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Turbulent Kinetic Energy Dissipation Mechanism of Supercritical Carbon
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Abstract: To accurately characterize the complex flow process of supercritical carbon dioxide
(sCOy) leakage flow in a scallop bionic seal cavity and to elucidate the mechanism of turbulent
kinetic energy (TKE) dissipation, a high-order numerical simulation method for real gas flows
with strongly variable physical properties in rotating machinery was proposed. In this method,
the uni-particle upwind scheme was employed for numerical flux splitting, while third-order numerical
flux reconstruction was achieved via the simple high-resolution upwind method. Euler’s fully
implicit time-stepping iterative method was implemented, supporting open multi-processing

(OpenMP) shared-memory parallel computing. A coupled iterative calculation method, integrating a real
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gas equation of state (EOS) with Helmholtz free energy-based thermophysical property lookup
table, was adopted to accurately capture the nonlinear variations in CO, thermophysical properties, with
calculation deviations below 0.5%. The accuracy of this numerical simulation method was validated
through molecular tracing experiments. Furthermore, the spatial distribution of leakage flow
vortices within the scallop bionic seal cavity and its impact on the TKE dissipation rate were
analyzed in detail. The results indicate that as the sCO, leakage flow enters the seal cavity,
expansion occurs, while the local Mach number remains below 0. 1. Under the rapid shear of the
rotor, the leakage flow generates vortices that exhibit migration, splitting, and separation
behaviors. The normalized helicity of the leakage flow exhibits alternating positive and negative
values, indicating the presence of multiple sets of counter-rotating (clockwise and counter-
clockwise) vortices within the seal cavity. Each set of counter-rotating vortices increases the
dimensionless TKE dissipation rate to over 1.95 X 10%, thereby effectively improving sealing
performance. Moreover, the extrema of the TKE dissipation rate were identified at the outer
boundaries of these counter-rotating vortices, where changes in vortex rotation direction also
increase the TKE dissipation rate of the leakage flow.

Keywords: supercritical carbon dioxide; scallop bionic seal; leakage flow; turbulence kinetic

energy dissipation; vortex distribution

%60 %

I R A AL R (sCO,) A B A6 25 &k B4R
HLA U5 | B e R0 | B YRR AT Bk
R Ay 355 T 8 5 K EL ORI R TR 27 A ) D ) 728 S
AR FA sCO, JE T KT 7.38 MPa, i JE & T
31,4 °C) 3 I B4 M 28 A8 0 /0N R 45 2 L 4 v T AR
RIS L sCO, A7 T WG I8 S v B AR AE B ¢ 5 35
FHET A BHfil A& A 45 R AR S I 3h 1 KR
T AT AR AR [ B sy B N
8L 2 T ) ] R 20 & R I B R T SR Y E K
BAR W .

A sCO, R4 B2 & &R G2 P I G
F, 7 5% 7o R BRI sCO, its & ch
PRI DLLL = S 50R 2 1a A7 B R 3. R4 LA &
Qb R FE sCO, V38 s T g 18] B 3 1) 7 1 18 1 ™
EiNi L R R T 7 AR Y =% o i )
DA A 5 8 0] B P 7 T IR L (HL sC O, TR 45 I
T AE A L AE 9 B s P ME DL TS o I K S RE
B, 2K B B X sCO, St T A B M A R AN
WU 37 28 4ok % 1 AR R R R AR A Ui
BB, RM,sCO, MRRARE BHEEN
P NN TR S g VAN | 19T 2 VI R BU =i S
A 7043 I ik 2 T L 5 B0 U U o % BE A
ST 28 R I ke TR I A e Tk AR
GEAR IR B A 2% 5 BUR 4 HLIh R R S
IHEEM 25 % L |

3% F DU 5 1A I 80 111 Al 444 ik 3 1k 3 RE RE IR B

zkxb. xjtu. edu. cn

M e & AR T BB T DL A B B 2 A i
TE3 3 A v A 1) 3 A R SO I =
sk Ak i U O R K 5 B R RE BCRLONE . TT A AR T 2
BEEHRET . SR, B DU O5 A B S ik
BP0 238 SR A7 7 I 22 5 25 B 0 5 PN B T O O E S
T BT VIR A 2 B sCO, MU U AE AR . I
TR A Z ) BRAT Shy LA ok O B R o A R AE L B
B = A BN, sCO, TE 3 5 F B YIE F A7 16
SER I DA 164 11 B PR R R A A 2% O s ad B L sCO, A
PEFE T I 5 DX B 3 L R T AR AT & AR AR 2k M
ARUOL o FUBE R TR F Y R T BB A O BRI
B XL (SIMPLE) ! (7 4 24 & ) B U
EPISOMW ER BT L. BC B S KRB IE
2 705 8 3 I 20 ) L, (FL SR A o8 B v ENORR I R DA R I
Bh ik B B AT A 7E I A BT i B ST 2 Y )
M, 564 T R AR AR R 4 P Y b T A R
JEEARRAE (R € A8 2 e b A ) O R T 4 I R g€ HH 00 3
5 BN i 5 BB IR

