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Numerical Analysis of the Influence of Main and Splitter Blade Inlet Angles on Enhanced Recovery
Capacity of centrifugal pump as turbine

Salman Saremian and Mohammad Hassan Shojaeefard”
Faculty of Mechanical Engineering, Iran University of Science and Technology, Tehran, Iran.
* Corresponding author: (shojacefard@iust.ac.ir)

Abstract

The deployment of hydropower plants alongside other renewable energy facilities can contribute to meeting
electricity demand while simultaneously reducing greenhouse gas emissions. Historically, the high initial capital
cost of these plants, primarily attributed to the expense of conventional turbines, has limited attention to this
capacity. The utilization of Pump as Turbine (PAT) at this power generation scale provides an opportunity to reduce
costs. In this study, the performance of a PAT power plant has been investigated both experimentally and
numerically. To optimize the utilization of available capacity, modifications to the inlet angle of main and splitter
blades have been examined numerically. Statistical analysis of the flow rate at the pressure-reducing station
revealed that a significant portion of the operating time occurs within the medium and high flow rate ranges.
Optimal values of parameters for designing the runner geometry were selected by considering the results of
modifications across the operating range, and the vorticity parameter was employed to evaluate the performance of
optimized runner in comparison with the original runner. Results demonstrate increased energy recovery and
reduced losses in the target ranges. Maximum efficiency improvement occurred at flow rate of 198 m>/h, with an
efficiency increase of 3.41%.

Keywords: Pump as Turbine, Increasing efficiency, Blade inlet angle, Splitter blades, CFD.


mailto:shojaeefard@iust.ac.ir

Sy Jalis Baas Soady il GugSias camy So 30 Jlows 328 s

an T 50 6570 G i) el cnl )0 el (29,5 gl g g3l alioe
& G55 By 1S o iyl (Sl g (Slg e (551 s
@ e S ey S melat BB slecaly slaoy 392y pas Bl
5 s (Siadl oy Jdsn b oz GLR pae pili alaessy s
Sl o 3 i 8Ssysbar [VF] sgdie S, 50 aleys JSas
[YA] o o 5 315 VY] ool 55 ate i cnl 5o aileles S Sy 0
AW Lol g a5 wisls lad b, lawe Lo gy 3l 6 mSe e b
22l rizen 5 ooy 15 a5 alax 4 o Baee wsSan oy 52 55
sSelgyed pleadly Gl Gliul; o aes Shete Sgile Al
elais] osSas oy (SIS s3] avaie FYal 4y gousie slaiaghy
69955 4d (15,5 5,5 Jl oae &g [YA] S g ol ol aily
Ol Gl czge (699)9 55 ad a5 Wby (JLaS 9 WSS | oo
I i ol 2l b aS sy o] ) (Sl mls osd e o ,Sles il
2z b oo Gl Bl gugmae jsba ol sl )3 Gl (il
SHraddl b & S plimen (Jy adl alS Sgne 5 20 SRISIL
5 o5 slagialesl @b ol 1) allgy (3l Y] o Sen 3 KL ol
50 gy calizes Hlad aw gwyp isls )3 adllas 850 (go0e g3loas
Sleadly cl a4y e b alS 45 Sl GLaS aids s 90 Y0+ ¢ Sl Sty
0, Slae a5 0y o] Kby so0e slo o i 0 v yd TN g0 b
bz 3950 gy ey p yhad 2l ola el iSee b pesSae ooy
Wyb[v\] u‘)l&o&sjjjt.a ol oy wl.?r..ajuwzu 4{_3‘)‘6.)3)500)2
w55 3l deimsToey lpll s ileann coile S
S5 sl g (Seae as aSD o e sl L
Y/ e 4 003L o e alais jo loasly o153 4y poxie a7 0o S solanul
b Ll 5 o Slas il ¢ usSine oy swbal sl il 5 S ad as s
aals 5 wilbies by S sleabbs ses 5l 3L boee a5 el S5
ooe3dl b [XY] isen 5 o [¥Y] S o sgama 1) i o ,Shee
S5 @iy SRS aS wdls plis 5 WS owyp | Lesal) slao
50355 Iy (2alS 5l 0ol (elad (g9 eandly (il (Suasl ot
e [Pl o) 5 SigaKigs b oo d9mr mtygs 0, 5kes (5 laly
22 05294 (Jgkin Sl 95 4 S wgSin oy (g0l oo STy
JJLS 6L¢&l) LSL&OJJ Lv SHPe QL:)> u,.:}im G u_i) m.)t'..ébgo d.]GLA
by o e Lali o 1) bl (s iy illan 4 wio,S b elass

by bz G pdbewS p g a8l adg (gw)p ols Gl 42 S

doddo .

5 Sk ohbS L G ametin; glassly wass L
3 S5 Gl 805, (d ES g plie SIS lagdgace
Gi gl Sl Gl S 4 lanld jsbay Al gl
b DV el sl g T 5 ol wsondysm 655 s piyasoss
Jood slaaslols (gluaingr 5 S (65,1 0dg5 (slas jslid anug o3 ans
e sloiegty ol sl jsme Il (Saaojem cnl jo 655 2Lk g
b aS ams o bt 65,0 thodlinm o3l sloiglis Y] o ous Lo
a0y Ve dgax 4 Sl Gy u—‘-‘l-‘ 2 ez mlie ppes V000 G
5 STas oolitul ailine sl assgs Slaal giss [f] aw, walss
Soete 9 SIS syl Lail als jslaneds 1 S8 (65, mlee 208 )b
Iy b DTGy ey (bo ol yo L8] cud (65,1 sloas > o35L
SYsb 6,15 e Wb Glirebol Colils s & elgskS B0 - O o3k 3 b
Selsh loa 35 Gk 5l (S Ol i slagme bl (555l 5
Iv] sloos Tobe pliaass 65,

