@ | FLORIDA
F I u INTERNATTIONAL
UNIVERSITY

EML 4905 Senior Design Project

A B.S. THESIS
PREPARED IN PARHALFILLMENT OF THE
REQUIREMENT FOR DHEREE OF
BACHELOR OF SCIENCE
IN
MECHANICAL ENGINBERI

SYSTEM OPTI MR QRTA (¢
MI CRO HYDROTURBI

%. (! . #%- %. 4" ), V&PHHB) ), ) 4%h /& $ %!

Randy Gonzalez
Francisco A. Morocz
Octavio M. Oliva

FacultyAdvisor: George S. Dulikravich, Ph.D.
FacultyAdvisor: Andres Tremante, Ph.D.
Graduate Advisor: Stephen Wood

April 18, 2011

This B.S. thesisugitten in partial fulfilment of the requirements in EML 4905.
The contents represent the opinion of the authors and not the Department of
Mechanical and Materials Engineering.



Pagelii

ETHICS STATEMERNND SIGNATURES

The work submitted in this project is solely preparedalygam consisting of Randy Gonzalez, Francisco

A. Moroczand Octavio OlivA Y R A A& 2NAIAYIfd 9EOSNLIIE FNRBY 20F¢
their work acknowledgedvithin the text and Isted in the list ofreferences. All of the engineering

drawings, computer programs, formulationgesign work, prototype development and testireported

in this documentre also original and prepared bye same team of students

Randy Gonzalez Francisco A Morocz Octavio Oliva
TeamMember Team Member Team Member
George Dulikravich Andres Tremante Stephen Wood

Faculty Advisor Faculty Advisor Graduate Advisor



Page]lii

TABLE OF CONTENTS

EthicsStatement and SIGNATUIES.........cooiiiiiiiie et e e e s s e e e e e e annnes i
LIST Of FIQUIES. ..ottt e e e e e e e e e e e e e et e e e e e b e e e e e e e e e annnrnees Vi
LIST Of TADIES ... eeeeeie ettt e e e e e e e e e e e e e e e e e a s rr e e e e e e aane Xi
LISt Of EQUAINS.....cceiiiiieiieiicee e e e e e e e e e e e e e e e e e e e e e e e e e e e e e s e e e s s e s e e sannnnnes Xiii
NOMIENCIALUIE.....c ettt e ekt e e s st e e e e e e et e e e e nbr e e e e e nneee s XV
Y 4] = T SO PP PP PRPPPPPPN 1
T To [UTot i o] o DO PP PP PPRPP PP PPN 2
Problem StatemMen...........oooiiii e 2

1Y o1 1)YZ= Ui o] PP OO PP PPPPP PP 3
LITEIALUIE SUIVEY.....ci ittt ettt e e e e e s skt e e e e s e s r e e e e e s enbbnneeeeeeans 3
HISTOMCAlI OVEIVIEW. ...ttt e e r e e e e e e 3

CUIMTENT APPHCALIONS ....eeeeieeiiiit ettt e e e e e e e e e e s e e e e e e e aaans 6
Electrifcation of Undeveloped and Isolated Communities...........cccoeeeiieeiieee e d 6

COSES SUMVEBY....etteeieeeeeeee ettt e e e e e e et e ettt e e e e aeaaaeeaaeeeas 8

Military Applications, Disaster Relief, and Contingency Operations...............cccuvveeee... 9

The Micro HydreTurbiNg SYSTEML..........uuiiiiiiiiiiiiiiee e e e a e e e 10
HYAroTUMDING TREOIY....ciiiiiiiieiiee ettt e e e e e e e e e re e e e e e e e anns 11

The Propeller TUIDINE.........oii e 12

THE DIaft TUDE ... 16

DiIffuSEr PerfOMEANCE........eiiiiiiii e 17

PrOJECt MBNAGEIMENL.......eiiiitiii ettt e ekt e e s b e e e e et e e e e e e bbe e e e anbee e e s eanneeeeannneeeeas 26
TASKS MANGEIMENL......oiiiiiiiiii et e e e e e e e e enneeas 26

BT TS 11 T 27



Computational Fluid DyNSmMIiCS SIMUIALON. ........ccoiiiiiiiiiiie e 28
OPENFOAM SOIVEL. ...ttt e e e e e e e e e e e annees 29
Simulation set up: Mesh, Boundary Condition, and Turbulence Modeling................... 30

SINGIEBIOCK MESKL.... . 30
Multi-Block Extended MeSh...........occuiiiiiiiiiiii e 33
TUrbulence MOAEIING. ... ..uuuiiiiiiiieiieee e 36
SIMUIALION RESUILS .......eiiiiiiiii e 37
DISCUSSION. ...ttt ettt ekttt ekt e e e st e e ek e e e e e bt e e e et e e e b e e e 42
Corroboration of Validity and Robustness of Computational Model.......................... 44

e (0110137 01 7 PSPPSR 46
PrOPOSEU DESIGN.....co ittt e e e e e e e e e e e e e s 48
AREINALE DESIGNS. ... .eeeiieeee ittt e et e e e e e e et e e e e e e b b e e e e e s e e snbereeeeeeaanes 50

The Segmetied Draft TUDE...........cuiiiii e 51
The Collapsible Draft TUDE.......oooi i 55
Intake Casing and PacCKaging..........ccouiiiiiiiieeiiiiiei e 58

LIS U] o PSP RPPP R PPPPPPPPPPN 60
TheLH 100QMICro-HYdro TUIDINE......cooiiiiiieee et e e 60
Testing Platform DESIGN......uuiiiiiieiieeeeee e 63

First Testing PlatfOrmm.........oooo i a e e e e e e e e e e e e 64
Final Testing PIatfOrmL........cooi e e 67
Data ACQUISILION PrOCESS.......uiiiiiiiiiiiiiiiie e eeeeeeeeeeeeeeeeeee e 2
TESING RESUILS ...t e e e e e e eeeas 74

LT 0L Y = 1V 3R 82

Bill OF MAIEITAIS. .......eeeeiiieeeiee e e e s e e e e e e 82

FirstTesting PIatfOrm............ooooiiii e a e e e e e e 82



Page|v

Final Testing PlatfOrmL.........cooiiii e 85

Collapsible Draft TUDE.........coo e 38

Single Piece and Segmented Draft TUDE...........coooiiiiiiiiiii e 90

Research and Development COSE.........oc.uuiriiiieiiiiie e 91

(070] 0 [o] 11510 o - ST TP PP PP PPPRP PP 92
RECOMENAALIONS ...ttt 94
RETEIBNCES. ...ttt e e e et e s e e e e e e e e e e s 95
Appendix A: ENGINEENING DIAWINGS. ... ..uuuiuiiiiiiiiiiiiiiiiiiiereeereeeeeeeereseaaeaaaaaaaaaaaaeassasssassssssssnnsssnsenne 99
Appendix B: SIMUIAtioN RESUILS...........oooiiii e e e e e e e e e aaaaaaaaeas 108
Appendix C: Simulation RESIAUALS.........c..oiiiiiiiiiie e 124
Appendix D: OpenFOAM CaSE FilES........oouiiiiiiiiiiiiei e e e 129
SINGIEBIOCK MESH CASE......ceeiiiiiiiiiiii it e e 129
Multi-Block Extended MESh CaSES........couuiiiiiiiiiiiieee ittt et 144
Appendix E: Experimental REMBLA. ...........cooooiiiiiiiiiiiii e 153
Appendix FLH 1000Turbing ManUAL..............ooviiiiiiiiii e 157

AKNOWIEAGEIMENTS ...ttt e e e e e e e e e e e e e e s bbb e e et e e e e s nnb e e e e e e e e e nnneeneas 173



Page]vi

LIST OF FIGURES

Figure 1: Schematic representation of Hierapolis stone sawmill (second half of 3rd cenjury AD
TSRS 4

CA3IdzZNBE HY CNIyOAaAQ GdzZNDAYS NHzyySNI 60SAY.35 Ayaidl f

Figure 3: Original drawings of Lester A. Pelton presented in support of his 1880 patent of the

Pelton WNEEI (22)........eeeiiiieeeee e e e e e nnrnn e e e e e 6
Figure 4: TypicdlH 1000 gstemdeployment SChemE.........cccvvvviiiiiiieeieieiieeieeceeeeeeeeeeeeeee, 10
Figure 5: Schematic diagrams of typical hydraulic turbines.(16).........ccccccevvvveeeeeenennnn. 12

Figure 6: Section of a Kaplan turbine and velocity diagrams at inlet to and exit from the runner

(B) ettt ettt ettt ettt ettt ettt ettt ettt e ettt ettt ettt et n et ettt 14
Figure 7: Typical design point efficiencies of Pelton, Francis, and Kaplan turbines.(5)....15
Figure 8: N0zzle and diffUSEr.........coiiiiiiiiiii e 16
Figure 9: Flow regime chart for a tvdimensional diffuser, Wit & (5)..ccccvevivevevnnnnes 19
Figure 10: Test data for conical diffUSErs (L7).......couuruuiiiiiieiiiiiiiie e 20
Figure 11: Typical performance diagram for diffusers.(17).........cccooveeeiinniiiinneee i, 21
Figure 12: Analysis of conical diffuser test data (L17)........ccceveeeiiiiimmmiiieeeiieee e 22

Figure 13: Flowegime stall for two dimensional diffusers. Indicated in the graph are the

POsSItions referenced iN FIQUIE 9 (5).. . cei i ittt a e as 23
Figure 14: Flow regimes inside @ diffUSEN............cooiiiiiiiiie e 23
Figure 15: Effect on swirl distribution on diffuser performance .(17)..........ccccccevveeneennnn.. 24

Figure 16: Variation of critical cavitation coefficient with rimensional specific speed for

Francis and Kaplan tUrbDINES.........oooo i e e e e e e e e e e e e e e e e e e e e e e e e e s e e s e aaaeannnes 25
Figure 17: Time Management Chart.............oooiiiiiiii e 27
Figure 18: Schematic of axisymmetric meshlatkMesh (20).........ccccceeviiiiiiiiiieee s 31

Figure 19: (a) Location of points used to define computational domain and (b) location of

patches in the computBDNAl AOMAIN..........uuiiiiiiiiiee e 32


file:///C:/Users/Randy/Desktop/Randy%20Senior%20Design/Senior%20Design%20100%25%20Report.docx%23_Toc290900288
file:///C:/Users/Randy/Desktop/Randy%20Senior%20Design/Senior%20Design%20100%25%20Report.docx%23_Toc290900289
file:///C:/Users/Randy/Desktop/Randy%20Senior%20Design/Senior%20Design%20100%25%20Report.docx%23_Toc290900289
file:///C:/Users/Randy/Desktop/Randy%20Senior%20Design/Senior%20Design%20100%25%20Report.docx%23_Toc290900290
file:///C:/Users/Randy/Desktop/Randy%20Senior%20Design/Senior%20Design%20100%25%20Report.docx%23_Toc290900294
file:///C:/Users/Randy/Desktop/Randy%20Senior%20Design/Senior%20Design%20100%25%20Report.docx%23_Toc290900296
file:///C:/Users/Randy/Desktop/Randy%20Senior%20Design/Senior%20Design%20100%25%20Report.docx%23_Toc290900300
file:///C:/Users/Randy/Desktop/Randy%20Senior%20Design/Senior%20Design%20100%25%20Report.docx%23_Toc290900302
file:///C:/Users/Randy/Desktop/Randy%20Senior%20Design/Senior%20Design%20100%25%20Report.docx%23_Toc290900302

Page] vi

Figure 20Mesh blocks that comprise the multiock computational domain...................... 33

Figure 21: Location of the points required to define the ramiésh cases and patches in the

COMPUEALIONAT AOMIBUN.......eeiiieiiiiee et e e e e e e e e s e e e e e e e e annnreeeaeeas 35

Figure 22: Relative location of inlet and outlet in (a) siiypek mesh ad (b) multiblock

EXIENAEA MESN CASES ...ttt e e e e r e e e e e e s r e e e e e e e e s e e e e e e e e annnees 37
Figure 23: Coefficient of pressure recovegy, vs. wall anglep ... 39
Figure 24: Vector field fd? J(singleblock mesh, velocity is given in m/s)..................... 39
Figure 25: Velocity field fd? J(singleblock mesh, velocity is given in m/s).................. 40

Figure 26: Gravitgorrected pressure field fd® J(singleblock mesh, pressure is given in

o TS PRP PR SPURRRR 40
Figure 27: Vector field fd? J(multi-block extended mesh, velocity is given in mis).....41
Figure 28: Velocity field fd? J(multi-block extended mesh, velocity is given in m/s)...41

Figure 29: Gravitgorrected pressure field fd? J(multi-block extended mesh, pressure is

(oA oI o I - ) PP PP OO PPPPPOPPPPRP 42

Figure 30: Plot of the residuals for (a) singleck and (b) multblock meshes for Jwall angle
(o 1110 7= PO 46

Figure31: The commercially available draft tube (left) made out plastic and the single piece

proposed design draft tube (right) made out of sheet metal............ccccoe oo, 49
Figure 32: Manufacturing process for the single piece draft tube..............ccccoieeveiinnnnnn. 50
Figure 33: Development Of @ CANE............cooiiiiiiiiicccrrre e e e e e e e 52
Figure 34: The segmead draft tUDE............uveieiii s 53
Figure 35: Manufacturing process for the segmented draft tube................ccccoiiiiinnnnne. 54
Figure 36: The collapsible draft tube...........cooi e 56
Figure37: Assembly/disassembly process for the collapsible draft tube.......................... 57
Figure 38: Micro hydrgystem personnel carriage for the segmed draft tube................... 59

