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a numerical study of flow structure in
Kaplan turbine’s draft tube
under partial load.

Abstract :
This research presents numerical simulation of the unsteady flow
field inside the draft tube of a Kaplan turbine at part load condition.
Due to curvature of streamlines, the ordinary two-equations
turbulence models fail to predict the flow features. Therefore, a
modification of the Shear Stress Transport (SST-SAS) model is
utilized to approximate the turbulent stresses. A guide vane,
complete runner and draft tube are considered to insure the real
boundary conditions at the draft tube inlet. The outlet boundary is
assumed to discharge into the atmosphere. The obtained pressure
fluctuations inside the draft tube are in good agreement with
available experimental data. In order to further investigate the RVR
formation and its movement, the A2 criterion, relating the position
of the vortex core and strength to the second largest Eigen value of
the velocity gradient tensor, is employed. The method used for
vortex identification shows the flow structure and vortex motion
inside the draft tube accurately

Key words : Kaplan turbine , draft tube, turbulent flow, CFD,
partial load.

12




P E AT P 2022 sle 17 amll 44 el Ead) daaly Aa

1dania —1

sl ane (I LBEP _alaall 50Ul ddaii die Jeall sale Agll ciliiall aons
523l Alal) danlise 5255 Bl e (dlall b il il (5o culilliie
G U e Ageaill dgaall 2la Cagyls die Jeall Akl Ciliially lgapen pds
Ao Cinal Lediived) Ald) Clitall alaes (g)al LAl e il Jeal) NS
Gillasal Jaall Jlaes 566l ompal) Gellaind o JS Cpmend Cany L apaaill 2 i
Aglead QU Gl oIS Aol llaaall ds Waapaas &y Al Al ddlal)
3t Jlea) (s35 8 Lamgll Glids Jhall GRS sl dby osale LY
il G Aals e e ol dsas] el Ggaly g5l G
Jeall Cagpl die Lo Gyl gl 3 i) e gloal) deany Gyl
330n zld Allal) Culiiall A3dal) Auhall et 8 el L dpepenaill ddaiill s

1] sl Al )08 paun Lgapanal 2le s apanal

gl Aal)l A8l Jysanl Al Adiall e zyde die Caypail) Casal Sy
Cagpatll sl 4 cleluall ge %50 ) deay b doany 28 L daiia 33U
chpall @y g layY) daidie cliel) s iS Slo Lo Lle Gl il (aidis
Dkl Jlasil Cuiatl lall =yaa 8 Ghsall 4aeS Jant Lyl il o ol 20
Ghs A Moy diiall Ageall gk v 147 i dual Jagyda Uy e
e pul) Limiiie didaie dgmgn Chaly (sMls Aalgall Gl 55 Laa lsall zyda die
Sl Al d by caatiall 3 oellyy clbal dphse Amy jaam 8 Al
s Cippaill sl (4 JUaal) 5085 225l duaidie Las Gl el LRVR
Ohsall sale) dihaie G Jualdl) mhadl b adipe oo slga) pe IS RVR G
liie Cypat cwll 3 RVR e gleg asag Bagd [2-4] gloall il
v AN Wsaall g %60 o B vie Sglall gsll duasy L[5] Gapid
RVR g5 iy 85 dalsall S 5alls Joand 38 ¢(%85 a) el dfja <¥san

Gyl sl 8525 ST lakia il e lil) gl IS . ol gl g5l
13



i jad) A gaall die ¢SS Al Ciy el gl B sl A dpase A o

ol Jeall xie sl sale) Ailaie dmg Jliy (IS L Adial) Ay JalSy yumy
dpsaall dejull (e ayiys SUl Aalial ddlaial) Jly Lee cAdiall £1d 0 RVR pa
O Al Olpall el aac s sl dejud) 505 ajan . Ohaadl e AL Glall

A el cleluall (e laall

Slosugdl by [6-9] dyaall liidl apaai Ciagy SIS dld) il
sl aselaill Gulad s Jaall Jlae 3

O A e Cappaill sl 8 iial ye lpald) Jss ALl cludall @S,
& oload) Ay eie QB ey [10-12] RVR (s 2351 dimidie ciliyl)
5, 13-17]1 RVR J& Ui 5l RVR 2 Caypeail) il

