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Aerodynamic design and performance analysis of a centripetal
turbine for a megawatt-scale high-temperature heat pump

SUN Jingwu, ZHAO Xianglong, HAN Xiaohan, WANG Hao, WANG Zhide, WANG Honggang
(National Institute of Clean-and-Low-Carbon Energy, Beijing 102211, China)

Abstract: To support long-duration energy storage under high-penetration renewable energy
integration, the Carnot battery system imposes higher requirements on the aerodynamic
performance and operational reliability of the centripetal turbine, the core expansion device in
its high-temperature heat pump. This study presents the design and performance evaluation
of an air-based centripetal turbine for a 3 MW high-temperature heat pump demonstration
project under specified boundary conditions. The design parameters are as follows: inlet total
pressure, 0.546 MPa; inlet total temperature, 328.25 K; outlet static pressure, 0.125 MPa;
mass flow rate, 10.031 kg/s; and rotational speed, 7956 r/min. A coupled one-dimensional
(1D) thermodynamic and three-dimensional (3D) numerical framework is adopted for the
aerodynamic design. In the 1D design, seven core aerodynamic parameters (reaction degree,
velocity ratio, flow angles, etc.) are used as optimization variables. Global optimization is
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initially executed via particle swarm optimization, followed by local refinement of structural
parameters, such as blade height and meridional contraction angle, using sequential
quadratic programming. Subsequent 3D modeling is conducted on the NUMECA platform with
approximately 1.75 million cells per passage. The Spalart-Allmaras turbulence model is
employed, and unsteady effects are solved by the nonlinear harmonic method. The impacts of
rotor blade count, off-design conditions, and unsteady flow characteristics are systematically
investigated. Comparative analysis between the 1D and 3D results reveals deviations of
3.37%, 2.49%, and 3.16% for isentropic efficiency, mass flow rate, and output power,
respectively. As the rotor blade count increases from 12 to 17, the suction-side low-velocity
region initially contracts before expanding, achieving optimal flow uniformity at 14—15 blades.
When the inlet pressure deviates by +20% from the design value, the isentropic efficiency of
the turbine remains above 85%. Furthermore, the unsteady efficiency is lower than the steady
result, mainly driven by periodic interactions between the stator wakes and the rotor cascade.
These findings provide a practical engineering reference for designing centripetal turbines in
megawatt-scale Carnot battery systems.
Keywords: Carnot battery; high-temperature heat pump; centripetal turbine; aerodynamic
design; numerical simulation
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Table 1 Given boundary parameters of the air
centripetal turbine

YHEBH E/¢E
HE MU E/MPa 0.546
3 RRK 328.25
H M1 FE/MPa 0.125
R R/ (kg/ls) 10.031
B34 /(r/min) 7956

B JE R n, e i R T T e ) SO R ) O
fabr, HFREAWK) TR
N, =2X.[¢cosa,v/1-Q-D?x, +

DycosB,/Q+ ¢*(1 - Q)+ D*x2 - 2x.pcosa,/1-Q ]
(1)
X, WRIANRIZE, QRNREE, DN
AT, o, NBIM NSRS, B ABNH H EIAH XS
UL, QAR RE R, @ B R R
X HEL . ESHORROIRET, Tk, &t
R SRR AR S S RSB RR Y, IR
SEF I RE SR R AL RIS
AT R —Fh R ZE 5 S50 S 500 Bk
G MATLAB ARG . Hoiz0oh: 158, ikt
AR AR E . E . N H R A S
FIZOH— 4SS EH; Hik, WEDLE R
NHEPRRAERL, FERHBA 4 R R G Rk
THREEVE X Z A S HOHAT 2 /AR A, SRAE P
ABh i dE. R B, S MBS A5t
s TR A RIE RS C I A S5, A
F— BRSNS, R TS =X
FAN R A A BIER, AR RS G AL IR B 4 2R AR Y
Ly U2 R R, MR 5SS EEAT R
Fo ARWFIE—GER TR BRSO HE #
13 IR 171 RO 1 i 167 NIy gl 7 7 B SO 2o 8
PR AR, SR I 2 56 R HK AR 1) 00
PR AR E . X — AR I
FREA ROE R TSGR R ERA . SFEA
SR AR I B S, RERETE BT SE LR B e S
SERITTAT PER LU, IL BRSS9 ok
JEBAEERS b, Wt s — 8, BRI
S 4 ZE TG B AE 5% LA« —4ETH I F A5 R
R 27w

*2 TRELEFEERITER
Table 2 Main design results of the air centripetal

turbine
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Fig. 1 Grid-independence verification of the
centripetal turbine
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Table 3 Comparison between one-dimensional
design and three-dimensional simulation
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