Figure 39: Micro hydrgystem personnel carriage for the collapsible draft tube................ 59


file:///C:/Users/Randy/Desktop/Randy%20Senior%20Design/Senior%20Design%20100%25%20Report.docx%23_Toc290900306
file:///C:/Users/Randy/Desktop/Randy%20Senior%20Design/Senior%20Design%20100%25%20Report.docx%23_Toc290900319

Page] vii

Figure 40: Conceptual design of the testing platfarm.............ccceeviiiiiie e 60
Figure 411 H 100ANSTAIALION. ......ceiiiiiiiiiiieie e 61
Figure 42: Th&H 1000Micro hYdrGtUrbDINE. .......cooiiiiiiieie e 62
Figure 43: First Testing Platform diagram (t0P VIEW).........cooiiiiimiiierniiiiiieee e 64
Figure 44: First Testing PlatfOrmL..........cooiiiiiiiiee e 65
Figure 45: Final Testing Platform diagram (10 VIEMY)........cooiiiiiiiiieneniiiiieeee e 70
Figure 46: Final Testing PlatfOrmL..........uuuiiiiiiiiiieei e 71
Figure 47: Field test data acquisition algorithm................cccccviiiiiiiiiiiiiiiiceecceeeeeeeeeeeeeee A 3
Figure 48: Input PoOwer VS. OUIPUL PAWE.........uuuiiiiiiiieiiieiieeieeee e 79
Figure 49: System Efficiency vs. OUtPUt PQWEL.............ooiiiiiiiiciccireeeeeee e 80
Figure 50: Project Tasks DIVISIONS......ccooviiiiiiiii e 91
Figure 51: Vector field for draft tube with wall angle  J(singleblock mesh).................. 108
Figure 52: Velocity field for draft tube with wall an§le J(singleblock mesh)................ 109
Figure 53: Pressure field for draft tube with wall argle J(singleblock mesh)............... 109
Figure 54: Vector field for draft tube with wall anfle  J(singleblock mesh)................. 110
Figure 55: Velocity field for draft tube \witvall angleP J(singleblock mesh)................ 110
Figure 56: Pressure field for draft tube with wall arigle J(singleblock mesh)............... 111
Figure 57: Vector field for draft tube with wall anfle  J(singleblock mesh).................. 111
Figure 58: Velocity field for draft tube with wall an§le  J(singleblock mesh)................ 112
Figure 59: Pressure field for draft tube with wall argle J(singleblock mesh)............... 112
Figure 60: Vector field for draft tube with wall angle  J(singleblock mesh).................. 113
Figure 61: Velocity field for draft tube with wall an§le  J(singleblock mesh)................ 113
Figure 62: Pressure field for draft tubéthvwall angleP J(singleblock mesh)............... 114
Figure 63: Vector field for draft tube with wall angle  J(singleblock mesh).................. 114

Figure 64:

Velocity field for draft tube with wall an§le  J(singleblock mesh)................ 115


file:///C:/Users/Randy/Desktop/Randy%20Senior%20Design/Senior%20Design%20100%25%20Report.docx%23_Toc290900326
file:///C:/Users/Randy/Desktop/Randy%20Senior%20Design/Senior%20Design%20100%25%20Report.docx%23_Toc290900333

Figure 65:

Figure 66:

Page]ix

Pressure field for a draft tube with wall argle J(singleblock mesh,)............. 115

Vector field for a draft tube with wall anglePof J(multi-block extended mesh)



Figure 79:

................................................................................................................................................... 122
Figure 80: Pressure field for a draft tube with wall angl® of J(multi-block extended mesh)

................................................................................................................................................... 123
Figure 81: Plot of the residuals for tRe  Jsingleblock mesh case............cccccoviiiennen. 124
Figure 82: Plot of the residuals for tRe  Jsingleblock mesh case............cccccoviiiieenen. 124
Figure 83: Plot of the residuals for tRe  Jsingleblock mesh case.....................l. 125
Figure 84: Plot of the residuals for tRe  Jsingleblock case....................ccciiiini, 125
Figure 85: Plot of the residuals Br  Jsingleblock cas...................ooiiiiiiicciiccciin, 126
Figure 86: Plot of the residuals for tRe  Jmulti-block case.........cccvveeveevieeiiiiiiniiinnnnnn.. 126
Figure 87: Plot of the residuals for tRe  Jmulti-block case.........cccveevevvieeiiiiiiniiiinnnnn.. 127
Figure 88: Plot of the residuals for tRe  Jmulti-block case.........cccvveevevvieeiiiiiiniiinnnnnn. 127
Figure 89: Plot of the residuals for tRe  Jmulti-block case..........cccccooviiiiriiiiiniiiiiiee. 128
Figure 90: Plot of the residuals for tRe  Jmulti-block case..........cccccooviiiiiiiiiiniiiiiie. 128

Page]| x

Velocity field for a draft tube with wall angléPof J(multi-block extended mesh)



Page] xi

LIST OF TABLES

Table 1: Comparis of the case studies analyzed (10) (11) (12).....cccvveeeeeiiiimmmmeeeeeennienns 8
Table 2: Operating ranges of hydraulic turbiNeS.(5).........ccueeeiiiiiiiiiiieiiiie e 12
Table 3: Dimensions of the stock draft tuDe..............oviiiiiiii e 29

Table 4: Coordinates of points used in the definitionhaf tomputational domain in singldock
OFasSa F2NJ.ho.gl.f.f Ly 3. S e 31

Table 5: Patches employed in the in the sidgtck meshcase 6 G KS ydzYoSNE Ay

column represent the ID# of the four points used to define that particular face in the computational

(o (o710 =11 o) PSP PEUPRPRRR 31
Table 6: Summary of mesh parameters for sifiteck cases...........cccccvviiiiiiiiieiieeeeeeeeeee, 32
Table 7: Pressure and velocity boang conditions for singkelock case...........cvvvvvveeveennnnn. 33

Table 8: Coordinates of points used in the definition of the computational mesh in thé mul

0f 201 OFraSa F2Nl.l..abf.f.  Ly3f.S e, 34
Table 9: Patches employed in the in the mbltock cases........ccccvvvvvveveviiiiii, 35
Table 10: Summary of mesh parameters for mMplltick Cases..........vvveeeeeviiviiiiiiiiiieneeeenn. 35
Table 11: Pressure and velocity boundary conditions for the +bldtk extended mesh.......36
Table 12Turbulence modeling variables............oociuiiiiii e 37
Table 13: Simulation results for SinglCK MeSh CaSEeS......c.ccvvvvviiiiiiie e 38
Table 14: Simulation results for mditiock extended mesh cases.........ccccoovcvviiviieiniiiinnne, 38
¢FofS mMpY !PLIWKEAOLIGAZY 2F . SNY.2.dzZ.£.A.Q4..SB&z GA2Yy

Table 16: Comparison of simulation results (results from single draft tube cases taken as

reference for % difference CalCulation)..............oooi i e e 45
Table 17: Comparison of results for different mesh sizes for sihgtdc mesh type............... 45
Table 18: Comparison of results for different mesh sizes for #olaltk extended mesh type45
Table 191 H 100Qoower OUtPUL CRAIT..........uuiiiiiiiieee e 61

Table 20: Commercial Draft Tube Experimental Data l...............ccoooevecivicnnnnnvnvvnvvnnnnnnnn 4



Table 21:

Table 22:

Table 23:

Table 24:

Table 25:

Table 26:

Table 27:

Table 28:

Table 29:

Table 30:

Table 31:

Table 32:

Table 33:

Table 34:

Table 35:

Table 36:

Table 37:

Table 38:

Table 39:

Table 40:

Table 41:

Page] xi

Commercial Draft Tube Experimental Data 2............cccoveveeeiiiiiiiiieee e 75
Collapsible Draft Tube Experimental Data.l...........cccccccconiiiiiiieieiniiiiiiieeeeenn 5
Collapsible Draft Tube Experimental Data.2............cccccccooviiviiveeeiiiiiciiieeeeeen /6
Segmented Draft Tube Experimental Data.Ll............ccccocccvveveeieiiiiiiiieeeeennnnnnn 6
Segmented Draft Tube Experimental Data.2............cccooecvveeveeeeiniiivnneeeeennnenend 1
SinglPiece Draft Tube Experimental Data. L.............occcvvvveieenniiiiiieeee e 177
SingiPiece Draft Tube Experimental B&.................cccovvvviiiiiiiiiiiieiieeeeeeceeeeees 18
Commercial vs. Collapsible Draft Tube Efficiency Comparison....................... 80
Commercial vs. Segmented Draft Tube Efficiency Comparison.............ccccuuee. 81
Commercial vs. Sinfliece Draft Tube Efficiency Comparison.........cccceeeeeveeeeen. 81
First testing platform bill of materials...........ccccooviiiiii e 82
Final testing platforryerhaul) bill of materials............cccco s 85
Collapsible Draft Tube Bill of Materials...........cccccooiiiiiiiiie e, 38
Single piece and segmented draft tube bill of materials..............ccccvvvvvievnnnnen. 90
Break Down of Responsibilities by Area and Team Member.............ccccceeend 91
Total ENGINEEING COSt......uiiiiiiiiiiiiiiieee et 92
Draft Tubes Overall SCOMNG........uuiiii i a3
Commercial Draft Tube Raw Data............coooviiiiieieiiiiiiieeeeeeeeee e 153
Collapsible Draft Tube Raw Data............ccuvveiiieiiiiiiiiiiiie e 154
Segmented Draft Tube Raw Data...........ooooveiiiiiiiiii e 155
SingiPiece Draft Tube Raw Data...........ooooiiiiiiiiiiii e 156



Page]| xii

LIST OEQUATIONS

Equation 1: Hydraulic, mechanical, and electrical POWET.............uevveeviiiiiiiiiiiiiiiiiiieeeeeee, 11

9ljdz A2y HY 9dzZf SNRA..G.dzND.AY.S...Sl.dz..4.A2y... XY ARATFASR
EQUation 3: FIOW @NQIES.........cuiiiieeei e 14

9ljdz- A2y nY 9ySNH@& ol ftlyOS | ONRAA..UKS..AF (I 1S O
9ljdzk GA2Y pY 9YySNHE olftlyOS I ONrPaa GKS..A5 Gl 1S O
9ljdzr GA2Y cY 9y SNHe& ol flyOS | QNR.AA..G.KS..BNF Fi 1 d
Equation 7: Hydraulic €ffiCIENCY.........ccoo i 16

Equation 8: Electrical effiCIENCY........cccooi i 16

Equation 9: Energy balance across nozzle & diffuser.........cccevvvevvieviii . 17

Equation 10: Pressure Recovery factQr............coooi oo 17

Equation 11: Diffuser effiCiENCY.........ccooiiiiii e 18

Equation 12: Ideal Pressure ReCOVEry FACIQL.........c.cooiiiiiiiieeeiiiiiieceee e 18

Equation 13: Inviscid Pressure RECOVErY FaCIOL..........cuuvviviiiiiiiiiiieee e 18

Equation 14:rp - = Byrelationshif........ccoooorvvecieciecc 18
Equation 15: Log differentiation &f , Fl. and i ..o 19
Equation 16: Differentiation of Equation 14 and setting of left hand term to.zero............ 20
Equation 17: Bcovery factor as a function of the lenguko inlet diamete™® ratio................ 21
Equation 18: Net positive suction head (NRPSH)..............oooiiiiiiiiiieeeeeee e 25
Equation 19: Critical cavitation (Thoma) COeffiCIeNL...........ccoiiiiiiiiiiiie s 25
Equation 20: ReyNOIdS NUMDET............oiiiiiiiee et 36
Equation 21: TUurbulence INtENSILY..........ueiiiiiiieiie e 36
Equation 22: Turbulence 1ength SCalE.............cooiiiiiiiiiii e 36

Equation 23: Turbulent KiNEtIC €NEIGY........ccoiuiiiiiiiii et 36



Page] xiv

Equation 24: Turbulent diSSIPAtioN FAte...........coooiiiiiiiiiiie e 36
Equation 25: Approximation of pressure at draft tube inlellor ..................................... 42
Equation 26: Gravitgorrected pressure at draft tube inlet............cccc s 43

Equation 27: Gravitgorrected pressure across any two points in the computational domégh

9ljdz- GA2Y wHyY alEAYdzY [ tt26l0fS..8S51.20A0.86 AGSNI
9ljdz- GA2Y wHpY Cft2g YSGSNI Ayadl.f.fl.0.A2y... . NBT dA NBYS
Equation30: Flow SGSNJ Ayadl t t 1 GA2Yy .NBIl.dZANBY.S.y.0.468F 2 NJ | |
9ljdzr GA2Y oMY al EAYdzy fft2¢6l0fS..2S5L.2.0A0.89 AdGSNF i

Equation 32: OVErall SCOIE......uuuiiiiiiiiiiieiieee e e 93



Page| xv

NOMENCLATURE

Symbols
I Power
|- Volumetric flow rate
== Pressure
7 Head
| Gravitaional constant
i  Torque
o Voltage specific volume
. Electric current
F  Work transfer
JI:—,- Xeglocity, internql energy
BT solute velocity
L Constants
»H radius
ehv f» Cartesian coordinates
F~ Pressureecovery factor
| Length
B diameter
e width
= Ara
I Heght
4" Diffuser length

Reynolds number
Turbulence intensity
Kinetic energy
Turbulence constant
Turbulent length scal

Greek Symbols

‘6 QWIM® > n 6Ny

Specific weight

Density

Angular velocity

Difference

Relative flow angle, pitch angle of bl:
Absolute flow angle

Speedof rotation

Efficiency

Dynamic viscosity

Channelwall divergece angle
TomQa O2STFFAOASY
Stagnation pressure lost coefficient
Turbulent dissipation rate

Subscripts

==

[ )
e 21

Hydraulic
Mechanal
Electrical
Tangential

h» Cartesian coordinate componen

Total
Intake casing

+ <0 Atmospheric

-

Runner

r3 Draft tube

r  Diffuser

o Initial, stagnation , output
{  Suction

<~ - Total

=|_=_ - Adiabatic

Inviscid ideal, input




Page|l

ABSTRACT

Isolated areas, severely underdeveloped regions, disastaken zones, and remote military
outposts have one commoneed: readily available and efficient means of power generation. The most
effective manner to address these needs involves the use of power generating modulesiltha the
locally availableenewable energy resource€ompanies such asnergy Systemsnd Desigraddress
this need through the manufacturing of low cost, small output mitydro-turbines models such as the
LH1000 In spite of thisthe true potential of this model has not yet beeealized;issues regarding the
efficiency,flexibility, potability, anddeployabilitystill remain This senior design project seeks to carry

out a full system optimization to streamline the design.