Al Gyl gl Jaly SEiall je oLyl baae Zhang et al [5] (wpe
Lisyda b pusSaall (snall loall o sas o all daall Cagyls DA aaish
JelS e olpal) (ulSail il L all Glyall ShEaY) aae 8 cadl s 53l
Laall LY HSaill (K A jlee Jleainl Gloal) A maa g 2 g S adata
zis Foroutan and Yavuzkurt [13,14] jsh . jleall Jagda o LS iy
zisad Jlexind of lsis PANS (g 58l cValedd s Jawgiey bl
Ll glajiul dele 500 o Gusy glpall @y sall PANS Q)
Liall g5l mshan Jaadind LApall Aseal) Cagyls die diald baaual) il

.RVR i

& baall @bily olpall 4 Javadi and Nilsson [15-17] uys <Jidse

Owall 4y e & Porjus U9 (BEP xie (LK ddie (ot g

Aalgay Aalae Gyl il 50 & Appudl) Aalsal) G i LQ e Jleaiasly

e Bypea G sl Ga ol Jealall depudl i o ge Al Bju e

Zisad alatiul Camy o olsall amy Cibadl agag Taagl 4l V) el clulall
14



P E AT P 2022 sle 17 amll 44 el Ead) daaly Aa

o3 Cuasl LS Aalpal) Aty iyl Gliyall Ay 50l Cangs cpan RANS_LES
RVR 35n5 oSaill Yiad S lsall Jagyda (e s s of G 381l

s olpall A Jea Al W deala B daaes dampad Sladl sae (g
3, 4, 18-20] Porjus U9 UK diic (e dalida slial 4 Slma¥ls )iy!
Gsal A Lzl @l BEP dhi aie Ly Al @bl JelS eyl
Cophall Aalga g Jelall s lagad SSY) o Sl Alalal) (DU ddie Caypead
dimidie aral) LS maad (gual Aali (e L[19, 20] Wlsa AL (haall
Lruall QA g dagads (N A5 Algeal) Cagyla vie ) o 2350
Moo oSl iy A lenstal) Plalal) Las Aipall A genl) die Loy aSall 3k

Seadl) e LS o gl A Al st Jea Al cluhall oS
Gt sl A hsall Glpad) A aaas Gl Jsla el \RVR 4l 384)
b Jss ) sehd s sl Jaadl LRVR JSiil aix all A0, oDLIS
o WAl diaats 4y Adal Aseall de PLK Caypal el Ll
453 abiall paps . olpall dlall c¥obed) 2 58l (s RVR 6 byl
sl 5 spall cuaad L Al e sl diphally el Ll z3sal

clabima )y sladll i

2l g igailly Laslal) ey alaal) -2

2 bl Bl ye 3 el da ol Gl el 4w ) Jaill ca¥alas

& oS il OVl ale k) (Sawg il Buday B juaall GVl
fod Al el G oS5 Ml 5 3 sl e A

ou;

ax;

=0 (D

15



i jad) A gaall die ¢SS Al Ciy el gl B sl A dpase A o

6ul+ ou;
P\ ot Uj 0x;
op a8 [ ox
axl- axi ax]

_(puiw)

L gidl ga o eyl QLY s Y’ c@fﬂwﬂ\b}m‘ﬁal%
Zlinds jalgh ) Cllgal e o (2) Abbaall Ga il dgall 85 58Y)
Ledat dlia) Yol

(2)

S5 dlea) et Jad Adal A 8 duel sal) Aa g3 23 sal Ak
: OS5 g suii Jad ddlia) Alalaall LS Sy el

— 2
—p(ujw) = 2u,S;; — §Pk5ij (3)

3 Sy ok Lkl A8 jal) A K edael sl das 30 o gy Cua
sl Jai¥) Jana s A€ jall il gl 38U Cojad s ) Jai¥) ) g
(5)5 (4) @Yaladll

k = 1 Y
= - (@) @

ou; 0u;
Sij = 2 <6x] + axl> )
Jii s 5 SST-SAS <l jhaua¥l 73 5a8 aadin) daal gall da 5l Cla Caagy
Olililea Ja3 ¢SST-SAS zisai A [21] ubiall 485 3lSlaa — il Mg
. Malee b la) jhae an aa (o s dagdll Jae) s k e IS
dsb (biaS GlolS ¢l Jshall (b aladinl e SST 73 5ail SAS sk

