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Fig. 1 Entire computational domain of the prototype pump-turbine
operated in pump mode
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Fig. 2 Validation of the external characteristics at 132.72 mm guide
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3.2 JE SR

3 R, WML T &bt TS KT
B0, SRS BB N BRI K, SRR IR &
Az TN T, e/ K IR R A e TR

RETH R 7 EPWS Fifi 3 12t (1) 38 Jin i 2218 22 4k, L
Xof A 7= 1 BT Rk R AN (1% ~ 2% ) , 3% 2 13T B
DX I PR 0 7 T2 R T — )= AR Y L BE T2 ()
B B 7 T 75 A A DR A I, SR AT A T i Ik A
o3 K WA B R TR VAL, AT F i X 0 11
TR R B RN i i Dk 3 5| 2 /9 EPDD A1 EPTD, H] it
B0 EE 4451 S ) EPWS 2 3 /N o 323 IX R )
W O 2 11231 = S 1 1)) R R T B Ve B 3
B, I 5 4 S A, o EPTD XS0 7 (1) BT ik
LK, M 50% ~ 61%; EPDD IR Z, N 37% ~ 48%.
AN R TG, T DK 7 I /N T ] 3
K AT IR/INE 0.6 Opep S5, W7 1S S R
Kt TO0 T, Bl 3G 0, P35 B AR K HL
it U L E Jhk s W 2 G5, EPTD Bl Ui 12 488 i i 22 )
H4K, SRT EPDD Y34 R # A5 5%, A EPTD 7E 5
T SR AT E Sy N

F W sh i H 5y 3 B, MK | Fi e KOs
Bl R 2 it CF SCRTRR M 56 S ) L R
S BEAEAS R T K ik WL 4, 459
BOK T30 K B A A Bl U e 4 0 Se e N I 2 R Y
ReRA RS o, At K T R AR K TR R
di BE A, EOK BRI 67%~86%, H X
AR AU, TR 2 B I T 00, I /N B K
IR Fp 40 W . RAKE /N E T T
VDA 785807 N E D0 R R R A o S O NS i
TR KSR/, BB A AR R 2212 .
S, WRFEAE R TR K 345 2 5 K ELX it A
FRAURR, FE /N T 00 T /K T8 e /N LA A6 P 2% .

120
—— RKAEK IR
A R oK 15k
—— WRSEARIR
80 +
£
| g/

0 I I I I I - - -
0.5 0.6 07 08 09 1.0 1.I 1.2 13 14
Q/QBF.P

B4 BRETERELATKAMEEN

Fig.4 Hydraulic loss of each flow region under various operating points

KA TAEF R » 393 ¢



F20% F2H BAAE S ARBECFE) 2023 454 A

3.3 RGBT

5 B BEBUHE N 0.6 Opers 1.005ep. 1.4 Qg 1R
F/NGLE T 00 et T 00 A R i T 00 #4750 Hr o
AR TOLZ A EPWS HH 22 R A, Rk 32 K
FALIE SR TO0T /K 3 2 F 2RI T F i IX By
ARG, EPDD S B2 58 B B2 5 R 1) Jmy 465
7738, EPTD 2 Wi ik 2 3 B2 5 B2 (%) Jy 40 7= %2 . |t
K5~ I 8 AT UL, hop hoy B934 571 3 BE (turbulent
kinetic energy, TKE) 7311 B A 8 i — Bt . X )2
T ANER R T Bl Akt 5 1 - 34 3 B2 A 2 5 | iE EPDD
8 R 1 [ A, 2 3850 O B2 K S 1G5, DA TTT TKE
B, R Bt P FE RO 1S in 235 |2 EPTD A3 K.
X LR i U Ok B AN AN 32 R E ()5
M, [RIRELAZ XTI IR S BE 52 . LAk, i T EPDD
T N AR RS, e TR AT R X
EPTD =% i it 5% BE 1Y 52 W, 75 3t 37 h BAT B 5 09 40
A
331 iR R

VERG e S T 1 8] 1] S T 647 o0, I B a8
B 5 2% )7 1) 43 5 HL Span0.1, Span0.5 fil Span0.9, %%
LN 113 7 N i sl IRV RV TR 71 A 1182 N i
ILIE 5 #1E 6,

AN T T i K A5 R XA T JE i DXORT 3
S X, FE T TE R XY A RN T B0
N Y BE TR 3 A I, T 43 ] T i i s ER AR
R IR 140005, 302 f T 21 5 i DX R T 1
T BN AEXS L S e T S DX 9 B R e
P, A0 [ T i T R A TR B o 1S, B A A,
JF58 FE [ R I, S 350R 908 [ e R I AE Y IR
BOIR, I 7= A ) 2000 2 et 28 46 AT 5 38055 7K g 4
KrEA o XN R T OU T AR Span T, 76 5E T
TR Span0.1 b, FFe ik 1 Ab 3457, A 5E R
e 11 A A R W T — 0, R I IR 2
ASJREAR 2%, NI oK 32 o AT, TERE IR e 2
i) Span0.9 &b, A RUEETiE s 13 B0 T 48 1 11 ik it
B I AR R, T K TR X BE Ak,
Span0.5 Fl1 Span0.9 & 77 7E H % 48 it Fr Rk 5 2 1)
K IR