Ly 2NRSNJ G2 FadaGrAYy GKS T F2NBYSYyGA2ySR 202S0O0Ac¢
carrying contaier as well as for its intended functioHence, no optimization was applied to its overall
shape.Rather, the design focus wake micro hydre(i dzND HrgftSteba Utilizing Multidisciplinary
Analysis, Inverse Design, Robust Optimization, and Control (M.AI.D.RO.C) LaboratoryQa  ¢12§ [ !
super computera computational fluid dynamics simulation was carried out to optimize pressure
recovery factor of the draft tuneThe simulation results clearly indicated that a wall angle°céailted
in an optimum draft tube performanceUsing this geometrya fully collapsible prototype, a segmented
prototype, and a single piece prototypeere manufactured and testedxperimental results showed
improvements in performance for all prototypes. The two most porgirototypes,the collapsibleand
segmented ones, were chosen and integrated, through targeted packaging, with the intake casing and
an All-purpose Lightweight Individual Carrying Equipméexlt.((CE) pack frame. Théinal product was a
single operator fully portable system that was more efficient, flexible, andieato deploy than the

originalLH 100Gsystem.
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INTRODUCTION

As developed societies attain ever increasing levels of technological advancement, the rift
between the rich and poor widens eweyear. Nowhere is this separation as marked as in the access to
electric power. An estimated 79% of the people in the Third World have no access to ele)icityis
number represents about one quarter of the world popudat With such a huge gap in the living
standards of fellow man, this new millennium augurs a desolating picture of war and civil unrest. The
majority of those lacking reliable electricity live in the isolated areas of Africa, South America and Asia,
where the distribution infrastructure for conventional fuels, is either too sparse or completely
inexistent; however, people living in disaster stricken zones, and mifiisonnelassigned to remote

outposts, also must endure similarly dire conditions.

Despite the recent expansion of centralized electric grids all around the world many areas still
remain permanently or temporally unconnecte®ne of the most effective ways of mitigating this
problem relies on the localization of the energy generation such that local, renewable sources of energy
may be employed. By implementing a hybrid platform capable of using hydraulic, solar, or wind
powered modular components to generate and store energy, the reliance on inconsistent shipments of

fuel would be greatlyeducedwhile the energy needs of the inhabitants would $sisfied
PROBLEM STATEMENT

This project focuses on theptimization of the hydaulic module for a renewable, hybrid,
multisource power generatingplatform. Because of the inherent difficulty of reaching these remote
areas, the mechanism should be relativatyore efficient,portable, flexible reliable, easy taleploy as
well ascost effective. It will employ reaction moro-hydro turbines appropriate for terrains with small

elevations and rivers with high volumetric flow.

Theflexibility - a LIS OG 2F (KS RSaAdy 62dAZ R LINROARS (2
the power outpd and the overall cost, in relation to their specific requirements, without the need of
major modifications to the system. In addition, its portability would give the design an edge during
emergencysituations such as hurricanes, floods and earthquakesrwihe need is urgent and the
deployment time is criticaFinally the ease of assembly may significantly reduce the deployment time to
less thart yhours. A more efficient system adds a higher reliability on the module while reducing the
number units depyed to the site All in all an overall micro hyditirbine system optimization is

ensued.
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MOTIVATION

The motivation behind this desiga multifoldasis the case with mangngineering projectsAs

a marketable product, an easily deployable, modular rtiyplatform capable of taking advantage of the

f20t NBySslofS SySNHe NBa2dNDSa 2F GKS s2NI RQa

design would represent a valuable tool for the military secasrwell asprivate companies whose

operdions involve the explorationf remote regions such as the mining, oil, or lumber industries.

¢KS 3INBSY ylIGdaNBE 2F (KS RSairdy O2dZ R Ifaz
dependency on carboror nuclear based sources of energy. By allowing timhabitants of the
undeveloped regions of the world produce their own electricity using renewable resources, one would

prevent the potential addition of future sources lofrmful emissions.

Moreover, providing clean electricity to these isolated regions has a substantial humanitarian
dimension. A reliable source of power would represent a radical improvement in the lives of the local
community. Electricity generation would translate into tlwapacity of supporting osite medical
services, such as vaccinations and treatmenemdemicdiseases; the powering of running water; the
preservation of food and medicine by means of artificial refrigeration; and the support of

communication center towsstain a continuous link between the community and the outside world.

LITERATURE SURVEY

HISTORICAL OVERVIEW

The contemporary water turbine finds its origins in the waterwheel, a simple hydhanical
device that harnessed the flow of water and transfoarieinto useful mechanical energy. It is believed
that the waterwheel was invented in the Hellenic Period sometime during the3fficentury BC in the
Bosphorus region, near Byzantium (modelay Istanbul). The first reference to such device is made by
the Greek engineer Philo Mechanicus in his technicatyrBaeumatica &  11¢ ¢ @6 (2). While
the earliest applications seemed to have been exclusive to the agricultural setting, for water lifting and
milling, the waterwheel would soon be put to use in the military context.Rarasceuastica,Philo
Mechanicus describes it as wseful tool in flooding mines to prevent enemy sapping during siege
warfare(2). A number of variations in configation and applications were developed over the centuries,
where the transition from a horizontal to a vertical wheelnd the attendant introduction of a gear

systent was perhaps the most significant. Evidence to the addition of animal power, and a

LJt
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sophisti@ted gear system, to the waterwheel was first foundPitolemaicEgypt circa e ‘@ 6(3). It is
uncertain whether this technology was introduced to the Near East during the Alexandrian conquests or

whether it was perfected by the Greek scientists and engineers of the successor kingdoms.

Whatever may have been the case, the advent to powghefRoman Empire in the aftermath
of the Il Punic War¢ p y¢ @ 6 coincided with the adoption of this technologyurthermore it was
Roman engineersvho were responsible for the most advanced expression of this technology during
Antiquity. TheSone Mill at Hierapolis, Asia Minor (modeway Turkey), which dates back to th& 3
century AD, employs a bretahot wheel to power the earliest known crank and connecting rod

mechanism.

Figurel: Schematic representation of Hierapislstone sawmill (second half of 3rd century \&)

The disintegration of the Western Roman Empire in the first half ob&fecentury AD halted
further innovation on the Roman waterwheel designs in Western Europe. Isidmait world, however,
progress continued unabated. T Qcentury AD would see the introduction in Europe of the noria
through the Islamic occupation of the Iberian Peninsula. This reliable and relatively inexpensive design
was integral in the prospesitof the atAndalus Caliphate for the next six centuries. From this point
onwards, minor modifications were made to the basic designs until the Industrial Revolution introduced

new materials and innovations that began to render the waterwheel obsolete.
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In spite of this, the waterwheel
remained a useful means of harvesting
hydraulic power into the twentieth
century. However, by th&d 'QQp @dQ
century, engineers had undertaken the
study of turbine blades in earnest. One
of the early pioneers of this field was
the BritishAmerican Engineer James B.
Francis. Francis, along with Uriah
Boyden, developed in 1848 what would
become the most widely use

hydraulic turbine: the Francis turbine.

The next breakthrough was the

brainchild of Lester Allan Pelton, whose
1880 design is considered to be the

first modern impulse turbine. The

Pelton wheel, as it came to be known,

Figure2: Franci€lurbine runner being installed at te Grand Coulee Dan
improved on overshot waterwheels (circa 1935)23)

and earlier impulse turbines by attaching
paddle-shaped vanes to the main wheel. This reduced significantly the velocity of the fluid leaving the

turbine and increased the overall efficiency.

The Kaplan turbine evolved from the need to generate power from much lower pressure heads
than are normdy employed with the Francis turbine, not to mention the Pelton whgglDeveloped in
p w pby the Austrian professor Victor Kaplanstmew design featured serwoechanically controlled
guide and runner vanes. This revolutésy ideadramaticallyimproved the overall efficiency dahe
system Although the Kaplan turbine is built around the same reaction principle of high flow and low
head flow conditions of the Francis, there is one key differing feature. The working fluid is forced to flow
axially through the runner, much like a propelles, @posed to a radial to axial schem it is orthe
Francis turbineThis configuration further improves the design of the existing reaction turbine system by
essentially forcing a free vortex flow through the volute and runner, thus adhering more ab fldev

conditions.



Page| 6

‘CURRENT APPLICATIONS

According to the net power generated,

water turbines schemes can be classified as
industrial  hydroelectric o w , small
hydroelectric ¢ 1z p ™0 "O, mini hydroelectric

p0 @ , and micro hydroelectricp Qw @

p TTR®. The latter scheme has been the focus of
intense interest by deslopment oriented aid
groups as well as governmental agencies over the

last decade. This interest stemmed from a

fundamental shift in the rationale guiding the

effort to widen access to electricity worldwide.

Whereas in the past a centralized modethere

_ o _ _ the chief objective was the expansion of the grid
Figure3: Original drawings of Lester A. Pelton presented in supf
of his 1880 patenbf the Pelton whee(22) towards remote and/or undeveloped regionsvas
favored, this new line of thinking focuses on
localized,micro-scale power generation. The characteristicavo€ro hydroelectric power make it the

preferred chace for this purpose.

ELECTRIFICATION ONDEBVELOPED AND ISODEBR COMMUNITIES

According to & 1 TWMprld Bank report, mirgrid, particularly those powered by renewable
energy, are the most cost effective method of bringing power to underdeveloped anditates
communities(6). This is due to a number of factors. First, the probability of finding a water stream in the
vicinity of traditional settlements is, as could be expected, significantly high. Second, these streams are
likely to have been put in use by the community through waterwheels and other traditional means for a
variety of purposes; thus facilitating the task of wasaurce identification and worthiness assessment
or, in some instances, allowing the conversionadfraditional waterwheel into a water turbing7).

Third, the use of standard turbine equipment is one of the most cost effective choices in the spectrum of
power generating devices. Fourth, the very nature of hydroelectawgy ensures that there is an
appreciably consistent supply of electricity independent of atmospheric conditions or time of day. Fifth,

as Williams and Maher point out, the priority for most rural communities is the provision of lighting,
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whichmicro hydroelectric power, in conjunction with high efficiency lamps, could deliver at a fraction of

the cost of operating paraffin lamps for a whole commuir(&y

The most widespread implementation wficro hydroelectric schemes has &k place in Nepal,
where this approach is seen as the most viable alternative daal relectrification. Eighty perceraf
bSLI f Qa Ilvesliddziral diehs2wfiere access to electric power isaastent(9). It is estimaed
that onlyp v Pfb S LJIg fyaididon inhabitants have continued access to electricity; igts tharg Pof
the viablehydroelectric potential ibeing put to us€9). In the small town of Salleri Chialsa, 80 km south
of Mount Everest, the local power station operates two crlesv turbines servicingo 1T domesticand
commercialcustomers The power plant, which was commissiaand built by the Swiss Agency for
Development and Cooperation, has revitalized the economy ofrthisote town and plans are being

made for its expansio(®).

A much smaller scheme was installed by Dr. Nagel Smith, from thebas&d Sustainable
Control Systems Ltd., iKushadevi, Nepal. Using a Pelton turbine with a neachofe i and a
volumetric flow rate op @to p @& dfi, the projected scheme output wast Qcfor a total cost of
A plpt¢.mThis scheme powered a total @fyhouseholds in @ ‘Qdradius (10). In order to cut
installation time and costs, Smith and Ranijitkeport using an externat, 1 dt penstock encased in a
shallow trench. While no indication of the time taken to prepare the trench is given, they do indicate
that it took an entire two weeks to hefuse some( Gections of high density polyethylene tube in order
to achieve the required length. Though the project was slightly over budget, the total household cost

wasA p gdignificantly below othemicro hydroelectric plants in Nep#l1).