Al @les Jods 4 alnlds o laolsy s 5l anws cnl dulie ol S92l
oS il 5 5 addgl (6 IS ko s (YL s sloaiyz0 5 990
@ sSae 3,55 10 ey (625,54 ol ol ke b ogy azgi o550
@ 48 podyygshe (cwiges S0l S lgrea 3805, (nl eoms S Dlgre
5,5 1an o sl )5 5 sy Slidiod )5 (glodys oSl Cas s
b Sl g Sl anp p odle ugSas caey )5k A
sloailabs ;5 3l3le (5,128 651 5o (23l bl )l g el (Sl
ol o5 5,08 g bn Sig ool DoV el s 1) (Sdgae
@il ik Cazr b ol @i SleaSd Sz 215 sleels
3Lisyge 6551 5 ot el Sz 5505L2S 5l (slaailels o 5 VY]
D] codt oas sk !

Sles b g Slindes S1he 00 S oSl 3 glale s
298 eSae ooy (59l (es (giluosly g (giludinge ddang )0 o
& gy B b Boee b33 cpl Y=V F] ol widly uldl 6 puair
slgpile (P )0 Gyls Gk 5l cemjlame 5 551 sl
LY e=v T ol oas plonl Lo, Seolinng o & Shoe Sgate 5 (S oud
oo b ol glaoin 5o sSae lacesy ol il o
9l nl Vb Sy c(oe gl g a8l glyy 95 9 9,500 «S2sS



soue Jo wlondas Y

(WD ‘SjL\MJM AY

Oedlagnyss szl awaie 335 (b 69,5 SVl Sl 055> 53
YL 8 @y ols 55 cnobs Jalse Sl G g y50ehas o g3l ¢l asile)
@ ok O 2 @S Glap il o jondl g g0 Slagsjluand
VO gyl ey (owiin il e ol addllas )3 0950 et
W pdy Syge ) Jeoxr 50 gotie (e hol oyl )l gl 2 YV -
Slooy 93 2SS S0 5l 55 cemy (ool 0, Shae slogidlly o
VAUV do el pcaSain VW oo Jolds ol IS akads jo oaiSTas
Sty lal pl a8 Cal 4z Bo 90 VPR S S pw e
SrSoye b b cnl 095 oo 851 YMAS (ng = nyJQ/HY*) ogases
VUSE 5o aled amie Juto 5 0 plosl 50,550 g g 3 5 ]
Sl 053,8 &l)|

IR0 oy (owiid Slasido ) Jgur
Table 1. Geometric specifications of the PAT

Runner Volute

Parameter Value | Parameter Value
Number of blades 6 Inlet Width (mm) 33
Eye diameter (mm) 120 Inlet Diameter (mm) 275
Outer diameter (mm) 260 Design Rule (mm) 215
Blade outlet width (mm) 19 Diffuser Height (mm) 280
Blade inlet Angle (°) 20 Outlet (mm) 100
Blade outlet Angle (°) 27 Warp angle (°) 360

9239 Sl 1Bl 35 53 (gSre Caoy dwiis giLadue ) S5
Figure 1. Geometric modeling of the PAT in CFturbo
software
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Figure 3. Computational grid generation for the PAT
domain
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Table 2. Table 1. Effect of the number of mesh elements
on the performance parameters of PAT
Element number Head Power Efficiency
Runner Volute (m) (kW) (%)
Mesh 1 654721 296735  36.53 13.562 75.84
Mesh 2 954126 489025 3431 12.518 74.53
Mesh 3 1745324 1242221 32.84 11.882 7391
Mesh 4 2253682 1601104 3137 11.077 72.13
Mesh 5 3347893 2381421 31.11 10930 71.77
Mesh 6 4587932 3291311 31.09 10917 71.73

Mesh cases
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Figure 2. Boundary conditions of PAT
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Table 3. Measuring instruments accuracy

Instrument Unit Accuracy
Flowmeter Q(m?/h) +0.2%
Pressure Transmitters ~ P(Pa) +0.1%
Voltage (V) +0.2%
Power Analyzer Current (A) +0.2%
Frequency (HZ) +0.5%
Rotary Encoder n(r/min) +1rpm

e Shee il o @l caslad pae o)l slatee

Cualad pae Jlox g 0ud (S0l (61,55 ooty Ol (Gldes Ll
pac 8,0l p slp ol aB s sl Slige o lailill g, 5l eolaiul b
&b SUR w28 s plnl 5 Sl 'y s dlags 5ol coalad

el Al X1-Xn (6 S o5l ola il )by a4y aS” wils
R:R(xl,xz,x3,..,,xn) ®)]

Xi el )by s Seslasl jo bl 6U45E55 X =xi+ E; dfgb
2 1/2
“ OR

E,= E — 6
R [2[ x; ax‘-] ‘| ( )

oo 4 axg bR e weds 5o oLl aoye ER o jlade
LA sl oo X7 (6 503l

Sl 00l (5 S ojlail ) S jebo 4 b cetin 052 adlllae o il 2
i (IS pledily g (g5 (g can (gl oalad pae ol ()l g

| o.).g.o)f b)jiﬂ +\/¥7. 5i\/\~/ = AVAWA Sgd=>

2 o)lpd 4 S0 (g e Glewle (54 Fads a5 ] Sl
saY G iledae Glp ¥ Llpd g o) 8 Jod LB gedgue
RO PR p.ml)s Sy