16



P E AT P 2022 sle 17 amll 44 el Ead) daaly Aa

SST zasai & i) axe dadai o 50l asy Lo 1385 ol sl
& a8 et il e Ghsall SAS Jleaiul aafy sl
[21, 22] & SST_SAS 4clua e J pasll Sy [22] dagadll (3 ykall
bl z3gall) -3

sliiey Vattenfall sgas 8 Porjus U9 PUIS diie (g 1:3.1 Gl z35a3
gl .0.5m Loy Hhad #3seill diiall Lyl (Alvkarleby i VRE skl
0.62m°[s (7.5m & Sl Jeall xie disall amgil) Ulys Caypeail o Ll
Aol cilild cusal JN=696.3rpm xic &l sl de e caiill e 20
Giba Op Al @S Dantec e LDA (oSas ()3 Shiss Slea Jleinly
Joale LAahide dledn clel) o Jpaall 3060 el L ¢ulasiias
Gl adlse 1 JS8) maagy o[3, 4, 18] & sasase HLEAY) ddases clulgl
U9 Gy sl andiiusa) (<N

8258

1250

225
sl pa el — A Slsal) Jiay Jlsall Jaud Gajall el JSa) 1 g
Lsye caila e 4 Jsl oa Ald) oda 8 Lkl Gluld Cueadiul Cayyeatl)

17



i jad) A gaall die ¢SS Al Ciy el gl B sl A dpase A o

:LJ.:.’RJ‘ 3&&»)”‘ 4
Audlly autigh JSi) 4.1

SRS e Aadaill el gl JSE oS5 (Melot et al [23] dee g il
4580 slSlaall Caagy .yl Caguls DalS lsall danly duasd 3ydd daaly Al
Jiaa Jlsall L lsall Jag e caadl Hlgall (3lai dial ¢ lsall g jaa (e il Olyall

i) gl e el — alind ally

ssasll Lpudans pualiall Caeriinl LANSYS — ICEM sl Jlextinly 40800 <l
Gl g e Al Ak cplad) Sl glpall 4383 3Slaall (Ll
UV

ks LU 5l WA e 2.6X10° 4Ll 48 LAl Jla) aaall ol
caill e (IX10%5 1.3x10° 0.3x10° 58 iyl sy lsall cagm il
(Capail) Csily dung 3R8/ANE 3il) Al Cllall o ela adaw 34N
i)y Eied) e Glpall A sl Ciagy L(Lhall) Ll Uaily
Slsall dibaiall (3135 slSlaall DA L Lin byl ge GGl A8l alall (ulaill Jalas
COdslaall cpidad) e o by ulaall i cavaly 3B ddlaiall 4 LBIAL
Laal) hag il 4.2

Lo a4 Al slSlaall e AU 5yil die Jsaall gasl) Layal) i
e bayi Gab Jaadl de ChlamY) sadl %5 ded ae olpall Ayl el
ohad) g Al Gl af Gl L ohasll Baall Lagdl e Laad GYRY)
oyl by il sl 2 yde ie (gyta Jaria e L bl laad) il Jlexinl

a gide

18



P E AT P 2022 sle 17 amll 44 el Ead) daaly Aa

Jall Lagle 4.3

slSlaall el . jisd) ye el Jal ANSYS-CFX (g)laill zalipall aadiiud
Jlasinly HLEYTs Jeall dgan caakad 3X107 dais duie) 3ohady 3yl e
e «central difference (534l (5,8l 48,k high resolution xijall bl
upwind adjla cuadinl Gl-laall PBla GhlasY) Gl oSl Cargs il
hasll iall o8 cilS 855 JalK sSladl (o) IS b)Y alas pokadl