But Nepal is not the only example of successful implementationiofo hydroelectric schemes.
Rather, the lessons learned in this country have been exported to other locations around the globe. In
¢ T t&team led by Dr. P. Maher from the Middgdro Centre at Nottingham Trent University, installed
a reverse pump arrangement (@ump-as-a-turbine) in the town of Thima in the Kirinyaga District,
Kenya. The Thima scheme produced a total outpu@fQdfor a total ofp p mouseholds at a cost of
A v ger household. Approximately 1t lof the costs were covered by a grant from the European
Commission. The site provided a heagafit with a volumetric flow rate op Ui to the turbine with
a penstock ofo @ andp @ dt & diameter (12). As Maher points out, the mobilization of the entire
community allowed the project to move quite quickly despite its labor intensive nature. All work was

completed inp tdays.
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This, and other experiences in Kenya, haaraged further aid to communities in st&aharan
Africa. Most significantly are the electrification projects that Practical Action and Border Green Energy,
two U.K:based aid groups, have successfully implemented in Kenya, Mozambique, Malawi, and
Zimbabwe These strides for development were recognized it Tand¢ 1T Twijith the Ashden Awards

for Sustainable Enerd{3)

Tablel: Compari®n of the case studies analyz€d0)(11)(12)

Totez:((\i;l)tput Project Time  Turbine Used Total Cost k\(/:vosfjt‘;))irt hSS;teEsIrd Hosu:r(\-,‘lt;zlds
Salleri Chialsa, 200 several 2 cros_sflow $241,700 $604.25 ) 900
Nepal months turbines
K“ﬁg?gﬁ"i' 44 3 weeks ';iggkp(l‘;";’,‘g) $10,120 $2,300 $134 76
K‘;r;‘g;;’a’ 2.2 10 days pt‘;'::)ﬁtf $6,380 $2,900 $58 110

All of the development oriented implementations aficro hydroelectric schemes discussed
above possess some common characteristics. They all involved the building of earthen works and levees
either to protect the penstock or to provide appropriate means of water intake. In each case,
undertaking such construch was labor intensive, costly, and substantially time consuming.
Furthermore, the schemes put in place were completely rigid. That is to say, once the scheme was
finalized increase in the net power output and extension of the associatedgmidhivere notpossible
without substantial investment in time and money. Throughout the literature review, no evidence was
found of the existence of modular designs or contingency oriented;dagltoyablemicro hydroelectric

schemes.

[COSTSURVEY

The crucial factorin the implementation ofmicro hydroelectric schemes for development
purposes is, without a doubt, the cost. Williams estimates the cost range anywhereAffont ta
A w iQmoof power output. However, forwell-designed schemes, where costffectivenessis a
priority, he concedes an averageAft v FQr Similar figures are reported for implemented projects in
northern India, where the average cost per kW output was aroymdit it mupees (7). Costs were

further slashed toA x @win the case of existing water mills that were modified to produce electricity
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(7). At the household level, the combination of around the clock electricity production and high
efficiency compact fluorescent lamps (OFtasuld reduce the total operating cost forgarto CFL to an
estimatedA @ tper month. This represents a reductiontof@ bto x & Pfrom the estimated cost of

operating a kerosene lamp (price range reflects possible fluctuations in fuel (f)ce)

MILITARY APPLICATEONDISASTER RELKND CONTINGENCY ORER®NS

The portability, modularity, high deployment flexibilitand ease of assemblage and operation
make the proposed design ideal for applications other than eledtifin of undeveloped or isolated
communities. In particular, powering remote military outposts situ using the resources fothe
surrounding environmenti. available water sources) provides a degree of autonomy and flexibility
that far exceeds the cuent, overland capabilities of any branch of the United States armed forces. The
ongoing military campaigns in Afghanistan and Iraq have highlighted the limitations of the current fossil
fuel based model prevalent in all branches of the military. Much ie #dame way as isolated
communities, powering military outposts with conventional electric schemes involves significant costs in
transportation and fuel acquisition. Moreover, in the context of asymmetric warfare, the overland
transport of such fuel poses significant risk for the personnel in the convoy as well as that in the

outpost, which is liable to being stranded.

Top military brass and Pentagon officials have recognized the potential that renewable energies,
such agmicro andmini hydroelectric powe have in the military context. Recently, the Department of
55TSyasQa RANBOG2NI F2NJ FrOAftAGe SySNBe SOK2SR GKA
target for attacks, so if you have fewer convoys it probably makes it safer to fightlthisE¢). This
move has come after a significant casualty rate among supply troops in the Afghanistan and Iraq
theatre. In¢ Mt S | ®{ dEnviroNdvedtdl ®olicynstitute reported that for everytwo dozen
convoys deliverig suppliesto troops in Afghanistan or Iraqg one military or civilian casualty was
sustained(15). In the face of such pressing necessity, it is projected that #gaBment of Defensavill
invest hundreds of millions of dollars both in research and procurement of renewable energy

technologies in the coming years.

Disaster relief is yet another application that could greatly benefit from the characteristics of the
proposed design. Ingsticular, the installation time, which is dramatically shorter than that of other

hydroelectric schemes, offers a clear advantage for first responders in the immediate aftermath of a
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natural disaster. Similarly, the modular aspect of the design couldchatoalate an increasing demand

during and after the recovery phases.

THE MICR®YDRGTURBINEYSTEM

The first step in any engineering endeavor is to formulate gloals and limitations of the
design. For this particular case four objectives are paramolirese are, agforementioned efficiency,
flexibility, portability and deployaility.

The overall system efficieny is
dependent on several factord’hese can be
divided into tvo main groups: & 5
environmentally determined and
geometricaly determined. The former is give
by the deployment site conditions, such as t
available head and volumetric flow, whiclg
represent the design constraints that the
engineer must address. The lattare entirely
dependent on thedimensions and orientation s <
of the intake casing, the guide vanes, th ‘
runner vanesand the draft tube. Th&H1000
used in this project has fixed pitch guide ar
runner vanes, thus the only feasibl
dimensional modificationthat can be done

are in the intake casing and the draft tube

The desire to improvehe systen &  LJ2 NI rene -
L. . Figure4: TypicalLH 1000 systerdeployment scheme
makes designing a complex shaped intal
casing an incompatible idea; furthermore, time and budget limitations would preclude its development.
Corsequently the modification ofthe stockdraft tube represents thenost feasibleapproach in order to
significantlyincrease the efficiency of the system.

Ct SEAOAfAGE NBTSNA (2 G(KS RSarA3dIyQa lFoAfAGe

In this project, this is approached in one of the alternate design, in the férasegmented draft tube.
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This configuration can be assembiadsity, adapting to different flows by changing tgeodeticheadof

the system

A different alternate design tees the shape of a fully collapsible draft tube, improving the
portability of the system. Thigrototype together with theLH1000micro hydreturbine is placednside

the intake casing which acts apmtective shippingontainer.

Lastly, the system musbe able to be unpacked and assemble within a relatively short
timeframe. The alternate designs achieve this objective to varying degrees. The single piece draft tube is
obviously the most deployableption as it does not require any assembly. This isofa#id by the
segmented draft tube,n which each section must be bolted to the preceding one. Finally, the

collapsible model, which requires full assemblagi,haveby far the longest deployment time.

HYDROGIURBINHHEORY

There are two main families dfydraulic turbemachines, namely impulse and reaction turbines.
The former harnesses the power of water via impulsementum while the latter uses the shear
volumetric capacity of the fluid combined with pressure differentials to operate. However in heth t
power of water is transduced into shaft mechanical work and then electric potential. Ideally the
hydraulic power delivered should equal that of the mechanical and electrical output in the form of

Equationl.

C
c-
(@)

Equationl: Hydraulic, mechanical, and electrical power

Given the processing nature of the turbine from fluid into mechanical and then electrical power
the challenge is to find proper sites for the deployment of the turbines. Notice that the hydraulic power
is only a function of the supplied volumetric flow eat and the headQ Thus the flexibility of the
turbo-machine is important since there are a variety of sites which do not offer the environment
necessary for both families of hydtarbines. Reaction turbines operate with very high volumetric flow

ratesand medium heads; whilienpulseturbines require quite the opposite.



Page]| 12

There are numerous sites across the globe which cannot offer the minimum head necessary for
the aforementioned turbines to function. This sparked new design alternatives based on diaa kn
hydroi dzZND A Yy SQa GKS2NER 2F 2LISNI GA2Y GKAQKopfgSiRor 12 (G KS
Kaplan. Similar in many ways to the Francis reaction turbine the Kaplan turbine offered a unique feature
2y Ada RSaA3Iy:s (K SunbeeSuatedsRyhtly @dw tiefydde Gadasdlong B a  NJ
working fluid to enter and exit the turbine axially. Much different from the Francis reaction turbine and
the Pelton impulse turbine where the water enters the runner radially and tangentiadigeively.

Figureb depicts the main differences on theturbo-machines.

Stationary Guid
: uide vanes
,glu4|dve vanes Rotor vaﬁgg  Casing

g e =/

.ﬁ% , \//p\

o l ~—Draft tube | l\ Geeing
N

Rotor vanes

(a) Impulse turbine (b) Reaction turbine (c) Propeller turbine
(Pelton wheel) (Francis type) (Kaplan type)

Figureb: Schematic diagrams of typical hydraulic turbingkt)

VTHE PROPELLER TURBIN

584A3ySR (G2 62N] fA1S &AKALIQA LINRPLIStfSNI AYy NBGS
appropriately named the propeller class. However it is still considered a subcategory of the reaction
turbines since it also requires high volumetric flow rates to operate. Propeller turbines can be deployed
on very low head conditions competing with its counterparts due to their high versafiliile 2

compares the different turbine classes.

Table2: Operating ranges of hydraulic turbing®)

Pelton turbine Francis turbine Kaplan turbine
Specific speed (rad) 0.05-04 04-22 1.8-5.0
Head (m) 100-1770 20-900 670
Maximum power (MW) 500 800 300
Optimum efficiency, % 90 95 94
Regulation method Needle valve and Stagger angle of Stagger angle of rotor
deflector plate guide vanes blades

N.B. Values shown in the table are only a rough guide and are subject to change.
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The primary features of the reaction and propeller turbines are hsvis

1 A main pressure drop occurs at turbine itself with a minor drop at the inlet {Sglf

1 Unlike impulse turbines reaction turbines have their runners completely submerged in (ater

1 Guide anes are used to control the flo(®).

1 Used to recover loses in kinetic energy; the draft tube is an integral part of the reaction turbine
(5).

Given the design similarity of the Francis and Kapl@hbines most of the equations on their
theory of operation are similar. The water stream enters the turbine runner via scroll shaped intake
OFraAiAy3a RSaA3aySR G2 G LISNIngieKcBnstanfetmityz Dhis erdurels Hihést o K A f S
kinetic energy delivery due to an initial spinning motion of theger right before impacting the runner
blades. A set of guide vanes direct the water to the appropriate angle of impact further increasing the
operational efficiency of the turbine itself. The angular momentum of the water is reduced and
converted into shaft work as the fluid passes through the runner. Ideally all of the angular momentum of
the water is supplied to the shaft with little to no spinning matiat the exit. This ensures a higher work

output and efficiency as presented lHyuation2.
Yo Y Y
Equation2Y 9 dzf Sne&Enaatioi dmddibied
CKS FF2NBYSYyGA2ySR Sljdzr A2y adrisSa GKFG GKS Y
nothing more that the difference in internal energy at the inlet and the outlet; whiersubscript
RSy203Sa GKS ag A hdréacingS 8 z&io indximizes the ambuditSf etiergy
delivered to the turbine blades. The design of a propeller turbine forces the flow of water into a vertical
direction ridding of the radial component in the swirl. Thusd) @£ & i @ré thé vortex becomes

essentially free making @wé ¢ | @ndd O T Figure6 depicts the velocity diagrams of a Kaplan
GdZNDAY S F G GKSxitNHzyy SNRa AyESd FyR S
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Blade motion

flow

Figure: Section of a Kaplan turbine and velocity diagrams at inlet to and exit from the rur(@r
Here the exit velocity of the fluid is essentially vertical with no swirling compomentsc .
lfa2 GKS agANIAy3d O2YLRYySyld 2y (KS AytSiQa @St
0 yieldingo 0ji ®é & i @ahsistent with the aforementioned statement on such vector. On

another note the flow angles relationship stated inEquation3.

e, Y ..om 0
OWwe = OWE =+ —=
db w @ I W
.. Y m
0035723_
w W

Equation3: Flow angles
az2zald 2F (GKS g2NJAy3 FfdzA RQa paks¢gsShiough thé it B &
by a device called the draft tubdt is designed in the shape of a diffuser to essentially reduce the
velocity of the falling fluid and in turn recover most of the left over kinetic energy. Pressure and velocity
head differentia work together to provide suction at the runner increasing the total head of the
system. The fluithen exits through what is known as the tail race. At this point the water is returned to

the environment with a sufficient amount of energy collected by trbo-machine.
G GKS AytSG 2F GKS GdNBAYSQa Ny ySN GKS

kinetic, potential and pressure energi@s as stated irEquationd.

2 OA

Aa

' Y20
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EquationdY 9y SNHe& ol tlyO0S I ONrRaa {5KS Aydalr1S8S OFraiayaQa O2yidN

More over the energy available across ttlzND A Yy SQa Ayt S yR GKS NYzyy

stated inEquations® b2 GA OS K2g GKSNBQa y2i 2yté lyyYoY2dzyid =
but also the runner in form frictio'O and mechanical workc . The arithmetic addition between

Equation4 and Equation5 yields thespecificwork Yc .

o Yo vyo Vo 1 Po g

EquationsY 9y SNHe& ol ftly0OS I ONraa (GKS Ayid®1S OFraiy3a yR GKS NI
The energy equation for the remaining component of the turbine, namely the draft tube, can be
as easily formulated by employing a control volume around it. Consequently there will be some energy

losses attributed to the draft tub®O .

Equation6: Energy balance across tfieNJ T {i cointotdo/@uma(s)

Reaction turbines have their runner completely submerged in the working fluid while impulse
turbines only have about two or three of the buckets at a time are in contact with the water.
Consequently reaction turbines tend to be more efficient than imptskines. Notice irFigure7 how
GKS YIFLI Y GdNbAYySQa STFFAOASYyOe Aa AYOISNN¥YSRAFGS
YFLE I yQa STFFAOASYO& Aa y20 | & KA Bhiemes dakes ik &higBiNI vy OA &

versatile turbemachine capable of expanding the number of sites in which they can be deployed.