Solver Yplus —

- 2.00

[ 1.82
| 1.64
1.46
1.28
1.10
092

’ 0.74

0.56
I 0.38

0.20

Ay seyles ge, ¥ el gl
Figure 4. y" contour on runner walls
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Figure 5. Schematic diagram of the PAT station
installed within the water distribution network
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Figure 6. Comparison of the performance curves obtained from numerical simulations and experimental of PAT station
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Figure 7. Runner with splitter (a) 20%, (b) 25%and (c) 30% main blade diameter
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Table 4. Required head of the PAT with varying splitter
blade lengths
3 Head (m)
Qum) 505 T20% [ 25% | 30%
100 19.26 | 19.61 | 19.75 | 19.9
120.6 | 22.33 | 22.45 | 22.56 | 22.67
144 24.97 | 25.17 | 25.09 | 25.03
162 28.21 | 28.36 | 28.25 | 28.19
180 31.11 | 31.08 | 30.98 | 31.18
198 33.68 | 33.45 | 33.31 | 33.74
216 37.42 | 36.89 | 36.75 | 36.99
234 39.98 | 39.12 | 38.97 | 39.45
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Table S. Generated power of the PAT with varying
splitter blade lengths

3 Power (kW)
QM) 35 T 20 9% | 25% | 30%
100 | 277 | 275 | 274 | 2.72
120.6 | 450 | 449 | 448 | 448
144 | 638 | 646 | 650 | 647
162 | 861 | 873 | 876 | 8.71
180 | 10.93 | 11.08 | 11.11 | 11.15
198 | 12.39 | 12.57 | 12.64 | 12.56
216 | 1441 | 1439 | 14.42 | 1437
234 | 15.09 | 14.98 | 15.01 | 14.96
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Figure 8. Comparison of the PAT efficiency across various splitter blade lengths
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Table 6. Required head at various blade inlet angle
3 Head (m
Qm“/h) 25° 27° 29° 31° 33°
100 18.58 | 19.26 | 19.87 | 20.31 | 21.19
120.6 | 21.42 | 22.33 ] 22.64 | 23.24 | 24.17
144 24.11 | 24.97 | 25.19 | 25.37 | 2648
162 27.03 | 28.21 | 28.35 | 28.63 | 29.51
180 30.84 | 3111 | 31.23 | 31.48 | 33.31
198 34.32 | 33.68 | 33.75 | 34.11 | 34.92
216 37.19 | 37.42 | 37.53 | 37.62 | 37.74
234 39.77 | 39.98 | 40.14 | 40.19 | 40.83
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Table 7. Generated power at various blade inlet angle

5 Power (kW)
Qi) 25° 27° 29° 31° 33°
100 295 1277 | 2.82 | 2.84 | 2.89
1206 | 443 | 450 | 459 | 456 | 4.53
144 6.31 | 638 | 648 | 6.52 | 6.59
162 829 | 8.61 | 875 | 8.82 | 8.87
180 10.72 | 10.93 | 11.01 | 11.26 | 11.53
198 12.11 | 12.39 | 12.56 | 12.93 | 13.11
216 13.58 | 14.41 | 14.53 | 14.81 | 14.72
234 13.95 | 15.09 | 15.34 | 15.63 | 15.84
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Figure 10. Comparison of the PAT efficiency at various blade inlet angles
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Figure 11. Comparison of velocity contours at the runner mid-span for different blade inlet angle
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Figure 12. Flow rate frequency distribution at the
pressure reducing station over a four-month operational
period
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Table 8. Comparison of power output and required head
between the main and improved runner

Qm’/h) Original Runner Improved Runner
Head(m) Power(kW) | Head(m) Power(kW)
100 19.26 2.77 20.11 2.81
120 22.33 4.50 23.01 4.59
144 24.97 6.38 25.27 6.54
162 28.21 8.61 28.39 8.86
180 31.11 10.93 31.29 11.27
198 33.68 12.39 33.59 12.98
216 37.42 14.41 37.11 14.67
234 39.98 15.09 39.72 15.43
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Figure 13. Comparison of the PAT efficiency between the main and improved runners
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Figure 14. Comparison of vorticity contours at the mid-span of the main and improved runners

W s o oebie Sy slaslely Bl Ol e SESlesy
oy (K03 50 by JLd) g 4l 2alS cwgmons joboay M5 (Sdsjae

ol 00 ).))L.\Jla

iyl ol Judxi Y

8 Sedgyaed BT ol > il g i 5 56 gl ddl )l Sl o b
3 eBb BT el g0 st Lol adlie g3 4 RS JEVTS EU SO
bl 1 (oS (1) 008 Sl 5| 5L Ol 5 Suad] JHloeed]

1394 0 ol ) dolas

Loss = Loss,. + Loss, (12)
AW les LoSSEri 9 (<lg) é:.a.&%])lm‘ AWl lgs Losstur QT 4o as
) G”;u‘ Ja.i‘s) )| g..u.'f).';d.ﬁ ‘\.Q]}A 9o U’l‘ el (C‘."B) °)‘5:'.‘> S Klaos!