107 e S Liay ks IS 4 )l Ay b cals I RMS a5l

dddlially milid) 5
Gaaill 5.1

Ajlie e eyl Crsal Jala hsall Glpadl Lol slSlaall e Giad Corgg
il \RVR e aals 50 Bla Llas o)l vie dyypeill cluldl) ae il
Ll cluldlly sl il Gy @ikl L (d) s () 2 JSal b dsiage
On bl mhau 3 1 haall Gubie pasy Jhaall ubie J) die Cama
seday cCapatl) sl 4 darall Gl aedd Gia cCapeail) Gasal — sl
O sl alaill g Uil ()< bl o (35 .1 JSE 8 bl e
Op g LapiS Sl Celall aadin) i) Glaill s mdadl Jaul SUaill ey
Slall culill BUaill e Canpeatll sl darcall QAN Jiy o caay . gl
Ll s Cappaill sl 4 Lkl Glbs aeds (JENT DALl
cilS .0.4928 daiy Luyad RVR 358 cona iyl il ae 4815 g)aY)

.0.488s Laac dlialal) dagml)

19



i jad) A gaall die ¢SS Al Ciy el gl B sl A dpase A o

Exp. (P1) Exp. (P2)
Num. (P1) Num. (P2)

w W ) ® 1000
e e
- b E
@ A \ @
o / o
g o
& { ‘ \ & 1000
Wy
-2000
3000
1 1 1 )
40005 0.2 0.4 0.8 0.8 400
time (sec)
(a) (b)
. Exp. (P3) _ Exp. (P4)
4000 Num. (P3) 4000 Num. (P4)
3000
2000
= 1000 =
e e
o o
5 o0 5
7 "
0 '3
O o
o 1000 Q-
-2000 -
3000 -
4000 1 L 1 L L 1 L J 4000 L L L L Il L Il s J
0 0.2 0.4 0.6 08 0 02 0.4 0.6 0.8
time (sec) time (sec)
(©) (@)

] ALl (a) cchpaill apal S diline adlse ve Tkaall il d5lEe 2 JS4)
4 3k (d) <3 il () 2 Akl (b)

ol 4 5.2

andl JlebY A2 Jleay 4 Jbae (Q Jlse Adgpre pplee A0 Crensil
aad e 4)iiad 12 lee aasind Jal deall 3 [24-26] olpall Ayl
S ¢un SH07 gl Al 5,80 A9 Aad) e A2 e i LAl 3l
AL dedll Jasp el zom el syl ey syl slaYl 8 0

alsall 315 dalaiay 12 laall

20



P E AT P 2022 sle 17 amll 44 el Ead) daaly Aa

Jlerinly Caypeaill Cogaif Jala sl Glyall Ay aaas 3(b) 5 3(a) JISEY) aais
Ay aaay ) Tl b of ae i) o A2 by (S3Y) haal) las
Gl Jaly clelsall Galide fp Suall Jde 30l cad 45l of YY) (RVR
J<am Al Caplall dalsa L3(b) JSEN 3 el iy Adaadle (Say iyl
odea Jlae JlE5 sl aap Caphall dalsal LRVR s Jlall g A
b by 5, e 25 LW RVR (K1 (2(a) JLil) Laacall bl
Db 8l Asiage goSU andl RVR olxialy olysall jema .(2(d) JSall) s
DY) b ae iy Ley Adpplall o3 8 Aauals Al o ) 8)LaY) aas A2

4] ¢ )sed) i Jlaninily

A el 3ale) Aasdle oSy -JAN Lag e ad b dejud) dedl el
Sl e olsall sale) hlie aiss LRVR (jhs jsae (e wjilh RVR
allea) Caypeaill gl 3 S (e Jlig a0

JSay 4 ISl L Adlia Aysan dpuape ahlie die Gpuledll dejud) ol el
dahie A dpuleall depull moal Aguladd) deyudl 3 Liay alie add RVR )50
(Al g dad KU el 8 duleal Aol (6S cpn 8 Al Liall eyl
o hat IS RVR Jany - glpall dalS e diliae RVR )58 G pu (55
Olalls RVR () galss osilpa o delill e RVR S 5a i 1yl daia
Asr SO Al 38 i of RVR (8 aSaill g5l o oy o ((Jlaa!