1.0
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= " Kaplan~
Pelton

?0.9 —
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w
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Specific speed, L2, (rad)

Figure7: Typical design point efficiencies of Pelton, Francis, and Kaplan turbiges
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The hydraulic efficiency for the Kapland Francigurbines is given byEquation7. Notice how
the efficiency changes accordingly with zero internal epedgdicated to the exit swifY . This is

especially true for propeller type turbines such as the Kaplan.

Yo Y Y
- !\m !\m
Y
“ o _ -
QW i 0

Equation7: Hydraulic efficiency

Thetotal efficiency of the turbine should be a measurement of the total output per input power.
In this situation it is more important to find the electrical efficiency of the turbine since power
production is the ultimate goal in this project. This ideaispldyed irEquation8.

0 0Q
0o [ 0O

Equation8: Electrical efficiency

THEDRAFT TUBE

Most of the efficiency losses turbines now days can be accounted for through friction, tip
leakage, and exit kinetic energy from the diffug®). This implies that Kaplan turbines, as well as
Francis, hae been designed to their highest efficiencies and the improvement work remains in its

constituent components, i.e. the intake casing and the draft tube.

The draft tube is an integral part of the reaction/propeller turbine system. lesponsible for
the pressureand velocity head differentiads well as thesuction power across the systeidigh velocity,

low pressure fluid enters the diffuser shaped draft tube

and exits with high pressure, low velocity. This is ea
confirmed for an incompressible flolwy applying the
frg 2F O02yaSNBIGAZ2Y 27F RA T Tdz
control volume. Through the continuity principle it ca

be shown that given constant volumetric flow rat

through the control volume will yield a lower velocit)

as the diffuser area inenses. Nozzle Diffuser

Figure8: Nozzle and diffuser
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Equation9: Energy balance across nozzle & diffuser

In order to maintain a fully operational hydtarbine system the draft tube must be full of
water at alltimes. Any fluid losses will surely affect the pressure and velocity heads as well as the total
efficiency. The exit pressure must be very close to ambient, in an ideal situation, and thus only the end
of the tube may be submerged in the stream. Thered#r@ct connection between the total head of the
system and the amount of mechanical power extracted from the fluid. Accordingly, the final geometry of

a draft tube must be a mixture of high performance and innovation if its function is to be optimized.

| DIFFUSER PERFORMANCE

'y AYLRNIFYyG O2y&aARSNIGAZY ¢KSYy RS&AIYAYy3d RAFT
boundary layer to separate from the walls. This happens when the draft angle is too great and the fluid
does not have enough time diffus@robughout the volume. The resultant separation creates very low
stagnation pressure voids causibigck flow regimes and possildavitation in the fluid. At th@pposite
end of the spectrum a very shallow draft angle creates too much friction betweefuideand the walls
of the diffuser thereby reducing its efficiency significantly. Consequently an optimized geometric model

should prevent any of the aforementioned detriments from occur(fg

Diffuser performance can beasily calculated through either a ratio of the actual and the
isentropic enthalpies from inlet to exit. Or a ratio of the actual pressure rise coefficient and the ideal
pressure rise coefficier(iL7). However it is customaryto OO2 dzy & F2NJ 6§ KS RAFFdza SNDa
a term appropriately named the recovery factor. Equation10 accounts not only for the fact that the
ideal exit véocity of the diffuser i€lose tozero but also for the amount of fluid head loss. Furthermore
0KS RATFdzZASNRAE STFTAOASYO& Oly 0S NBONRGUSY dzaAy3
® ®7IQ ©

wWj 0

Equation10: PressureRecovery factor
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"0
P &ica

Equation11: Diffuser efficiency

Notice how by reducing the exit velocily of the fluid to zero as well as the head loss in the
drafty tube© A Y ONBI 4Sa GKS RA TTaruh Sfibiddhdy— a2 Baluef of O G 2 NJ
unity. However cavitation is likely to occur if the exit velocity is reduced to zero and there will always be
some friction losses between the fluid and the wallstioé diffuserin the form of eddy currents
Turbulent flow is typical across diffusers and as such higher head losses can be anticipated from that as

well.

When considering ideal flow situationthe highest possible values for the recovery coefficient
can ke reached byielding a different equation for the pressure recovery coefficient, nar&elyation
12. Herethe recoverycoefficient onlytakes into accoungieometriceffectsin the diffuser in the form of
its outlet to inlet area ratiolncidentallyEquation12 can be used for any fluid since it does not take into
account any ofts parameters. On aimilar noteaninviscidfluid will also approximate the ideal situation
just characterized. Remember thatviscidfluids do not take into account any form of viscosithis
approach removeK S R f2aaSa | G N&itolvoluing SimpRiyingHgaatios NXnto
Equation13. There is virtually no diffence betweerEquationl12 and Equationl13 since aninviscidfluid
is an idealfluid in itself. Furthermore the relationship between the real and ideal pressure recovery
coefficients can be observed HEyuationl4.

__P

6 [A)
0

Equation12: Ideal Pressure Recovery Factor

Equation13: Inviscid Pressure Recovery Factor

P L P |
(0] (0] — (0] —_
W r]

Equation14: = « ® relationship
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As far as diffuser design is concernéduation10 and Equation11 suggests two different
criteria to follow. This begs the question which one should be uSkglire9 shows efficiency, pressure
loss coefficient, and pressure recovery factor plots vs. draft angle for a fixed diffuser length as well as
inner diameter. When efficiency is taken to be the design objective a minimum Igssessure is
observed for a comparable rise in static pressyf). Although this is an appropriate diffuser
optimization approach maximum pressure recovery is often favored. This last design objective forgoes
any area ratio cosiderations for a given diffuser length. Counter intuitively the two do not yield the

same final geometry as supported Bigure9 and Equationl5.

1.0 | [ |
Gpi
//
0.8 — —
/
/ 2
/ o
/ C,
0.6 #1 —
/
/
/
0.4 —
! 3
0.2 @ —
0 I | | |
10 20 30 40
26 (deqg)
Figure9: Flow regime chart for a twalimensional diffuser, vvith% (5)
o Liw L oaw

17 —

|

Equation15: Log differentiation oft. ., F and
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Notice the differences in both design objectives when the left hand sidggohtionl5is set to

zero. At this point there is still and appreciable increase in pressure recovery -sincereven

though— 1 Furthermore the fractional rate of increase ®f is equal to the fractional rate of

change of for corresponding changes in draft angig5). DifferentiatingEquation14 and setting the

left hand side to zeroptimizesd . This design objective reveals that as the wall angle of the diffuser is
increased beyond the efficient maxima point the pressure wittionie to rise until the additional losses

in total pressureis in equilibrium with the ideal gain in pressure recovery created by the areg ratio
Equation16 (5). A closer look aFigure9 supports these statements as well.

16 | znn_
I

Equation16: Differentiation of Equation14 and setting of left hand term to zero
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Figurel0: Test data for conical diffuserd7)
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Diffuser performance may be analyzed by i@ several design pertinent values in a
O2YLINBKSYaA@S RAFANF YD ! (Ge&LAOITt 2ySasafunction afJ 2 i
the diameter raticQj Q , or area rati®d j 0 , and the lengthixto inlet diameterQ , or radiusY, ratio
for constant draft anglesThe diagrams suggest high recovery factors at small angles in the orgigér of
for large area ratios. Conversely smaller area ratios require angles in the ordér ofJfor highest
recovery factorq17). Hence the performance diagram is a fundamental tool for the optimization of a
hydroi dZND Ay SQ& RNJ TG (dzoS aAyOS AlG &ada3asSada RNF T
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Figurell: Typical performance diagram for diffuse($7)

Perhaps another useful design tool for draft tubes is the diffuser recovery facias a function
of the lengthato inlet diameterQ ratio plot diagram. Itsuggests receery factors for any given ideal
and field tested draft angle valughe data implies a maximum calculated recovery fagtor & uor
draft anglesbetweencJ p @ while test data specifies draft angles betwegho oJfor a maximum

recovery facto® & 17).

@ P °0

]

6 p

Equation17: Recovery factor as a function of the lengto inlet diameter® ratio

2 1
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Figurel2: Analysis of conical diffuser test datd7)

Recirculation is known to appear in draft tubes as the fluid tries to diffuse so as to fully occupy
the entire volume. Eddy currents caused by the boundary layer separation atmeedtsbe minimized if
not removed altogether when designing diffusers. Several boundary layer separation criteria have been
determined, namelyd y 2 | LILBtISGA [é0GNS ya A (2 NB & ( dindngiohal sial ézf f @ R
Gfully developed two dimerisnal stalE ¢ 'y R 2SS0 Ft26dé S5ATFFdzZASNAE | NB
appreciable stall conditions where the flow is steady and uniform. Conversely the transitory stall regime
suggests a highly nemmiform and unsteady flow and the worst diffuser perfante of the flow
regimes mentioned hereinAlthough the remaining two flow regimes are relatively steady, compared

with the transitory stall, they are very namiform and worse than no appreciable stall
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Figurel3: Flow regime tall for two dimensional diffusersIndicated in the graph are the positions referencedkigure9 (5)

As aforementioned the working fluid leaves the turbine runner with a small swirl component

that subtracts from the total work performed

by the turbine. Although very small this facto __/—,_—/—__—_’/ /,{
must be considered if high efficigndiffusers —— —
are to be designedrigurel5 shows a diagram \ %
2 F iKS$S RATFFdza S NRas aN No Appreciable Stall Transitory Stall
function of the swirl angl¢ and diffuser /’-’6_: _//’C‘E;
divergence anglefor different distributions = ‘5;
\\

(17). Notice how the recovery factor is actuall \ m
increases more at the center of the draf.'UlY Developed 2-DStal Jet Flow

tube O as Opposed to the outer wall for Figurel4: Flow regimes inside a diffuser

increasing swirl angles.
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Figurel5: Effect on swirl distribution on diffuser performancgl?)
The onset of cavitation is highly detrimental to the turbine creating high efficiency losses as well

as pitting on many of its components to the point of failuBavitation has been shown to arise from

fluid separationwhen it is no longer able to recirculate and occupy spa@ating voidsThis suggests a

AAIYAFAOIYG OKIy3aS$S Ay (KS T dzphaeBocalhid ind&Ninao8si s y I Y

boiling of the liquid around these voids is triggered by pressure a differential between the two fluids

GKFG A& 3ANBFGSNI GKI yCaitdidh, as its kinowkh, i ananlikdly &enNso loigBsi & dzNB ¢

0§KS RATTFdza SNRA& ¢ Isbénble vafud §uéh thatpressuel diops larid fllid séh&ation is
kept at a minimum.

There are mainly two types of cavitation which are pertinent to turbines. The first can be found
on the suction, outlet, side of the runner where severe pitting can caussharécal failure. Also on the
draft a tube a twist rope type of cavitation can be observed atdefign conditions(5). This
LKSy2YSy2y 200dz2NB RdzS G2 GKS FtdARQa AylFoAfAde
separation occurs, creating cavitation bubbles. Furthermore the pressure at the suction side of the
diffuser may fall below that of the vapor pressure of the liquid causing it to evaporate. High draft angles
are mainly responsible for the two aforementicth@avitation scenarios. In order to prevent cavitation

some suction head must be present as representddgnationl8.

[j
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S :
0O —— &
f
Equation18: Net positive suction head (NPSH)
O
” "O

Equation19: Critical cavitation (Thoma) coefficient
Equation19 shows what is known as the Thoma coefficienthich describes the cavitian

performance of hydraulic turbines. Figure 15 shows the cavitation coefficiasta function of the

GdzND Ay SQa @& Li& Qiffefeit GeactionIBiBiRes. The diagram can be used to know exactly

when cavitation will occur for the specific s shown.

Cavitation bubbles generate loud noises and flashes of licdited solduminescence. This

actually happens as the cavitation

bubble turns back into liquid after the 40 1 T

local pressure is raised once again to tf i )

working conditions. It released| @f the 20 &

gathered energy collected when i g

vaporized almost instantaneously. Th e * «5?\

results in a propagating shock wave & § i ]
5 No cavitation

well as flashes of luminescence, whic g 04 region 1

can be specially damaging to any near} g i |

mechanical components. The collapse ° 0 | '

the vapor cavy is so rapid that o @@?{@ S:\::gﬁon

G G S YLISNI (i dzNSSti mdt hiave K - & region .

been suggested. Shock waves wit B i

pressure differences of 4000 atm hav 00

been demonstrated in the liquid - | | | | |

following the collapse of a cavif)® ¢ o 02 F?jvergidﬁc;;ed’ Qsp:{gr-gd) w6 80

Figurel6: Variation of critical cavitation coefficient wittmon-dimensional specifi

speed for Francis and Kaplan turbines
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PROJECT MANAGEMENT

TASKS MANAGEMENT

As the theoretical research is concluded and the first stage of the project ends, three equally
AYLRNIFyG GFrala SYSNBSY GKS RN TG GdzoSQa O2YLdzil d

manufacturing, testing platforrsonstruction and field testing.

A total oft Tman-days are appropriatedor one team member to learn and effectively utilize
hLlSyCh!a |a (G4KS 02YLJzil GA2y It Tt dzA R FuRtBeyfroré,/adad & A Y d:
given the short educationaimeframe, an additiongb 1T Imust be allotted to the design timeline.

Finally a total of man-days are considered for the simulation and design optimization.

After the geometric parameters of the draft tube are given by the aforementioned simulator
different prototypes will be manufactured by the team. Each team member will be tasked with the
successful completion of one prototype. More time witinsideredto the team members that will be
constructing their own. Keep in mind that such team mensbaust not only purchase all tools and
materials required to complete the project batso perform their own laboring hand at an apprentice
level.Conversely any outsourcing implies a stridtareline since manufacturers take care of the project

from then on, d@ending on the economic investment.