Loss, = L pedV (13)

Loss, = L TvdA (14)

s e V (P/8%) (S35 (piir (5551 Ploandl £ 5 8 claly, el 5o
oy T dM?)Jbow b oles ;0 dulr oo colue A (M) Slwlxs

15

kg MQVLL oy zohw Oyslre j0 Caeyu LolS asas il
Cgndy 995 o (Senludg s S bl 4 Cos 5500 4
@l )0 g W Gl (w2s LB jsba |) Olr Gl Jles
hilrd (e 09d o0 JSe S, Sl J3s (b )l 5 B8
ool g dlom 4 (SGo5 50 00,58 Jiulaz (695, Sed JSis jludie)
Cugl g ags il (ppee 993 &5 39500 (ESHL slagl >
algs o aad] Hlgs 50 05250 LulieSasS slaals 5 ot laals 5
g Jaad 38085 ¢ 55,50 sl ksl 4 laads 5 plesl a1 5,k
5 S5 saaz sleals )T eglas jsbay (SRAT iy slagis plojes
e lid Slleg g (Sdgyone Glali apais 4 ol () a5 auS o o s

23,5 o

Boas 45 595 oo oodlive YU s g S b sasite (>ls o Lol i, 5o
Dol el ol e rbge S il 8l g b Glolas eay L
Ol g wboe Gl (6 pSaiir jebay oy alam ad (035 )0 g
sloml ol amts s Sgpden (150 mhaws 5 ,Lid mhas S 90 o 50
Aibor Sy slaals S JSas s o g ar g BB (Sgyuee Sl
olagl j0 po g Dol )0 o alaxde BB rals sals cadizdal il blas o
ol 3l 56 Laits Sgnge ol ol i, aels pul s ,5 Ns,5 o3
&5 4 e 9 Sy ol S 28l (6095 (Sls e Lyl



Ay eleilely o Gl Ginlas Sad g laals )5 ksl o L LS, )l
el Lo e

(ol ol ade o ls g i SKlaol él b oo pled o aBbogus i,
oS oo o ol caSlas slaoy 5l 36 i ead S mlaw
oausSTaz gbvoy 3l (il odd s s al38l Sy 3 (Q<0.8QgEp)
oS e hol Sy s (Sasl Sl 4z BB 2l 4 e
WAS 5 Seb dgly ud I, Sebop (6399 asly SRl GRS 9
2 oaiSlaz (glaoyy St Sl dw) e Slal a5 05800 (5399 slawls S
ol il @ e Suanl olali (] azs jo a5 WS e s 1, Suasl

D15 gogama il

A, g5 cdl (Q>0.8QBEP) YU 5 bawgio o0 b )5 edgume o
STS L WUIp LU Iy W e PR IO SRR VS RVAR S EIAY 4 gERSRIP UL FRYW
Slaplare 6,5 bl i cpl jo e o F ) Celus oS e VAA Jo rals
oilail g Gl Gl sl Selate (539,950 i, awais Dl b k>
) 58 pgenn 3ty (SEAST Sl s 5 5 e 2815 oS
Slal sgaze iol38l ( Suas] Glal jegese alS gd sa ol il
Slages ;o U5 W1 als 4 e Caled 4o 5 0350 (e | (Sasl

00,8 e Vb

Sy ams A

Syge & G ol @ e ) 0ud ual (Gm)9) usSre 05,5
Jedo @ a5 and oo las il el A8 S IS () 2 9)50 (2785 5 S0
Glocay 0,515 odee i S lid ol jo o0 axgi BB Ol s
35 Jlw alin 05205 3505 il 5 ol bt bl 5 Sns
s oy iy awsio b Ul oz GLL pie 5 i, o9
aadan Sl a8l o G 6,15 Ll ol o gz g5 B sy
SRe S e Gl 65 jebay 1, DU ol Wi S, (g
agly Galil g eaSTas sleoy ool adlal b awais ol L ol
L e ooy (Slgyiee 0 Sles p oaiSlax g ol leoy (6995
Ay Al g awain Coledys 5 85 8 Bl Sy9e g0 Op0

el 5 2 4 adlhe Gl ol slaadl s 5 ()b

(s_A.CL.»Jf \_A&iﬁrﬁ \A’) @l)]o o Jaa',..u B oéﬁj‘» LSLQOJ.» UO5J.S|

ox Jdon b ol Glal ) 609)9 4l ,o slawdl slml (90 YL

16

(m/S)o)ly..) Soopay o Jlw e o s Vg (Pa) 0)lg0 gy S
oolatul plin .ol (W/m3) Gi..a...fl Wl &, € 5 JBs p o palol>
50 Ploedl F55 a5 4 azg5 L (V) alal ) SST k=00 Sasl Jos )

gdise il 2y S8 4 (8= 0.09k0) Jao ol

(15)
(1/s) Seasl LuilS 3 @ 4 (M?/S?) Suisl i 50 kK o1 0 a5

10T e Gty iy abal ) 51 S (S g0 S Bl ol o el

Loss,, = [ 0.09pkodV

Loss (16)
g

alay ool e (MV/S%) 115 ol 85 (KG/S) (o2 (o M (T y5 &5
S loxess] 5 0lp0 SWlaol i 3l an B paiiinns dnliia ISl

=H

Loss Loss,,

Loss,,

S o w8 oS il Ll s o 1,

[ Original runner: ® Wall Friction Loss @ Turbulent Dissipation Loss ]

Improved runners:  ® Wall Friction Loss ® Turbulent Dissipation Loss

e
Y )
1 N
v
£
£ [ —
162
&
e
. ]
[~ (A
oo
[ ()
0 2 4 6 8 10 12 14 16 18
Head, ,, (m)

Al Sgue 9 (bl 1)L gSan Gaoy JI LA dnnliio N S
Figure 15. Comparison of total losses for the PAT with
original and improved runners