Ol e Ay sl Bylsall Aasiiall

21



i jad) A gaall die ¢SS Al Ciy el gl B sl A dpase A o

ANSYS

%160
g

ANSYS

w60

Tip Vortex

- Reverse
Flow Rotating

Vortex Rope

(a) (b)

s s (A) DDA Ge saase ol sl Jaly glpall 4 3 J<a

ANSYS

R60
Acoden <

Vtan2
Contour 7 Vlang

4.0e+000

I 3.5e+000

3.0e+000

| 2.5e+000

2.0e+000

1.5e+000

1.0e+000
5.0e-001

0.0e+000

-5.0e-001

-1.0e+000
[m s”-1]

o !4= slg.n {L <
zease RVR (Cappaill Casl (e dilide adalie aie 4yl depull 7o 4 S
darall gl sl DA (g

22



P E AT P 2022 sle 17 amll 44 el Ead) daaly Aa

alalitiuy) 6

e Capeadt sl e Jlsall lpall spld) Al e e didad sl
Gl e diilgie Lol S8l il LAl sSladl) Jlaaiuly U9 DL
SST zisaly il e Jaalll Jlaninly s\Slaal) (Al L lsall any dal Ayl
OSags Capaill Gl pam glpall (B LR sy gl e 506 Jae
ia o Al ) jelan Agial) Ageal) die daiall AalaY) Aufpall Lgalaiiiud
Gyt sl e 2053l Aumddie Jatim il JS Cagpalll gl 4 RVR
A2 s dhauds RVR duy ciooa . uaid Caypad sy Jilee J< o DLIS
Cayhall dalgn Cajels (S L Caypaill gl g8 2 Ll sy 3 RVR O s
RVR aSaiys lsall aey Caphall Aalgy aai ¢ Lally Sloall g Jelall dags <)
W pm oS A Glal) Ay (A s g el gl Jala (sl Glyally
O Gy bkl 8 205l Acaidie LAl (mids e sy0li sl RVR

LAY duh)aS ojlie ] g Ay BLIS Hlss (e oliall anaily Jaadll ()55

23



i jad) A gaall die ¢SS Al Ciy el gl B sl A dpase A o

gabal

[1] S. Mauri, "Numerical simulation and flow analysis of an elbow

diffuser," 2002.

[2] U. Andersson, An experimental study of the flow in a sharp-

heel Kaplan draft tube: Lulea tekniska universitet, 2009.

[3] P. Jonsson, Flow and pressure measurements in low-head

hydraulic turbines: Lulea tekniska universitet, 2011.

[4] B. Mulu, "An experimental and numerical investigation of a

Kaplan turbine model," 2012.

[5] R.—k. Zhang, F. Mao, J.-Z. Wu, S.-Y. Chen, Y.-L. Wu, and
S.—H. Liu, "Characteristics and control of the draft-tube flow in
part-load Francis turbine," Journal of fluids engineering, vol. 131,
p. 021101, 2009.

[6] P. Drtina and M. Sallaberger, "Hydraulic turbines—basic
principles and state-of-the—-art computational fluid dynamics
applications," Proceedings of the Institution of Mechanical
Engineers, Part C: Journal of Mechanical Engineering Science, vol.
213, pp. 85-102, 1999.

[71 A. Ruprecht, M. Heitele, T. Helmrich, W. Moser, and T.
Aschenbrenner, "Numerical simulation of a complete Francis

turbine including unsteady rotor/stator interactions," in Proceedings

24



P E AT P 2022 sle 17 amll 44 el Ead) daaly Aa

of the 20th IAHR Symposium on Hydraulic Machinery and
Systems, 2000, pp. 1-8.

[8] A. Ruprecht, T. Helmrich, T. Aschenbrenner, and T. Scherer,
"Simulation of vortex rope in a turbine draft tube," in Proceedings of
22nd IAHR Symposium on Hydraulic Machinery and Systems,
2002, pp. 9-12.

[9] P. Ko and S. Kurosawa, '"Numerical simulation of turbulence
flow in a Kaplan turbine-Evaluation on turbine performance
prediction accuracy," in /OP Conference Series: Earth and

Environmental Science, 2014., p. 022006.

[10] R. Susan-Resiga, G. D. Ciocan, |I. Anton, and F. Avellan,
"Analysis of the swirling flow downstream a Francis turbine runner,"

Journal of Fluids Engineering, vol. 128, pp. 177-189, 2006.