The physical effort involved in the erection of the testing platform requires two men integrity at
all times for safety reasons. Nearly four madays are required for the complete construction of a given
testing platform depending on the complexity of @esign. A Tt learning curve is appropriated to the
bill of materials necessary for its construction as well as the labor. After a testing platform is complete
allow one marday for testing. Thus team members have sufficient of time to familiarize theesselv
with the draft tube and system integration. Furthermore a testing procedure must be developed so as to

streamline the process.
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Figurel7: Time Management Chart
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COMPUTATIONAELUIDDYNSMICSIMULATION

The computatnal fluid dynamics analysis employed in the design of the draft tube was carried
out with the OpenFOAM 1.7.1 suite. OpenFOAM (Open Field Operation and Manipulationpess€d+
open source CFD package developed and distributed by thébbsEd OpenCFRd. The suite contains
a number of numerical solvers that are employed in modeling continuum mechanics proldems.its
inception ing T 1t the OpenFOAM suite has enjoyed a wide acceptance by the academic community,
industry, as well as governmental and private researchers. Much of this popularity is due to the fact
that, unlike commercial CFD software, OpenFOAM allows the user to accessutite code and make
modifications. In addition to this unprecedented level of flexibility, the entire suite is available free of

change under a General Public License (GNU).

In choosing OpenFOAM as the modeling software several considerations were Riatlea
adzNBSe 2F GKS (g2 Y2RStAy3a adzadiSa F@FrAtlofS G2
Computing SolidWorks COSMOSFlowWorks and ANSYS RLWESITconducted. Substantial
drawbacks were encountered in both software packages. ANSYS FLb&NTdustryleading CFD
software, was found to be severely restricted in its student versiothase exists a limitation in the
number of nodes available to the mesWhile no such limitations existed for SolidWorks, only the most
simplistic results wex obtained from this software. As the case complexity increased, the software
RSYlIYRSR S@SNJ INBFGSNI YSY2NE FTNRY GKS /t! G2 | L
exceeded. Other options, such as obtaining a temporary license from ANSYS were pédsedex

However, the funding available was not nearly enough to cover such expenses.

Given these circumstances, it was determined that OpenFOAM was the most viable option
available.CdzZNJil KSNX¥ 2 NBE> hlLISyCh!a Mot odmM ¢l a | dusBITRS Ay adl
YSIyd GKFEG GKS aAaydzZ FdAzy GAYS O2ddZ R 0S NBRdAzOSR
computing capabilitiesHowever, this software choice did not come without drawbacks of its own.

These drawbacks took the form of a very stdeS I Ny Ay 3 OdzNBBS® ! yF2Nldzy | GS¢
model is that of using its technical support and educational workshops and materials as its principal
source of revenue. This way, the software package is available free of charge, according to the open
source principles, yet the company is able to make a profit. As a consequence of this, learning materials
available in the World Wide Web and elsewhere were very scarce. All in all, a substantial amount of time

and effort was invested in learning and utilgi®penFOAM.
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As was pointed out earlier, experimental resukported by McDonald and Fox and Sovran and
Klomp indicate the onset of large transitory stall at walbles olc— p vfdr the nondimensional
diffuser length 0 7Q of u®& ¢18)(19). Given that such flow regime is characterized by a dramatic loss in
pressure, it is of little interest to the designer. Thus, the CFD simulations were restricted to draft tubes
with wall angles of— ¢ Jdo— x JAfter some consideration, it was also agreed that the draft tube
length should not be modified as a consequence of the design optimization. This decision rested on two
reasons. First, system portability, which is one of the chief objectivesopthject, could be hampered
if the optimum draft tube lengthrather than the present one @& X pdg were to be chosen. Second,
since an increase in the draft tube length would automatically increase its head, and the attendant
system efficiency, oneould not compare the stock draft tube to the optimized one through empirical
testing. Tabulated below are the dimensions of the commercially available draft tube fokkh&000
micro hydreturbine system. These values were used to define the computatidnanain with the

exception for the wall angle the design variable.

Table3: Dimensions of the stock draft tube

Inlet diameter di in (m) Length in (m) Wall angle' deg

5.75 (0.14605) 54 (1.3765) 3.58811

In order to ensure the reliability of the CFD results, two sets of simulations were run. Each set
had a different computational domain and boundary conditions. The first set consisted of a mesh
representing the draft tube alone; while the second set inelditheaccumulator tankn addition to the
draft tube. This approach further reinforced the validity of the simulation results as it established their

independence from boundary conditions and mesh geometry.
OPENFOAM SOLVER

OpenFOAM is composed of diffatesolvers pertaining to different flow regimeBuring the
first attempts to set up a working simulatipa number of solvers were tried. However, the greatest
amount of time was dedicated to three in particulacoFoam , interPhaseChangeFoam , and
sinmpleFoam . One of the most basic OpenFOAM solveispFOAM, was considered fist.
Unfortunately, theicoFOAM solver, which was designed to simulate incompressible laminar flow of
Newtonian fluids in transient conditions, failed to converge to physicalgvant resultsSimilarly, the
result obtained frominterPhaseChangeFoam  showed the onset of flow separation, and an
attendant extreme unsteadiness, at small wall angles. Since these flow regimes were known to be

exclusive to much larger divergence anglde interPhaseChangeFoam  results were considered



Page]| 30

unsatisfactoryNext, the simulation was carried out using thiempleFoam solver.simpleFoam is an
incompressible, steadstate solver that allows for turbulence modeling. This solver is based on the
Semilmplicit Method for Pressurkinked Equations (S.I.M.P.L.E.) algorithm which solves the Navier
Stokes equations through an iterative method. It models velocity field and the density normalized gauge

pressure field across the specified mesh.

As will be shwn in theresults section, the results obtained from this solver did conform to

physical phenomena and were considered satisfactory.
SIMULATION SET:UWESHBOUNDARYONDITIONAND TURBULENCE MODEL

Both computational domains were meshed using OpdnBOQ & Y I GA GBS YS&AKAY:
blockMesh . In each case the relative orientation of the domains was the satme XHirection was
the streanwise or axial direction, the-firection was the radial direction, and thed#fection was

neglected due to the two diensional, axisymmetric nature of the chosen mesh.

All smulations were allowed to reaahn  p8ti. Given the residuals obtained from each of the
simulation cases, convergence was reached at an earlier(fonenost cases at @& i). However, it
was concluded that the simulations should be run for an entire second in order to ensure that any

particular flow regimes would have enough time to appear in the computational domain.

As was mentioned above two sets of simulations were run. Since eachpsets essentially

independent of the other, they are presented and discussed independently.

VSINGLEBLOCK MESH

The frst set of simulations conducted was the singleck mesh simulations. The designation
given to this set of simulations is directly related to the number of partitions that exist in the mesh. The
blockMesh utility requires that the computational mesh bévitled into units, or blocks, defined by six
vertices in threea dimensional space. Since only one such block was required to define the

computational domain, this case was designated as sioigiek mesh.



Page]| 31

From a modeling perspective, the

mesh in the singlbdlock case attempts to wedge patch 2

model the flow field inside the draft tube

Axis of symmetry

.=

alone. In order to do so, an axisymmetric,
two dimensional approximation of the
. wedge patch 1
conical geometry of the draft tube was
employed. InblockM esh, these types
of approximations take the form of a

wedge shaped computational domain wedge aligned along

coordinate plane

that straddles one of the coordinate axes

. Figurel8: Schematic oixisymmetric mesh in blockMes{20
and whose wedge angle is lesativ JA ° y =0

schematic representation of the axisymmetric mesh is givefigarel8. The final mesh generated was
a structured grid ob tteells in the Xirection byu ttells in the ¥irection, andp cell in the Z

direction, with a mesh gradingf p 1 ln the positive Mirection.

Table4, Table5, andTable6 presentthe coordinates of the points employed in the definition of
GKS O02YLJzil GA2ylf R2YIAYyIZ GKS R2YlFIAyQa Tl 0Saz I yR
in mind that a wedge agle oft dvas employed in the geometry of the computational domain.

Table4: Coordinates of points used in the definition of the computational domain insingld 2 01 OF aSa F2NJ I g1 € ¢

PointID# | X Y z

0 -1.3716 0 0

1 0 0 0

2 0 mrx op® x pPORA T AT ©J 8t x o pd x pPOpA+- OEJ J

3 0 X op® X pPOA - AT ©J -8ty op® X pOpA - OEJ J

4 -1.3716 7.298E02 -2.549E03

5 -1.3716 7.298E02 2.549E03

Table5: Patches employed inthe ithe singled f 2 01 YSaK OF &a8a 6GKS ydzvoSNE Ay (GKS acl 0Sa¢

points used to define that particular fee in the computational domain)

Patch Name Patch Type Faces
inlet patch (0,5, 4,0)
outlet patch 1,3,2,1)
walls wall (5,2, 3,4)
bottom symmetryPlane 0,1,1,0)
front wedge 0,1,2,5)

back wedge 0,4,3,1)
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Table6: Summary of mesh parameters for singldock cases

Number of Blocks 1
Mesh Type Structured
Cells in Xirection 500
Cells in Mirection 50
Cells in Direction 1
Number of Cells 25000
Mesh Grading 10% Ydirection

The figure below shows the location of the points used to describe computational domain as

well as the patches defined in it.

front outlet

bottom

@ (b)
Figurel9: (a) Location of points used to define computational domain and (b) location of patches in the computat@nrakin

The boundary conditions defined for the singhesh case conformed to those properties that
were known to the designer, namely: outlet pressure, inlet volumetric flow rate, and no slip at the walls.
Given the fact that the average volumetric flow rate wels ¢ X & Ufi and that the inlet diameter of

the diffuser wasi® 1 ¢ @ uthe inlet velocity boundargondition was determined to be& v odfi .

The outlet pressure boundary condition was defined as the hydrostatic pressure for a point
submerged in wagr by a length equal tp Tt f the length of the draft tubed & q® §. This boundary
condition was defined as such because the draft tube had approxinatalyof its length submerged
during testing. Thus, rather than defining atmospheric pressure adiffuser outlet, it was concluded
that the present boundary condition would mimic the pressure conditions inside the flow field in a more
accurate manner. Also, as was mentioned before, wadls patch was given a fixed value of zero

velocity at its sudce in order to model the nelip condition.
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It is important to note that these boundary conditions are, to some extent, arbitrarily set.
However, this is not to say that they are invalid. Indeed, given the system nature of the draft tube
turbine-intake @sing arrangement of theH 1000 it was necessary to make an assumption concerning
the flow conditions in the draft tube. As was pointed out earlier, this assumption was the inlet velocity.
Nevertheless, for simulation purposes, this assumptioaswalidsince it was applied uniformly across

all of the OpenFOAM cases. This ensured that the design objective was properly optimized.

The reminder of the boundary conditions were left unspecified (denoteddrgGradient )
in order to allow thesimpleFoam solver to calculate their values. The table below presents a

summary of the pressure and velocity boundary conditions.

Table7: Pressure and velocity boundarynditions for singleblock case

Patch Name Pressure Boundargonditions Velocity BoundaryConditions
inlet U,=2.50 zeroGradient
outlet P=1.38 zeroGradient
walls zeroGradient U=0,y=0U,=0
bottom N/A N/A
front N/A N/A
back N/A N/A

MULTIBLOCKEXTENDEMESH

The second set of simulations carried out was based on the-oltk extended mesh cases.
The motivation behind this new geometry was multifold. First, a different geometry and boundary
condtions would allow for the corroboration of the mesh and boundary condition independence of the

results; and second, an expanded mesh allowed

for a more complex and therefore realistic

model of the flow field.

Keeping with the spirit of a more accurat
modeling of the physical system, the mitiock
extended mesh was defined to be the draft tub
along withthe accumulator tank The dimensions

chosen for the tank addition were identical tc

Figure20: Mesh blocls that comprise the multiblock computational

those of the tank being used to test the domain
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prototypes. The depth of the tank from the rim of the draft tube outlet to its bottom and the tank
diameter both were measured to be® @ (¢ ¢)8AGo, in a similar way to the singiock cases, the
outlet of the draft tube was defined to besubmerged into thednk by a length equals @ 1 f its
length.

The increased complexity of the computational domain required for multiple blocks to be
employed in the construction of the meslkigure 20 shows the location of each block in three

dimensionak space.

Table8, Table9, andTablel0 present the coordinates of the points employed in the definition
ofthecomputa? y I f R2YFAYyX (GKS R2YFAyQa FIF0O0SazX FyR YAaosS

wedge angle of dvas employed in the geometry of the computational domain.