1 (Seasl 5 Slaol gloadlze Jol) J5 Olil g9 amlio 10 S
99 2 50 w3 e plis it Gla s ;o aboge I, 5 el 5 Sl
5 Ol e 097 g0 Y ESlESy (oo GRIFI L (SKasl 24,
b (Sxasl 5l (o6 ol (lia j0 0gd 0 0L 0)lgro (Lbp (i a5

aboe sl o o1 5l G g 3l o2l Wiy, 60, Slas alais JIg>



e Caw 5 A

eSS oS

SST Jowo (oS 5 polgs Fi
m.s? (il S ol g
mcwy 3o H
Sasl oad 1

m%/s? wisl i 65,
PFaTS L s g
Pa . Lzé p
kW .)lgs P
Whkg (Suasl sz 35l dg Py
m¥/h .o 0
(o555 5 350 3l 5005 Slogy Jold) anizr o5 Sui
N ) s, JS ot T
m/s o Jlow S u
NS g e s )l 1%
s e
SST Jow cols s
L eplosl; oo st Adygg
kg/m’ . Jis> p
® 0y 6995 4l Bi
g 79 ) pa
m?/s? . Suasl Bl & &
Pa. ooy s T
ARYRY) n
IPM (3 2 6 Q
1/s ¢ Ssaal Luils 3 o)
rad/s i, sisz slagly o Y
e s, ls wy
kg/m.s b (Ssliss ey u
SST Jow jo Kk dolae culs Ok
SST Jos ,0 @ dolee culs Co
SST Jow 0 0 dolee culs )
M?/S ¢ Jlws Silatps c3) v
O )

S50 Claize a5 slayls

ij

90 Al )F LSy g b, Gislas Sl el ol ais oo Setn |
oobed v Wiz e 0w oo als gladasMe BB jsbay 1) 0y dles 4
SBlaol Sl wais coge g 4Bl il oy ool ol adlsl b Jlow
s ol Gl e S st e S sl Jlo ol b s S e
I ol axgs BB jmals cawws slals 5 sla,lizln Sad g olal ialS
G o0 50 wezg ol bl aidl vgupy lowdly (6,15 Lyl (ol jo 500
agly Gialidl el ) ar Jlaw 9555 gl; s g Bllae e s ralS y0ly

20,5 oo Slali’ il a0 g Sed

bl Gl galS in slagall Sl (S len 599y 4
©3,8kos 6la 3503 gla JUIS U518 ol s> (655 (8055 Sad 2 sopkios
il 005 oS Ty alam aygls comly Slaes )3 63959 agly LRl Lo ls
Sledly i j3 5 Sjluiee sguze |) Sy slaals S LSas 5 ol
wgly GRS JB 3 wbioe ssete (@3 e3game (al o (Slgyaee
ol (6 S s98 ladils 3 oo ST wais 1) iolas eogaze (pl 0 (69459
w0 09gaza 5o Lo jls Jlis 4y 1y sleadly il 5 (Sdgjane Slali 5 wiS e
SRS bz )bl sgy5 sl Grals ol 5l VL 5 g0 Sles abai
Ol 38l blie j0 .0l ol er a1y Hleadl) g )lg5 cn uganzne il 5 iulas
Rl ouiSu Sgua Ty 0 Jdgn b ol Blbal az 50 Y B (s055 gl
W 50 g ol FEHESH ) s p @95 aaS o0 2T Ao 5 JSas

S oo odgame jo caiSlaz Lol slao, (699,9 argly Hlojer ZDLal
) o il bS5 osls als |; (Sgyoee Sl YU g Lawgie
S5 <lhogr 1, b mSan wmg 5551 Sl o ns e
JS <dl (Q>0.8Q8EP) YL g hawgio o0 b (5,5 oogumme 10 a5 woo oo
ol 5 el il galS Lol ) & e doys V/AY b /ST
2 eeSeyia VAA (g3 )3 4l sgne ) 5o plendl) g cn i (Siegh
ol bl adl goldl so e asly Y/FY leddly g el caws @ cele
@ 0l Gl g als)S slaosay wats (ol laes e3game 5 (>
2 9 oxbpll (63,90 dalllan ;0 098 oo ymie pland; JhalS g yolias 2dl
Vi 5 bawgio o3gae ;0 0553 0,515 (o) o0 ey (20 (65l Jelowi a0y
S cans oo S 1) 5 (655 OLb leisas ) awass eMlal g was o0 )
W)l 6350 Hobar i ly ead DLk 55 Ol 5 Slgpnee plend,



11.

12.

13.

14.

15.

16.

17.

18.

19.

the urban water distribution network. FEnergy, 255,
pp-124550. https://doi.org/10.1016/j.energy.2022.124550.
Saremian, S. and Shojaeefard, M.H., 2025. Numerical
investigation of the effect of adding stay blades on
improving the performance of centrifugal pump as turbine.

Modares Mechanical Engineering, 25, pp.97-105. [In
Persian]. doi: 10.48311/mme.25.2.97

Spedaletti, S., Rossi, M., Comodi, G., Salvi, D. and Renzi,
M., 2021. Energy recovery in gravity adduction pipelines of

a water supply system (WSS) for urban areas using Pumps-
as-Turbines (PaTs). Sustainable Energy Technologies and
Assessments, 45(4), pp-101040.
https://doi.org/10.1016/j.seta.2021.101040.

Crespo Chacon, M., Rodriguez Diaz, J.A., Garcia Morillo,
J. and McNabola, A., 2019. Pump-as-turbine selection
methodology for energy recovery in irrigation networks:

minimising the payback period. Water, 11(1), pp.149.
https://doi.org/10.3390/w11010149.

