopia was utilized in determining the annual fuel casy $awithe
modified bus models compared tite Bishoftu bus.The current priceof diesel in Ethiopias
shown in Table 4.8

Table 48. Diesel prices in Ethiopia, &t, 25Sep2023[101]

Ethiopia Diesel prices Litre Gallon
ETB 76.34 288.97
USD 1.382 5.231
EUR 1.307 4.948
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The analysis's outcome demonstrates highest cost of fuel that can be saved by the modified
models vas 1,307,675 Ethiopian birror 23,673USD. The modified model which achieved this
highest savingvas model 26This shows the economic benefit of the modified models compared
to the existing Bishoftu bushis helps to improve the foreign currency shortage in Ethiopia.
Overall these results show the degree of the aerodynamic efficiency impact onetheo$t
related to the fuel consumptiofhe amount of money that can be saved with the modified

models compared to thehchmarknodel ispresentedn Figure4.33
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Figure 433. Average Annual Money Saved for Modifidétbdels

4.9. Effect of Individual F actors on Responses
Figure4.34 shows thenfluenceof individual factors orthe drag coefficient and lift coefficient.

It has been revealed that the coefficiehdrag wasmnoderately affected by vehicle speed and
significany minimized with the increase of windshield angdso, C4 reduction is initiated by
base cavity variation up to 12with a minimum rise inCy4 beyond thatln addition the longer
base cavity length causes t@g to fall. On the other hand withthe increasein vehicle speed
diffident reduction of lift coefficient has been seéso with anincrease of windshield angle
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the C, value decreases significantlowever,as boththe base cavityangle and length increase

theC, value increased.
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Figure 4.35illustrates the effect dhdependent factorsn the drag forceHj) and lift force F).

The result shows as the vehicle speed and windshield increase theordeagncreases and

decreases respectivelilotable drag force was seen as the base cavity angle deduhe

midpoint while relatively constant drag force appeared for the higher aAdgesthe drag force

was reduced slightly with the variatiom the base cavity lengthGreater downward force

(lowered lift force)is observed as the vehicle speed ri&milarly, increasd windshield angle

resultsin the minimized lift force that indicates favorable downward foBmsides, the lift force

is increasear lower downward force has been caubg@nincrement of both base cavity angle

and length.
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Figure 435. Effect of individual factors ofry andF

Figure 4.36 reflectsthe influenceof independentactors onthe amounbf fuel saved and G,
saved. The result pombut thatthe increase in windshield angle and vehicle speadesathe
amount of fuel savel and CQ saved tobe maximized. Also, the amount of C® saved
maximized gynificantly up to the midpoint of the basecavity angle while they remaaa
relatively constant for higher base cavity angl®snilarly, a minimal increase ofuel saved was
achieved with the increase of base cavity armggond the 12°t has been noticed that the

maximum fuel saved and G®avel was achieved at the larger base cavity length.
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Figure 436. Effect of individual factors o Fuel consumption saved and £aved
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4.10. Effect of interaction of factors on responses

4.10.1.Effect of factors interaction on drag coefficient (Cy)
Figure 4.37. illustrates the combined effect afehicle speedand windshield angleon the

coefficient of dragCq). The result wagpresented by contour plot ® surface graplby keeping
other factors at intermediate valuéshas beemoticedthatthe minimumCy value wasachieved
at a higher windshield angle anHigher speed of the bu€omparably theimpact of the
windsheld anglevariationon the reduction o€y wasincredible. While theCy value reduction
with the speed of the busagnearly negligole. The minimunCy value of 0.4763 wasbserved
at 100km/hranda windshield angle of 17 ©
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Figure 437. Effect d vehicle speed and windstd angle on drag coefficienty)

Figure 4.38. illustratesthe joint effect ofthe speed of theehicle and base cavity angle on the
coefficient of dragCy). The resulwaspresented by contour plot ® surface grapht has been
seenthat the minimum Cy value was achieved aa 12 °© base cavity angland lowervehicle
speed The C4 value wasreduced significantlyoy the basecavity angle but its reduction with
vehicle speedvas negligble or almost constantThe Cy value was minimized with the base
cavity angle but after the 1224 value starts to increase aneimains less than the initiély
values.The larger base cavity angleesnot provide further reduction @4 but they keep th€y

value still less than the initial coefficient of drag values.
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Figure 438. Effect ofvehicle speed and base itg\angle on drag coefficienCy)

Figure 4.39 illuminates the combined impactf windshield anglevariation and base cavity
angles on the coefficient of drag(y). It has beerobservedthat the minimum Cy4 value was
achieved at higher windshield anglef 17°and 12 base cavity angleThe Cy value reduced
significantly at all windshield angte The Cy4 value wasminimized with a base cavity angle
incrementup to 12° then startedo increasebut remaired less than the initiaCy values.The
larger base cavity anglioesnot provide further reduction @4 but they keep th€y value still

less than the initial coefficient of drag values.
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Figure 439. Impactof windshield angle and base dgangleon drag coefficient@y)

Figure 4.40. showsthe contour and 3 graph of the combined effect of windshield angle and
base cavity angle othe coefficient of drag.The result demonstrates the least drag coefficient
was achieved at higher windshield anglef 17° andthe highest base cavity length of 0.3 of
vehicle height (0.3H)While the drag coefficienminimizationwasachieved byanincrement of
base cavity length, théy valuewashighly reduced by the increment of windshielwyle. That
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described the tendency of the modifying windshield angte reducethe drag coefficienby
minimizing stagnation pressure at the front end of the BishoftuSmmlarly, it shows the effect

of base cavity length #élie backof the bus fothe extrdessening of &
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Figure 440. Effect of windshield angle and base d¢gvength on drag coefficienCy)

Figure 4.41 demonstratethe interaction between the base cavity length and base cavity angle

coefficient of drag-The resulthasshown thatthe lengthening of the base cavigads the drag

coefficient tobe reducel. That indicates the longer base cavity effect on increasing the base

pressure in othewvays. Also with the increase of base cavity angle @esalue decreases and it
is important to note that after 1®ase cavity anglethe Cy value starts increasing keysmall
amount. This shows the adversafluence of increasingthe base cavity angle beyondhet
optimum. In general minimur@y value wasachieved at the higher base ¢gvength (0.3H) and
12° base cavityangle
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4.10.2. Effect of factors interaction on Lift coefficient (C))
Figure4.42 illuminatesthe combined effect ahe vehicle's base cavity angle and windshield

angle on the coefficient of liftt has been understood thadtigher windshield angle and lower
base cavity angle the lift coefficiemasminimum. Higher base cavity angles arspensgble for
the increase of lift coefficient while windshield angle increment bapositive impact by

reducing the lift coefficient value.
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Figure 442. Effect of windshield angle and base cavity angle orcdi#fficient Cy)

Figure 443. shows the compressive effect of windshield angle and base cavity length on lift
coefficient C)). The plot describes both effects while other factors are kept at intermediate
points.That means when the vehicle speeatsat 80km/hr andthe base cavity anglevasat 10
degres. As presented on the contour arid urface graph when the windshield angles 17°
andthebase cavity lengtivasminimum the lift coefficient value reduced.

Figure 443. Effect of windshield angle and base cavity length on lift coeffici€pt (

Figure 444. presents the impact dhe base cavity angle and base cavity lengthtlom lift
coefficient. It has been seen that wathincreasen boththe base cavity angle arfshse cavity
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