Table8: Coordinates of points used in the definition of theomputational mesh inthe multio £ 2 01 OF aSa F2NJ g f ¢
0 -2.032 0 0
1 -0.660 0 0
2 -0.660 8t X o p® x pOPAT- AT ©J a8t x o p® x pPOPA+- OEJ J
3 -0.660 X op® x QA+ AT ©J @t x opd x pOpA+- OEJ J
4 -2.032 7.298E02 -2.549E03
5 -2.032 7.298E02 2.549E03
6 0 0 0
7 0 3.300E01 1.152E02
8 0 3.300E01 -1.152E02
9 -0.660 i op® X DAL mindl OJ X op® X A+ TinmOE]J
10 -0.660 X op® x DAL minmdl OJ X op®d X A mEimOE]J
11 -0.523 X oD X DA+ ™indl O mix oPpd x O+ mWimOE]J
12 -0.523 @i x oo p® X AT+ mrm Al OJ T8t X 0 TP X AT 8T OE] J
13 -0.523 3.300E01 1.152E02
14 -0.523 3.300E01 -1.152E02
15 0 ix opd x A+ mimAl OJ X op® x OAF+ mimOE]J
16 0 X op® X AT meimdl OJ X op® x O+ meimOE]J
17 0 X op® X pPOA - AT ©J a3t x opd x OAF- AT ©J
18 0 m8rx op® X pPOPA - AT ©J 8t x o pd x pOPAT- AT ©J
19 -0.660 3.300E01 1.152E02
20 -0.660 3.300E01 -1.152E02
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Table9: Patches employed in the in the mulblock cases Table10: Summary of mesh parameters for mulbilock cases
Number ofBlocks | 5
inlet patch (0,5, 4,0) Mesh Type Structured
surface patch (11, 13, 14, 12 Number of Cells 31180
(5, 2, 3, 4) Cells in XDirection 500
(2,3,10,9) Block A Cells in YDirection 50
(9, 10, 12, 11) Cells in Direction 1
walls wall (6, 18, 17, 6) Me§h G.radirllg 10% YDir.
(18, 16, 15, 17 Cells in XDirection 60
(16, 8, 7, 15) Block B Cells in ¥direction 50
(7, 8, 20, 19) Cells in Direction 1
(19, 20, 14, 13 Mesh Grading | 10% YDir.
(0,1, 1,0) Cells in >Direction 60
bottom symmetryPlane (1.6 6 1) ook Cells in \Direction 3
(0,1, 2, 5) e Cells in Direction 1
(1, 6,17, 2) Mesh Grading | No Grading
front wedge (2,17, 15, 9) Cells in Xestn 60
(9, 15, 7, 19) Block D Cells in Mdirection 30
(11, 9, 19, 13) Cells in Direction 1
©,4,3,1) Mesh Grading | No Grading
(3, 18, 6, 1) Cells in Mirection 40
back wedge (10, 16, 18, 3) Block E Cells in Mdirection 30
(20, 8, 16, 10) Cells in Direction 1
(14, 20, 10, 12 Mesh Grading | No Grading

The figure below presents the spatial arrangements of points and patches in the computational

domain of the multiblock extended mesh.

Figure21: Location of the points required to define the multnesh cases and patches in the computational domain
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As may be inferred froriiable9, the boundaryconditions for the multblock case are different
than those of the singhkblock one. While the inlet velocity condition remains untouched, the pressure
boundary condition nhow migrates from the draft tube outlet, which has now become an internal face of
the computational domain, to the surface patch. At this patch, the pressure is given a value of
atmospheric. Since the objective of the middtock mesh is the modeling of the draft tube and the
accumulator tankthe edges of the tank extension were definasl walls and the nglip condition was
applied to them. Finally, it is important to note that this boundary condition arrangement is but an
alternative and equivalent manner to model the physical system. Indeed, since the surface patch has
been placed at height equal t@ 1 Pf the length of the draft tube outlet, the property fields should

not be significantly different from those encountered in the siAgleck case.

Tablell: Pressure and velocity boundary conditionsrfthe muiti-block extended mesh

Patch Name Pressure Boundargonditions Velocity Boundary Conditions
inlet U, = 2.50 zeroGradient
surface P =0 zeroGradient
walls zeroGradient U=0,y=0U,=0
bottom N/A N/A
front N/A N/A
back N/A N/A

TURBULENCHKEIODELING

In both sets of simulations, Reynolds Average Stress (R®S)- model was used to simulate
GdzNbdzZ Syd Ft2¢6 AYyaARS GKS RNY FTa G dzpB@he tudledce Y2 RS €
intensity,"Qand a turbulence constart, , in order to calculate the turbulent kinetic energ®, and the

turbulent dissipation rate;. The equations for these variables are provided below:

Q7Y . , .. 0. 6 8 Qs
YQ — 0 VO~ 0 m8rtQ Q - YO 2
™ ¢ C a
: . Equation22: Turbulence
Equation20: Reynolds ~ Equation21: Turbulence q Equation23: Turbulent Equation24: Turbulent
b Intensity length scale Kineti o
number inetic energy dissipation rate

For the give inlet velocity ofY ~ ¢& v oiWfi, and the inlet diameter o ™ T @ my

the following turbulence variables were obtained:



Page| 37

Table12: Turbulence modeling variables

YQ 2.946 - 16
0 3.315. 107

0 1.022- 10°m
Q 8.415 . 10° m?/s?
- 1.241 - 10°m%s®

SIMULATIONRESULTS

The results obtained from the CFD simulations are present@alie13 and Table14. All fluid
properties in these tables refer to inlet or outlet conditiot8gure22 presentsthe relative location of
the inlet and outlet for both simulation seti addition to this, there are a total of three inlet atittee
outlet pressure terms in these tables. The first tefp, 7’ corresponds to the density normalized
gauge pressure. This is the pressure value returned bgithpleFOAM solver. The next term j , is
simply the conversion of the first termtb absolute pressure in Pascal. The final pressure t§tm,is

the gravitycorrected value. All calculations and design considerations were based on this gravity

corrected pressure term.

() (b)
Figure22: Relative location of inlet and outlet in (a) singlelock mesh and (binulti-block extended mesh cases

The analytical inlet and outlet pressure and velocity were also calculated and are presented in
Tablel5d ¢ KS&S @I ftdzSa 6SNB 200FAYySR o6& GKS F LILX AOF GA:
equivalent to those employed in the CFD simulation. All analytical and computational data is presented
graphically inFigure23. As is evident from this graph, the highest coefficient of pressure recovery is
obtained for a wall angle @@ J. Finally, detailed vector, velocity and pressure fields are presented
for a draft tube of wall angle— v°in Figure24 to Figure29. The results obtained for these property

fields for both sets of simulations and for all wall angles are presentdgpandixB: Smulation Results
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Table13: Simulation resits for singleblock mesh cases

P1a p* P2y P2a p2*

(Pa) (Pa) (m?s? (Pa) (Pa)
2 2.260 0.848 -0.644 100681 87239 1.344 102668 102668 204.0 0.779

3 2260 059 -0.823 100503 87061 1.346 102669 102669 206.6 0.850
4 2260 0440 -0.884 100442 87000 1.346 102669 102669 226.2 0.873
5 2260 0339 -0.894 100432 86990 1.346 102669 102669 255.5 0.877
6
7

2260 0.268 -0.877 100449 87007 1.346 102669 102669 293.6 0.871
2260 0.218 -0.843 100483 87041 1.346 102669 102669 340.5 0.857

p2a
(m?/s?) (GE
2 2.260 0.825 -1.863 99463 87366 2.15E02 101346 102691 327.3 0.738

3 2.260 0575 -2.062 99265 87167 3.32E02 101358 102702 292.1 0.821
4 2.260 0.423 -2.135 99192 87094 3.92E02 101364 102708 288.8 0.852
5 2260 0.324 -2.147 99180 87082 5.05E02 101375 102720 302.0 0.861
6
7

2.260 0.256 -2.131 99196 87098 5.99E02 101385 102729 328.5 0.858
2.260 0.208 -2.084 99243 87145 7.99E02 101405 102749 366.6 0.848

Tablel5Y | LILJX A OF i A 2gtatiénTor inviSditléchdizbris A Q& S

: Ry R U, U, Pia P2a
(deg)  (m) (m) (WO WD) (Pa) (Pa) i

2 0.07 0121 2260 0.824 87016 102669 0.867

3 0.07 0.145 2260 0.574 86842 102669 0.936
4 0.07 0.169 2.260 0.422 86766 102669 0.965
5 0.07 0.193 2260 0.323 86729 102669 0.980
6
7

0.07 0.217 2260 0.255 86710 102669 0.987
0.07 0.241 2260 0.207 86698 102669 0.992
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Figure23: Coefficient of pressure recoverys, vs. wall angleP

U Magnitude

0.4 0.8 1.2 1.6 2
NRANERN LI

0.06775563 2.2593999

Figure24: Vector fieldfor P J(singleblock mesh, velocity is given in m/s)
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U Magnitude
0.8 1.2 1.6

0.4 2
ARNRNRAAN LI

0.06775563 2.2593999

Figure25: Velocity field forP J(singleblockmesh, velocity is given in m/s)

P albs
88000 Q2000 Q6000 100000

86271.8689 102669.076

Figure26: Gravitycorrected pressure field foP J(singleblock mesh, pressure given in Pa)



Pagel| 41

U Magnitude
0.4 0.8 | 1.6

2
[ARRN RN (WE NN

0.0043462 2.2593776

Figure27: Vector fieldfor P J(multi-block extendedmesh, velocity is given in m/s)

U Magnitude

0.4 0.8 1.2 1.6 2
NENRRARN LIL]

0.00434621 2.25939325

Figure28: Velocity field forP J(multi-block extendedmesh, velocity is given in m/s)
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P abs
| ?O?OO 100000 »
86428.4461 109309.568

Figure29: Gravity-corrected pressure field foP J(multi-block extendedmesh, pressure is given in Pa)
DISCUSSION

Before engagig in the full analysis of the final simulation results, a brief discussion on their
correlation to the physical system and fundamental equations employed to describe it is s/@ras
pointed out earlier, simpleFOAM does not take gravity into accountSince the simulation
undertaken in this project involved vertical diffusers, the data had to be calibrated in order to yield
meaningful results. After a careful examination of the computational domain and the specified boundary
conditions, it was establig that the density normalized gaugeegsure at the draft tube inlefy 7",
was greater than the actual pressure at that location by an amount equal to the hydrostatic pressure
term there. That is to say, since no gravity was assumed, the absokrmddynamic pressure at the

draft tube inlet was given by the following expression:
n n Y v
-— - — — ©

¢ QG

Equation25: Approximation of presste at draft tube inlet forl
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YSG> GKS | LILX AOIF GA2y 2 7T daftubd/ifetzind duetiequibed e G A 2y |
presenceof a hydrostatic pressure term:

\Z rll ’i’Y ’?’Y
L

Equation26: Gravity-corrected pressure at draft tube inlet

This reasoning was also valid across the computational domain. Thus across any given points in

the axial directiorio and® , the corrected pressure, denotday ", would take the following form:
— — O Qo

Equation27: Gravity-corrected pressure across any two pas in the computational domain

All of the pressure terms discussed above @gnnormalized gauge pressurg,f”, absolue
pressurej] , and gravitycorrected absolute pressurg,) are presented ifTable13 and Table 14 for

each diffuser geometry

Having corrected the pressure field insidee computational domain, the results were now in
FdzZ € | O0O2NR ¢AGK (K2aS LINSAONAROSR o0& . SNyz2dzZ t AQa
pressure and velocity values across the diffuser inlet and outlet are present@dbie 15. A quick
comparison of these values with the ones obtained from the simulation will reveal that the
discrepancies in absolute pressure between them are equal ¢opttessure losses. Thus all pressure
changes are fully accounted for. As will be discussed below, further support for the validity of the
gravity-correction of the simulation results is given by the comparison of the computational data to

experimental reslis available in literature.

Having addressed the correction of the simulation results, a full discussion of their design
significance can now be undertaken. As was mentioned before, the design objective chosen for the draft
tube was the cefficient of pessure recovery . This value is tabulated Fablel3, Tablel4, andTable
15 for the chosen draft tube geometries and mesh types as well as foatadytical value obtained
from the inviscid, ideal casés is evident fronthese tables and fronfrigure23 there is a consistent
trend in the variatim of &6 with wall angle. As the wall angle increases so does the coefficient of
pressure recovery. This value attains its maximum—atu J Any further increase in wall angle,

however, led to progressive deterioratiai o .
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The attainment of a maxinm coefficient of pressure recovery for a diffusemofvall angle is in
full accord with expectations. Indeed, frofigure24 and Figure27 it is clear there is no stall in the
diffuser. These welbehaved flow fields are in agreement wiligurel3, which indicates that for the J
diffuser geometry the flow would be in a region between no appreciable stall and large transitory stall.
As was discussed earlier, this is the locality where onaldvexpect to obtain the greatest pressure

recovery from the diffuser.

In addition to this, the data trends shown Trable13 and Tablel14 are entirely consistent with
these results. By examining the inlet gravityrrected pressure in these tables, one can see that there is
a general decreasing tnel until the wall angle reaches a value@flFor— ¢ And— ¥ Jhe inlet
pressure shows an increasing trend. This behavior is in contrast with that shown for the analytical,
AYyP@AaOAR @l tdzSa LINBRAOGSR o6& GKS LW AOLGAR2Y 27
values the trend is purely decreasingnidl discrepancy is due to the fact that viscous losses become
predominant beyond a wall angle of JThis clearly indicates that the §eometry is the one that offers

the greatest pressure recovery without incurring in substantially detrimental presssses.

CORROBORATION WUALIDITY ANBOBUSTNESS GBEMPUTATIONAUODEL

The corroboration of the validity of the results presented in the previous section was
undertaken through a number of avenues. First, the computational results from the 4ilogle mesh
cases were compared to those of the midtock extended mesh in order to determine boundary
condition independence; second the mesh size was varied in order to determine mesh independence;

and third, the convergence of the results was determine@xgmining the residuals.