Pugliese, F., De Paola, F., Fontana, N., Giugni, M. and
Marini, G., 2016. Experimental characterization of two

Pumps as Turbines for hydropower generation. Renewable
Energy, 99(5), pp-180-187.
https://doi.org/10.1016/j.renene.2016.06.051.

Fontanella, S., Fecarotta, O., Molino, B., Cozzolino, L. and
Della Morte, R., 2020. A performance prediction model for
pumps as turbines (PATs). Water, 12(4), pp.1175.
https://doi.org/10.3390/w12041175.

De Marchis, M., Milici, B., Volpe, R. and Messineo, A.,
2016. Energy saving in water distribution network through
pump as turbine generators: economic and environmental
analysis. Energies, 9(11), pp-877.
https://doi.org/10.3390/en9110877.

Dong, W., Dong, Y., Sun, J., Zhang, H. and Chen, D., 2023.
Analysis of the internal flow characteristics, pressure
pulsations, and radial force of a centrifugal pump under
variable working conditions. [ranian Journal of Science

and Technology, Transactions of Mechanical Engineering,
47(2), pp.397-415. https://doi.org/10.1007/s40997-022-
00533-w:

Carravetta, A., Fecarotta, O., Sinagra, M. and Tucciarelli,
T., 2014. Cost-benefit analysis for hydropower production
in water distribution networks by a pump as turbine.
Journal of Water Resources Planning and Management,
140(6), pp-04014002.
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000384.
Alberizzi, J.C., Renzi, M., Righetti, M., Pisaturo, G.R. and
Rossi, M., 2019. Speed and pressure controls of pumps-as-
turbines installed in branch of water-distribution network

18

References— zlw

1.

10.

Cellura, M., Luu, L.Q., Guarino, F. and Longo, S., 2025. A
review on life cycle assessment of concentrating solar
energy  technologies.  Renewable  Energy,  249.
https://doi.org/10.1016/j.renene.2025.123203.

Shame, B.H., Tjahjana, D.D.D.P., Ubaidillah, A.M. and
Mbumba, M.T., 2024. Analysis of seasonal wind energy
potential on zanzibar coastal island. HighTech and
pp.331-348.

Innovation Journal, 5,
https://doi.org/10.28991/H1J-2024-05-02-08.
Chacon, M.C., Diaz, J.A.R., Morillo, J.G. and Mcnabola,
A., 2020. Estimating regional potential for micro-
hydropower energy recovery in irrigation networks on a
large geographical scale. Renewable Energy, 155, pp.396-
406. https://doi.org/10.1016/j.renene.2020.03.124.
Erdogan, S., Pata, UK. and Solarin, S.A., 2023. Towards
carbon-neutral world: the effect of renewable energy

investments and technologies in G7 countries. Renewable
and Sustainable FEnergy Reviews, 186, pp.113683.
https://dei.org/10.1016/].rser.2023.113683.

Destek, M.A. and Sinha, A., 2020. Renewable, non-
renewable energy consumption, economic growth, trade
openness footprint:
Organisation for Economic Co-operation and Development
countries. Journal of Cleaner Production, 242, pp.118537.
https://doi.org/10.1016/].jclepro.2019.118537.

Hanif, 1., Aziz, B. and Chaudhry, 1.S., 2019. Carbon
emissions across the spectrum of renewable and
nonrenewable energy use in developing economies of Asia.
Renewable Energy, 143, pp-586-595.
https://doi.org/10.1016/j.renene.2019.05.032.

Nasir, A., Dribssa, E. and Grima, M., 2021. The pump as a
turbine: a review on performance prediction, performance
improvement, and economic analysis. Heliyon, 10(4),
pp-€26084. https://doi.org/10.1016/j.heliyon.2024.e26084.

Nejadali, J., 2021. Analysis and evaluation of the
performance and utilization of regenerative flow pump as
turbine (PAT) in Pico-hydropower plants. Energy for
Sustainable Development, 64(1), pp-103-117.
https://doi.org/10.1016/j.esd.2021.08.002.

Yu, W., Zhou, P., Miao, Z., Zhao, H., Mou, J. and Zhou, W.,
2024. Energy performance prediction of pump as turbine
(PAT) based on PIWOA-BP neural network. Renewable
Energy, 222, pp-119873.
https://doi.org/10.1016/j.renene.2023.119873.

Shojacefard, M.H. and Saremian, S., 2022. Effects of
impeller geometry modification on performance of PAT in

and ecological evidence from



https://doi.org/10.1016/j.renene.2025.123203
https://doi.org/10.28991/HIJ-2024-05-02-08
https://doi.org/10.1016/j.renene.2020.03.124
https://doi.org/10.1016/j.rser.2023.113683
https://doi.org/10.1016/j.jclepro.2019.118537
https://doi.org/10.1016/j.renene.2019.05.032
https://doi.org/10.1016/j.heliyon.2024.e26084
https://doi.org/10.1016/j.esd.2021.08.002
https://doi.org/10.1016/j.renene.2023.119873
https://doi.org/10.1016/j.energy.2022.124550
https://doi.org/10.48311/mme.25.2.97
https://doi.org/10.1016/j.seta.2021.101040
https://doi.org/10.3390/w11010149
https://doi.org/10.1016/j.renene.2016.06.051
https://doi.org/10.3390/w12041175
https://doi.org/10.3390/en9110877
https://doi.org/10.1007/s40997-022-00533-w
https://doi.org/10.1007/s40997-022-00533-w
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000384

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

performances: A numerical investigation into the impact of
impeller leading edge rounding. Heliyon, 10(15),
pp.e34663. https://doi.org/10.1016/j.heliyon.2024.e34663.
Yang, S.S., Kong, F.Y., Jiang, WM. and Qu, X.Y., 2012.
Effects of impeller trimming influencing pump as turbine.
Computers & Fluids, 61, pp.72-78.
https://doi.org/10.1016/j.compfluid.2012.07.009.