T B AL T, BT KR it O ) 5 - &2 ik
A Z B BN, B o B ES , Rt ™ A= (7K g
PR o HE K IR IX F2 AL T D S
WA, e P P R {4 DX 1
DAL AR JRE S 5 R R AR O, DT ™ A v K a4 % o

© 304 ¢ KA TAEH R

Xt F B T T BIASTR] Span T, Span0.1 4b % 55 X
AR, IR IJH IR S, [E I E AEAE D i
BN 5 B BN A/ NIEW . Span0.5 b FE A
Sy —AFAE R 8h 43 S, Span0.9 (4% 58 U L1 A7 AE
KRIBEEPATE e it e m i 42, 51 AR Tk .

FEJE/(mes™")

0/0y=1.4

0/0u-10
(o) HEFEiLE

S
0/0y=0.6

TKE/(m?s?)

Span0.1

Span0.5

0/Qp=0.6 O/Oper=1.0

(b) B RES AT
5 BHRRSHRSHDH

Fig. 5 Flow field analysis of runner and guide vanes

O/Qpp=1.4

Rt 00 A R IRIE N IR s 51 HoK
PSRRI, 1] P T A 30 [T 5 e — 00 ) 3%
2y M A AE R eI HLK 7R 3, SR



ZHRE,E ETHFELNAKRAKRILRER AL RE A

TR TOLT, KU wvile 5 3h 5 151 A 870 B

AR RO i it , I3 B — 5 X3 B9 1 R %, i

T B T A RE TR s e SR A, AR
SE UL B0 25 8] X DA AN PR FE AL, 15 3 T X

JLF-34 28 8 A il Y R RUBE g 10 36 i 11 5 5 i IX.
TR BITRE TR 22, 51E T BRIk .

| 7974 Pty Lk

T A ot bt A A B o i i

Span0.9
0/ QBEP:O'g ) 0/0pp=1.0 0/0pp=1.4
() VR ™= T IR K AR R 53 A
hDD/ m
‘0 -~ 19.7
o i i a2
BRI X

Span0.1

~ - P L
e 2
~,
O S\ N
N, N,
Span0.5 \\\\;\‘\ \
. P
2 Lt o iy G i G,
esal Co i T
Span0.9 b '\‘“s\\ " N
~ “ \
\ .
\, N\,
RN ;f\;&
0/QOp=0.6 0/Qp=1.0 0/Opp=1.4

(b) EHAG = FTX R 95 0 53 A
E6 HBRSMHKIRESH
Fig. 6 Hydraulic loss distribution of runner and guide vanes
332 RAEWTAA
YRR /KA YR A ELHEBE S, S, P A i ok

F3 008, ANTR) B0 FE 7S 25 8T 1437 3 1K g 43
Ko A WL 7,

0/0pp=0.6 0/0pp=1.0 0/Oppp=1.4
HFE/(mes ™) R /(mes ™) T /(mes ™)
= B = e I = e |
0 . . 6583 0 . S 2025 0 . . 21.00
Sy ! S, ! 2 S |
tod f@. toi
(a) LKL

TKE/(m?ss %)

TS
faé koo f%é
I3

(b) i BhTE

Wm
0 20
Eee (oo, Lo

(c) [AJ3AE ™ B X BE K 48 2R 53 A1

hpp/m
I

Féé
©

g=s S S, = S, S,

=0 =

(d) IR IO RK T3 43 A
B 7 BKERRSSITRAKDIRELS
Fig. 7 Flow field analysis and hydraulic loss distribution of draft tube

IR i T B e T, KA S te E B
TCIE A e, 16K ) DA R Al AN X 2
PG, X TR BEAY AR, BOR T K
T2 N B e S0 STV TR Wl R K 4 A1 2
M, G LR B . O R E— 2],
L B T B ST B T AR R PR U, LU A,
PRUE RO | BRI RO R BT B B TR
H BRI P07 S 0 5T B, A L B 1) B
T AR B K AR AR IX o A, ol T 3 e A e 4
N, N BT SR BRI B BE S 7 A BE T 23
T SO N e AR, 7= Az S 2 K A3k
3.3.3 MR A

Hi 3.2 5 2, W7 i ek Bk Tl 5 Rk
AR R, AR IR i 00 T K 745 R R HL R i
AR, TR/ N AR K i R B AR R
P& At e BRI E AT 0 B, AR L e
TS MK F1 30 2% 734 DLIAL 8.