¢KS FANBO O0SYOKYIN] 2F @GFrftARAGE 4l a GKIGO 3IAADSy
field geomety and boundary conditiong.ablel3 and Tablel4, as well ad-igure23 displayresults that
are consistent in trend as well as maximum value, thus establishing such independence. Moreover, the
percent difference i between the singlélock and multblock cass, which is presented iffablel5,

showed moderate values.
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Tablel6: Comparison of simulation results (results from single draft tube cases takemefsena for % difference calculation)

‘6 R G % Difference

5.22
3.39
2.48
1.87
1.43

7 1.10
Average 2.58

(2R RIF~ NGV RE \V)

Next, the independence of the results from the size of the mesh was determined by varying the
mesh and analyzing the results obtained. The tables below show the results for both types of mesh with

p T Ttd# the cellsp T Pf the cells, and, v f the cells sed in the simulation.

Table17: Comparison of results for different mestizes for singleblock mesh type

Mesh U U, Pid P1a P P P2a p2* Hoss cp
(m/s) (m/s) (Pa) (Pa) (Pa) (Pa) (Pa) (Pa) (Pa)

100% 2.26 0.339 -0.894 100432 86990 1.346 102669 102669 255.5 0.877

50% 2.26 0.339 -0.901 10045 86983 1.339 102663 102663 254.8 0.878

25% 226 0.338 -0.936 100390 86948 1.339 102663 102663 220.3 0.891

Table18: Comparison of results for different mesh sizs multi-block extended mesh type

UZ pld : * . . p2a pz* Hloss

(m/s) (Pa) (Pa) (Pa) (Pa)
100% 2.26 0.324 -2.147 99180 87082 0.050 101375 102720 302.0 0.861
50% 2.26 0.309 -2.163 99164 87066 0.042 101367 102711 299.7 0.864
25% 2.26 0.314 -2.244 99084 86986 0.018 101343 102688 241.2 0.886

As can be observed ihable17 and Table 18, the coefficient of pressure recovery converges

towards those values used the simulation. Thus there is very little variation in the results from the

p Tt TtrRresh to those of the Tt IPnesh.

Finally, the residuals from the two meshes for thejeometry,presented inFigure30 (a) and
Figure 30 (b), show residuals well below p 1 aftero Tm@i for both cases. This unequivocally
suggested a strong convergence of the results. The plots of the residuals for all simulation cases are

presented inAppendixC Smulation Residuals
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Figure30: Plot of the residuals for (a) singlelock and (b) multiblock meshes for Jwall angle diffuser

PROTOTYPES

In any research and development project prototyping results in one of the most expensive
endeavors. Not only may the operating environment force the use of high end materials but
manufacturing the piece itself can also be costly. A fully functional migdvokurbine draft tube
prototype must have many advantages over the competition in order to justify its development. It must
perform better than its predecessor, be more portable, easier to deploy and highly flexible. As such
choosing the right materialral consequently the right manufacturing process can not only improve on

the design but also make it cost effective.

On a micrescale, the draft tube can be made of plastic and hung from a pipe extending below
the turbine. However, sheet metal may also &mployed as a prime construction material for a draft
tube. It can be easily formed into the desired shape and additional components can be welded onto it.
Draft tubes can be bolted, clamped, or welded securelyhte intake casing in a micro/tiro scheme

providing for a more compact and portable design.

Although the use of plastic is highly enticing for the prototype development of this project it is
hardly the economical solutionAs it turns out manufacturing plastic is very expensive due to the
process itself. An injection mold must be made especially for the geometry specified in the
ComputationalHuid DynsmicsSmulationError! Reference source not foundection. And although the
aterial must also be melted down, suggesting high energy consumption, the construction of such a mold

is much lucrative for one prototype. Thifsonly one must be made the price tag jumps up to the
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A fit i@ hallpark. If, however a few more products with the same specifications are made, i.e. uses
the same mold, then the price drops significantly. So much so that making the second prototype would
reduce the manufacturing cost to aboAto BuTiAs such if this product goes into production the use of
plastic rather than other materials is highly justified due to its high specific strength. However
cardinal goal of this project is not the prodign of a draft tube but rather is performance and as such

only one prototype is needed for testing.

Sheet metal is a great alternate solution to the manufacturing problem mentioned herein. It is
very strong even when produced from a very thin strip. Thénngancern when choosing the thickness
of the sheet metal is the possibility of the piece buckling under operation. Thus the final sheet metal
prototype must be thin enough to be able to be carried by one person and supported by the- hydro
i dzND A y S Sléeve Ndlndled. SOR the other hand it must also be strong enough to withstand the
pressure differential experienced in its internal flo@heet metal fronp¥o ¢ t6 ofo ¢waall thickness
NS aStSOGSR F2NJ 6GKS RNI Fi ( dzwes Qigher lpixitBbRtdaghilerty @ ¢ K S
latter while thicker and heavier is a lot stronger. By making a prototype out of sheet metal the cost is

reduced bypfu from the plastic alternative making it feasibledevelopother areas of this project.

Thanks to theeconomic manufacturing of the draft tube using sheet metal two ideas were
explored, namely the single piece and the segmented piece. Furthermore the reduction in cost also
allowed the development of a highly experimental collapsible draft tibealike thesegmented one,
which stores its sections much like a telescope, the collapsible draft tube can be dismantled into its
constituent pieces allowing very low storage volume. Its components are nothing more than an
assembled skeleton with an impermeable skirapped around it.The materials used here were also

analyzed in its cost effectiveness and ease of acquisition.

A prime material for the outer skin of the collapsible draft tube is Gler, a wateproof
breathable fabric. It is mainly used for the ootit enthusiasts and military personnel to protect them
against the elementsYetthis mataial is highly lucrative due to its water repellency and breathability
properties, namely with a price tag of ovarfy Ttdu rfor the requirede TG Ttand pFp @tbick strip.

Thus it is out of the question to even fathom constructing the collapsible prototype out of this material,
considering that other areas of the project require monetary funding as well. The collapsible skeleton
can be made out any tubing material lemg as the weight and cost is maintained as low as possible. But
also the structure must be sturdy enough to withstand the operation conditions in which it will be

subjected to.
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An economic solution to the GoiEex outer skin, for the draft tube, comesthe form of PVC
liner. At an outstandingly much lower price this material offers the water impermeability necessary for
the successful operation of the draft tube. Although PVC liner is much more susceptible to heat and less
resilient than GoreTlex it makes up for it in its abundance and workability. It must be noted that if a full
production of this product is justified then Geflex would result in a higher quality product; however a
low budget must be maintained in this research and development praj@hout compromising the

integrity of the prototype in question.

The skeleton of the collapsible draft tube will be constructed out of copper and plastic rings with
copper rods as the supporting framework. These materials where chosen because theigldye h
economical, easy to find and work with as well as light weighhowever more reduction in weight is
needed more plastic tubing and less copper can be used. In as much as the skeleton supporting rods can

also be made collapsible with a simple lingechanism.

All in all these prototypes represent the minimum possible requirements for the draft tube to
successfully operate. This means that the most economic materials and form of manufacturing were
chosen without compromising the structural integriand operation of the prototype. This especially
true since all of the prototypes presented herein were constructed by the tesmbersin order to
further reduce production costsOf course skilled labor was appropriately hired for specific

manufacturing processes where experience and quality are required, i.e. welding.
PROPOSED DESIGN

The purpose of the single piece sheet metal prototype is to improve on the total imychm-
turbine system efficiency by maximizing the pressure recovery. This can be achieved by simply
increasing theommercially available® Jwall angleto the optimalu Jound in the CFD analysist this
point no packaging optimization has been conedivn as much as the newly constructed piece has the

same, if not worse, transportation value.

All in all, the construction of the singfgece draft tube prototype was a muisiep procedure
that involved a number of manufacturingrocesses, such as bendi plasma welding, CNC laser
machining, and forgingrhe sheet metal material was first cut into two plane segteash equal to half
of the surface area of the draft tubdy a laser CNC machindext, the sheet metal sectors were bent
with the help ofamechanical press. Care was taken that the desired radius at the outlet and inlet were

maintained throughout the bending process.
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Next, any defects or deformities that may have been acquired during the bending process were
corrected by placing each half the draft tube across two circular members whose radii were roughly
those of the inlet and outlet. Employing a rubber maze, the material was forged into the desired shape.
Even though at this points a number of operations have been performed to ensatdhe desirable
geometry was obtained, when it came time to join the two sides of the cone they did not match up. In
fact, it was not until the welding of two halves that the draft tube acquired its final shape. However, the

fact that each piece did natlign perfectly presented another layer of difficulty to the overall process.

Finally, a makeshift workbench was fashioned from a table and a section of pipe of
approximatelyu @iameter available in the machine shop. Since the table was made out of stee
members welded to a large steel slab, it was possible for the pipe section to be welded onto the top of
the table. Having secured the pipe, the two halves were brought together and held at a position where
the edges of each half would be reasonably clasene another so that an initial tacking weld could be
made. With great care, the two halves were subsequently bent, pulled, raised with a lever, and pushed
against one another so that both edges would be at roughly the same level, thus allowing oy taki

welds.

Once both sides of the draft tube halves had been tacked together, the joint between the two
halves was reinforced by a continuous weld. The final step of the manufacturing process was the
creation of a lip at the draft tube inlet by welding lairt strip of metal the appropriate size of the inlet

diameter to the exterior surface of the draft tube very close to the edge of the of the inlet.

Figure31: Thecommercially availablalraft tube (left) made out plasticandthe single piece proposed design draft tube (rigmtade out of

sheet metal
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Figure32: Manufacturing process fothe single piece draft tube

ALTERNATE DESIGNS

The following designsexploit the packaging idea suggested throughout heject Although
some efficiency is sacrificed due to tseucture of the draft tubes themselveshe transportation value
is increased dramatically=or once, these designs address other aspects of the coomigravailable

product that can be improved; namely the flexibility, portability, and ease of deployment. Furthermore
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in order to also have an edge against the stock design these alternate draft tubes were constructed

using the same wall angle as theglepiece,u J

As such kernate designs were constructed using the same geometric specifications as
suggested by theimulation results. ldwever the proposed design lackse packaging enhancement
provided by the following two designs. The first of the teumgests a high flexible solution if different
head conditions are available in the same river skesegmented draft tube has the ability to adapt to
its everchanging environment by simply adding or removing its constituent segments. Thus different
heads can be provided for theH 1000micro hydrceturbine schemePlus its sections can be easily
stored inside one another improving also it portability. However no design is as portable as the
collapsible draft tube. Its lighteight and compaewhendisasembled designhighly shaves off
unwanted weight and volume when needed. This last alternate design is perfect when traveling to
remote river sites where lightweight and portability are a must. In the end the term alternate design is
actually a misnomer sie these two prototypes may also perform at the same level as the proposed
design and if so may also turn out to be even better suggestions for a product dudantetnhancement

in packaging

THESEGMENTED DRAFT TUBE

This prototype was fabricated muchehsame way as the aforementioned single piece draft
tube was. One piece of galvanized sheet mef#t; ¢ thick, was marked in the flattened shape of two
half cones following the directions FRigure33. Notice that although-igure33 only portrays one full
cone the final piece can be easily cut intootthus forming the two half cones. One key difference in
this design is the addition of four connecting flanges, which allow the final prototype to be dismantled
into three segments. These sections where then cut out of their respective sheets with a teompu

numerically controlled (CNC) laser.

Due to the complexity of the conical shape rolling the piece into shape was out of the question.
Rather a quantized number bends where performed at strategically placed markings on both the inlet
and outlet arcs. Aress brake would bend the metal at approximatg® x for each of theg ynarkings
ensuring a fulp Y wldsure in the end. Keep in mind that this operation lacks both in accuracy and

precision, thus the bent pieces must be forged into their final shapsure a quality product.
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The next step in the

manufacturing process of the How to Make a Cone
) (in 6 easy steps)
segmented draft tube involves the

tacking and welding of theonical —\
halves together Subsequently he Q 1
two correspording edges must be 1. Draw outine of cone

and note all dimensions 2. Extend side ines 1o

brought together andlushed with = e

A
Y
A
Y

one another as they come intg

contact; any gapping here wil m \ -
surely affect the quality of the final
piece. Tacking along the entire 4, Cu th circesat e “rand anl

Angle = 180((Dig-Dsm)/Lside)
: Or use calculator here:
length of the diffuser ensures zerc 3. Draw Grcles that pass through the hitp Ryt comywhmg
top and bottom corners of the cone Use diameters of the finished cone for
calculating, NOT the drawn circles.

B

shifting of the edges securing the

two halves togetherlt should be
kept in mind that although at this
point the prototype has taken its

5. Add extra material on one edge for 6. Erase witness lines to leave
overlap at joint. 1/4" - 3/8" is typical the final cone pattern

(¢

final shape its yet to be water

proof, in as much dcking is a

preliminary step. Finally the entire Figure33: Development of a cone
seam isplasma welded together
closing any gaps thahay allow any form of water leakage for the draft tuldl welds where then

grinded down enhancing the aesthetics of the design.

Segmenting the now fully constructed and functional draft tube required some ingerthity.
flanges were introduced into the newly formed diffuser from the inlet. They were welded to the draft
tube at the naturally resting point where further slidimgas unfeasible Next a cutting wheel was used
to separate the lower and upper portions frorhd flanges. Matching flanges were then weldedhe
rest of the sectiongnsuring a seamless match between each segment. Four flanges make a connection
for a total of three segrants with appropriately sized fasteners. Furthermore waterproofing is
conceivel in these connections with medium soft gaskets. Lastly and most importantly a lip was welded
Fi GKS @OSNER (AL 2F GKS RNI Fi nitdgteS ey setbatks dgifar ast K S

system integration is concerned.
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—_

Figure34: The segmented draft tube
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Figure35: Manufacturing process fothe segmented draft tube

OPERATIONAL ANALYSIS

This prototype design raisesnportant questiors that must be answer and addressed
accordingly Will the connections leak during operatio@2n the turbine support the weight of the draft

tube?








































































































































































































































































































































