Miao, S.C., Yang, J.H., Shi, G.T. and Wang, T.T., 2015.
Blade profile optimization of pump as turbine. Advances in
7(10).

Mechanical Engineering,

https://doi.org/10.1016/j.energy.2015.06.022.
Kim, J.H., Cho, B.M., Kim, S., Kim, J.W. and Choi, Y.S.,
2017. Design technique to improve the energy efficiency of

a counter-rotating type pump-turbine. Renewable Energy,
101, pp-647-659.
https://doi.org/10.1016/j.renene.2016.09.026.

Shi, F., Yang, J. and Wang, X., 2018. Analysis on the effect
of variable guide vane numbers on the performance of

pump as turbine. Advances in Mechanical Engineering,
10(10), pp-1-9.
https://doi.org/10.1177/1687814018808599.

Zhongdong, Q., Fan, W., Zhiwei, G. and Jie, L., 2016.
Performance evaluation of an axial-flow pump with
adjustable guide vanes in turbine mode. Renewable Energy,
99, pp.-1146-1152.
https://doi.org/10.1016/j.renene.2016.08.020.

Yang, F., Li, Z., Cai, Y., Jiang, D., Tang, F. and Tang, S.,
2022. Numerical study for flow loss characteristic of an
axial-flow pump as turbine via entropy production analysis.
Processes, 10(9), p-1695.
https://doi.org/10.3390/pr10091695.

Yuxing, B., Fanyu, C., Sunsheng, Y.,[Kai, C. and Tao, D.,
2017. Effect of blade wrap angle in hydraulic turbine with
forward-curved blades. International Journal of Hydrogen
Energy, 42(29), pp-18709-18717.
https://doi.org/10.1016/j.ijhydene.2017.04.185.

Capurso, T., Bergamini, L. and Torresi, M., 2019. Design
and CFD performance analysis of a novel impeller for
double suction centrifugal pumps. Nuclear Engineering
and Design, 341, pp.-155-166.
https://doi.org/10.1016/j.nucengdes.2018.11.002.

Yang, S.S., Wang, C., Chen, K. and Yuang, K., 2014.
Research on blade thickness influencing pump as turbine.
Advances in Mechanical Engineering, 6, pp.190530.
https://doi.org/10.1155/2014/190530.

Qian, Z., Wang, F., Guo, Z. and Lu, J., 2016. Performance
evaluation of an axial-flow pump with adjustable guide

19

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

subjected to highly variable flow rates. Energies, 12(24),
pp-4738. https://doi.org/10.3390/en12244738.

Adu, D., Jianguo, D., Darko, R.O., Boamah, K.B. and
Boateng, E.A., 2020. Investigating the state of renewable
energy and concept of pump as turbine for energy
generation development. Energy Reports, 6(3), pp.60-66.
https://doi.org/10.1016/j.egyr.2020.08.025.

Wang, Z., Wang, W., Wang, D. and Song, Y., 2024.
Numerical analysis of energy loss characteristics of guide

vane centrifugal pump as turbine. Frontiers in Energy
Research, 12, pp-1410679.
https://doi.org/10.3389/fenrg.2024.1410679.

Zhu, Z., Gu, Q., Chen, H., Ma, Z. and Cao, B., 2024.
Investigation and optimization into flow dynamics for an
axial flow pumpas turbine (PAT) with ultra-low water head.
Energy Conversion and Management, 314, pp.118684.
https://doi.org/10.1016/j.enconman.2024.118684.

Lei, S., Cheng, L., Yang, W., Xu, W,, Yu, L., Luo, C., et al.,
2024. Dynamic multiscale pressure fluctuation features
extraction of mixed-flow pump as turbine (PAT) and flow
state recognition of the outlet passage using variational

mode decomposition and refined composite variable-step
multiscale multimapping dispersion entropy. Energy,
305(7), p.132230.
https://doi.org/10.1016/j.energy.2024.132230.

Lin, T., Zhang, J., Wei, B., Zhu, Z. and Li, X., 2024. The
role of bionic tubercle leading-edge in a centrifugal pump
as turbines(PATs). Renewable Energy, 222(1), pp.119869.
https://doi.org/10.1016/j.renene.2023.119869.

Liu, M., Tan, L. and Cao, S., 2022. Performance prediction
and geometry optimization for application of pump as

turbine: a review. Frontiers in Energy Research, 9,
p-818118. https://doi.org/10.3389/fenrg.2021.818118.

Yu, H., Wang, T., Dong, Y.C., Gou, Q.Q., Lei, L. and Liu,
Y.Q.,2023. Numerical investigation of splitter blades on the
performance of a forward-curved impeller used in a pump
as turbine. Ocean Engineering, 281, p.114721.
https://doi.org/10.1016/j.oceaneng.2023.114721.

Yang, S.S., Kong, F.Y., Chen, H. and Su, X.X., 2012.
Effects of blade wrap angle influencing a pump as turbine.
Journal of Fluids Engineering, 134(6).
https://doi.org/10.1115/1.4006677.