NG MRV T NSy AN E VA R
Fe it Ak, S5 58 0k AR B 285 52 1T 5 XU 3 Y
SN, DA 52 ) R K 0 T 0045 [ i — 2

KA LA H 7 ¢ 395



F21% B2l @A S ARA RS CEESO

2023 4 4 A

Rt TO0T, W5 B 111 Ah e 1% DX i 3 3 3 X
Jel 1y Ta] B A, K IR BRI T BRI/ it
T TR Te A, K I R AR

TKE/(m>s?)  hmp/m hpp/m

= ]

EFE/(mes™)

0 25 0 20 0 2
- \‘/
\ y
N
Q/QBEP /] A }
=1.0 | N4

, A
- - \ N
& r -

7)) Ny

(c) MR T (d) ELHEA™ e
XERER I3 RFREK g

8 WRFEMRIAD I RIKIIRK ST
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Hydraulic loss distribution of pump-turbine operated in pump mode

based on entropy production method

LI Dongkuo1 , GUI Zhonghual, YAN Xiaotongz, ZHENG Yuan2, KAN Kan®
(1. Pumped Storage Technological & Economic Research Institute of State Grid Xinyuan Company Ltd., Beijing 100761, China; 2. College of Energy

and Electrical Engineering, Hohai University, Nanjing 211100, China )

Abstract: Energy is irrevocably lost within the pump-turbine due to the activities of viscous forces near the wall.

The conventional pressure drop method can not get exact details of the hydraulic loss within the machine's flow

passageways. On the other hand, the entropy production method has obvious advantages in hydraulic loss
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assessment and it can accurately identify precise information on the position of irreversible losses.

The composition and distribution of hydraulic loss under different flow rate operating points was explored for a
prototype pump-turbine in pump mode using the entropy production theory. The entropy production method was
verified to be reasonable and credible within a certain error range by comparison with the pressure drop method.

The total entropy production and total hydraulic loss obtained by the method of differential pressure were
consistent with the variation. With an increase in flow rate, the total entropy production decreased dramatically
initially and then gradually increases. The entropy production rate caused by turbulence dissipation, direct
dissipation, and wall shear stress exhibited the same variation pattern as the total entropy production. The major
flow region's entropy production was predominantly induced by flow separation, backflow, and vortex creation.
Entropy production was prominent in the main flow zone, with the entropy production rate caused by turbulence
dissipation contributing the most to the total entropy production (50%-61%) and the entropy production rate caused
by direct dissipation coming in second (37%-48%). The entropy production in the near-wall region primarily
originated from the significant velocity gradient triggered by the wall shear stress, which could be roughly
equivalent to friction loss and made a negligible 1%-2% contribution to total entropy production. Under various
flow rate conditions, the hydraulic loss in the runner, guide vanes and stay vanes were dominant (67%-86%). Under
low flow rate conditions, hydraulic loss in the draft tube was greater. However, under high flow rate conditions,
hydraulic loss in spiral casing was greater. The distributions of the entropy production rate caused by turbulence
dissipation and the entropy production rate caused by direct dissipation were highly consistent with the distribution
of turbulent kinetic energy. But the entropy production rate caused by direct dissipation was mainly caused by strain
rate, so it was closer to the main vortex regions, whereas the entropy production rate caused by turbulence
dissipation was affected by turbulence intensity and had a wider distribution range in the flow field. High hydraulic
loss under low flow conditions mainly came from the high-speed circulation in the vaneless region, vortices in the
guide vane flow channels, and the flow separation within the elbow and the conical part of the draft tube. But the
spiral casing’s hydraulic loss was much lesser. Hydraulic loss under the best efficiency operating point was small
and mainly due to vortices in some stay vane flow channels and the blade wake. High hydraulic loss under high flow
conditions mainly came from flow impact on the guide vanes, diffusion of unstable flow in stay vane flow channels,
and the circumferentially spaced vortices and high-speed flows at the spiral casing inlet; Whereas the draft tube’s
hydraulic loss was rarely small.

The total entropy production and total hydraulic loss decreased significantly and then slowly increased with an
increase in flow rate. The entropy production rate caused by turbulence dissipation contributed the most to total
entropy production (50%-61%), with direct dissipation coming in second (37%-48%), and wall shear stress coming
in last (1%-2%). Under various flow rate conditions, the hydraulic loss in the runner, guide vanes and stay vanes
were dominant (67%-86%). Hydraulic loss in the draft tube was larger at low flow rate conditions. While the
hydraulic loss in spiral casing was greater under high flow rate conditions. The entropy production distributions
were highly consistent with the distribution of turbulent kinetic energy. The entropy production rate caused by direct
dissipation was closer to the main vortex regions, whereas turbulence dissipation had a wider distribution range in
the flow field. The detailed location of hydraulic loss within the pump-turbine’s flow domain strongly depended on
flow conditions. Under low flow conditions, hydraulic loss mainly came from the high-speed circulation in the
vaneless region, vortices in the guide vane flow channels, and the flow separation within the elbow and the conical
part of the draft tube. Under the best efficiency operating point, the hydraulic loss was small and mainly due to
vortices in some stay vane flow channels and the blade wake. Under high flow conditions, hydraulic loss mainly
came from flow impact on the guide vanes, diffusion of unstable flow in stay vane flow channels, and the

circumferentially spaced vortices and high-speed flows at the spiral casing inlet.

Key words: pump-turbine; pump mode; entropy production; operating condition; hydraulic loss
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