[11] S. Liu, S. Li, and Y. Wu, "Pressure fluctuation prediction of a
model Kaplan turbine by unsteady turbulent flow simulation,"

Journal of Fluids Engineering, vol. 131, p. 101102, 2009.

[12] Y. Wu, S. Liu, H.-S. Dou, S. Wu, and T. Chen, "Numerical
prediction and similarity study of pressure fluctuation in a prototype
Kaplan turbine and the model turbine,” Computers & Fluids, vol.
56, pp. 128-142, 2012.

[13] H. Foroutan and S. Yavuzkurt, "A partially-averaged Navier—

Stokes model for the simulation of turbulent swirling flow with

vortex breakdown," /nfernational Journal of Heat and Fluid Flow,
25



i jad) A gaall die ¢SS Al Ciy el gl B sl A dpase A o

vol. 50, pp. 402-416, 2014. 28th IAHR symposium on Hydraulic
Machinery and Systems (IAHR2016) IOP Publishing I0P Conf.
Series: Earth and Environmental Science 49 (2016) 022008
doi:10.1088/1755-1315/49/2/0220087

[14] H. Foroutan and S. Yavuzkurt, 'Unsteady Numerical
Simulation of Flow in Draft Tube of a Hydroturbine Operating
Under Various Conditions Using a Partially Averaged Navier—
Stokes Model," Journal of Fluids Engineering, vol. 137, p. 061101,
2015.

[15] A. Javadi and H. Nilsson, "Unsteady numerical simulation of
the flow in the U9 Kaplan turbine model," in /OP Conference

Series: Earth and Environmental Science, 2014, p.022001.

[16] A. Javadi and H. Nilsson, "Active Flow Control of Vortex Rope
in a Conical Diffuser," in /AHR WG Meeting on Cavitation and
Dynamic Problems in Hydraulic Machinery and Systems, 2015.

[17] A. Javadi and H. Nilsson, 'Time-accurate numerical
simulations of swirling flow with rotorstator interaction,” Flow,

Turbulence and Combustion, vol. 95, pp. 755-774, 2015.

[18] K. Amiri, "An experimental investigation of flow in a Kaplan

runner steady—state and transient," 2014.

[19] B. Mulu, P. Jonsson, and M. Cervantes, "Experimental
investigation of a Kaplan draft tube— Part |: Best efficiency point,"

Applied Energy, vol. 93, pp. 695-706, 2012.
26



P E AT P 2022 sle 17 amll 44 el Ead) daaly Aa

[20] P. Jonsson, B. Mulu, and M. Cervantes, "Experimental
investigation of a Kaplan draft tube— Part |l: Off-design conditions,"
Applied Energy, vol. 94, pp. 71-83, 2012.

[21] F. Menter and Y. Egorov, "A scale—adaptive simulation model
using two—equation models," A/AA paper, vol. 1095, p. 2005,
2005.

[22] Y. Egorov and F. Menter, 'Development and application of
SST-SAS turbulence model in the DESIDER project," in Advances
in Hybrid RANS-LES Modelling, ed: Springer, 2008, pp. 261-270.

[23] M. Melot, B. Nennemann, and N. Désy, "Draft tube pressure
pulsation predictions in Francis turbines with transient
Computational Fluid Dynamics methodology," in /OP Conference

Series: Earth and Environmental Science, 2014.

[24] J. C. Hunt, A. Wray, and P. Moin, 'Eddies, streams, and

convergence zones in turbulent flows," 1988.

[25] M. Chong, A. E. Perry, and B. Cantwell, "A general
classification of three- dimensional flow fields," Physics of Fluids A:

Fluid Dynamics (1989-1993), vol. 2, pp. 765-777, 1990.

[26] J. Jeong and F. Hussain, 'On the identification of a vortex,"
Journal of fluid mechanics, vol. 285, pp. 69-94, 1995. 28th IAHR
symposium on Hydraulic Machinery and Systems (IAHR2016) IOP
Publishing IOP Conf. Series: Earth and Environmental Science 49

(2016) 022008 doi:10.1088/1755-1315/49/2/0220088
27



i jad) A gaall die ¢SS Al Ciy el gl B sl A dpase A o

28