Cao, Z., Deng, J., Zhao, L., et al., 2021. Numerical research
of pump-as-turbine performance with synergy analysis.
Processes, 9(6), pp-1031.
https://doi.org/10.3390/pr9061031.

Tchada, A.M., Tchoumboué, N.K., Mesquita, A.L.A. and
Hendrick, P., 2024. Enhancing Pump as Turbine (PAT)



https://doi.org/10.3390/en12244738
https://doi.org/10.1016/j.egyr.2020.08.025
https://doi.org/10.3389/fenrg.2024.1410679
https://doi.org/10.1016/j.enconman.2024.118684
https://doi.org/10.1016/j.energy.2024.132230
https://doi.org/10.1016/j.renene.2023.119869
https://doi.org/10.3389/fenrg.2021.818118
https://doi.org/10.1016/j.oceaneng.2023.114721
https://doi.org/10.1115/1.4006677
https://doi.org/10.3390/pr9061031
https://doi.org/10.1016/j.heliyon.2024.e34663
https://doi.org/10.1016/j.compfluid.2012.07.009
https://doi.org/10.1016/j.energy.2015.06.022
https://doi.org/10.1016/j.renene.2016.09.026
https://doi.org/10.1177/1687814018808599
https://doi.org/10.1016/j.renene.2016.08.020
https://doi.org/10.3390/pr10091695
https://doi.org/10.1016/j.ijhydene.2017.04.185
https://doi.org/10.1016/j.nucengdes.2018.11.002
https://doi.org/10.1155/2014/190530

49.

50.

Engineering, 104(2), pp.250-258.
https://doi.org/10.1115/1.3241818

Qi, B., Zhang, D., Geng, L., Zhao, R. and van Esch, B.P.M.,
2022. Numerical and experimental investigations on inflow

loss in the energy recovery turbines with back-curved and

front-curved impeller based on the entropy generation
theory. Energy, 239, pp.122426.
https://doi.org/10.1016/j.energy.2021.122426

Xie, H. Luo, X. Feng, J. Zhu, G. and Wang, L., 2024.
Energy performance and flow characteristics of a pump-

turbine under pump mode at different guide vane openings.
Journal of Energy Storage, 97, pp. 112743.
https://doi.org/10.1016/j.est.2024.112743

20

40.

41.

42.

43.

44,

45.

46.

47.

48.

vanes in turbine mode. Renewable Energy, 99, pp.1146-
1152. https://doi.org/10.1016/j.renene.2016.08.020.
Menter, F.R., 2009. Review of the shear-stress transport

turbulence model experience from an industrial
perspective. International Journal of Computational Fluid
Dynamics, 23(4), pp-305-316.

https://doi.org/10.1080/10618560902773387
Saremian, S. and Shojaeefard, M.H., 2025. Study on the

impact of volute geometric modification on the
performance of centrifugal pump as turbine. Renewable
Energy, 253, pp-123632.

https://doi.org/10.1016/j.renene.2025.123632
Yousefi, H., Noorollahi, Y., Tahani, M., Fahimi, R. and
Saremian, S., 2019. Numetical simulation for obtaining

optimal impeller’s blade parameters of a centrifugal pump
for high-viscosity  fluid pumping. Sustainable Energy
Technologies ~ and - Assessments, 34,  pp.16-26.
https://doi.org/10.1016/j.seta.2019.04.011

Saremian, S. and Shojaeefard, M.H., 2026. Numerical

investigation of the simultaneous modification of blade

numbers and wrap angle on the performance of a centrifugal
pump as turbine. Sustainable Energy Technologies and
Assessments, 92, pp-105240.
https://doi.org/10.1016/].seta.2026.105240

Tahani, M. and Saremian, S., 2018. Investigation effect of
changes geometry of impeller on turbine mode performance
of the centrifugal pump at the governing condition of the
urban water distribution network. Modares Mechanical
Engineering, 18(1), pp-11-19. [In Persian].
https://doi.org/10.1016/j.mme.2018.11.19

Shojaeefard, M.H. and Saremian. S., 2025. The effect of
fixed blades installation angle on the high-efficiency
operating range of a centrifugal pump as turbine. Sharif
Journal of Mechanical Engineering (SJME), 41(2), pp. 49-
61. [In Persian]. https://doi.org/
10.24200/j40.2025.66460.1735

Saremian, S. and Shojaeefard, M.H., 2025. The role of
changing runner geometry in expanding energy efficiency
of a centrifugal pump as turbine (PAT). Sustainable Energy
Technologies  and  Assessments, 77, pp.104329.
https://doi.org/10.1016/j.seta.2025.104329

Asgarshamsi, A., Rezazadeh, M. and Iravani, A., 2020.
Investigation the effects of lean in a centrifugal pump
impeller on its aerodynamic performance, Sharif Journal of
Mechanical Engineering (SJME), 36.3(1), pp. 57-65. [In
Persian]. doi: 10.24200/j40.2019.52549.1500

Moffat, R.J., 1982. Contributions to the Theory of Single-
Sample Uncertainty Analysis. of  Fluids

Journal


https://doi.org/10.1016/j.renene.2016.08.020
https://doi.org/10.1080/10618560902773387
https://doi.org/10.1016/j.renene.2025.123632
https://doi.org/10.1016/j.seta.2019.04.011
https://doi.org/10.1016/j.seta.2026.105240
https://doi.org/10.1016/j.mme.2018.11.19
https://doi.org/10.1016/j.seta.2025.104329
https://doi.org/10.1115/1.3241818


    n  s = n  Q /   H   3 4


    m .


  ∆   A  r e l