BE X 1 A ) R, A SCHR M T B LB 5 AR
FLAL AR B e R B HIO(E 48 3k L SR FH e ARG
i A AR S LSRR I R A R AT R T
B IR0 T R D% B E P sCO, it U I 2 4R
T sh i A AT s P T U O R E A A B
Xof B TR E A S M AL . AR Sk g DL A 2 B R
ARG AL T HS K L TR sCO, A A
IR BB ARK IR E B T IR R S,




]

K R L A5 < et DL {7 25 5 B I 2 A I SR T B DR A i ) B R L B 15

1 BB T
1.1 SHEEEHER

AR SC i BCE S A0 O s LA = 4 58 4 T 4
Navier-Stokes(N-S) J5 # 4F 2y 42 il 77 &, 34 H A
W E SIS AR R (x, v, 2. 0) Bl it 25
J"SAERR R (s gy §s 1) AR TR R B A
W T SRR R T N-S AT KRR N

9 IF—F) 9G—=G)  IH—H) _

it e an FTe s

(1)
K. Q BSFEZE S F.G A H 5310 £.9.0 371
ICEEVET F, (G, F1 H, 535128 &.9.8 3 AT )% i
F R PET, S A TEIN  N-S 7 Bl i 5] A Wilcox k-w Jifi
TUB AL DL SE B} P
KA BRARFHE S T s A0 A% 28 (UPUS) 3
SR S, R o 2 i R R R T i,
DL & J n) I ol oA ) S
F= %(mq)erN) 2)

D®=[1 u v w h]" (3)

N=1[0 & ¢ & —&]1" D

s J K Jacobian 2845 RE; p N Ry s @ S E{i i

43 24 0T 6 TUAR [R5 NS R T KR B s SR T G

i suo Al w 430000 =483 BE 43 s h ol SR AR R

K2 () g, &) 8 Al Ry A BT D) N LS S ] Ak

&R (. y =) Fe RIS )™ AR & & 5 ) T XF
f YA 8 R, € Sl st TR 2D R A

BE 8 BEARHE m 1E 7UECBA 2 30 X ), O 6

THATETE, E L
=" +2"” Lo ™ *2"”‘<1>,+;3N 5)

Kb R B IED p AT HRR N

p=Pppt+pp (6)
Hop T fbn -+ — Bl M oT A AR B
.8 RSB IE R 5, Ay oy

Bi=1/4QFM+1D (M.4+1?, |M. [<1
J,@l;,@o, M, > 1
Bi=0;p =1, M. <—1
(D
Hordr, M > b b 5

7E UPUS J5 3 /PR FH & Bl K (SHUS) #% 28
T8 T A i o 5 S AR A B R R o, 1YY

zkxb. xjtu. edu. cn

M b A M, 53R
m; = %[(pU;)++ (U -— U, | Ap—

(M, +1]— [M, — 1]

\MI-+1\—\M,—1\—2\MI-\¥} (8)
2 ¢

~ 7@ T 761\ +U,— -_ptpoe
M,'* E, i 2 20 — 2 (9)

e AU Ap Do 5302 A% B TCHE A B A 1 1) 31 ¢
R HE T R B N A 2 25 s e A Y b
P M, U, o AT e 43531 kg ok 187 A rp 28 S 2 1

FE 73 H) B LA, 4 B 7 YA A7 i T A% BT
P L ZS ) 43 A A BB G, BO(E A% 2XORS B A —
B AR SCHE BUE TR 3 B P g | = B <3 1 R B 2
A (MUSCL) , DL i1 518 5 F i B 6 78 A% H
JC N =B ) 4 A AT R B AR A B A A () Rl SE
W% L @ FE 2 D7 ) R JF ] 45

3 — Lo
50(1) = @ + AI(l I./)5z90+

3k o , (A7,
Z(Ax)z[(l 2 12 ]W’

Tip LXK X (10)

b o RIAR L s 2 ALY B ¢ (o) TE R A%
HC AR B IRUME 5 6, ey TS TA) A3 A 1Y — IR 2 8 e
mREL A k= 1/3 A = ks B

EHEM TP AWIEA Venkatakrishnan il
IRk R BRI A L DL R RS R B S O T R
DB T i B0 BB AR 3 [ >
1.2 BRESGHIERTE

A 5T 2R FH BRI e 2 s (1) 25 3 3% 4K 75 1k LA R sk
Courant-Friedrichs-Lewy(CFL) & {F R #l. LI € J5
] TR E & F o], 0 ST B 0+ 1 D BE
SR AR E2 L

[@ED)
K FrOA, S R e i B 5 e
1 Jacobian 4H M ; AQ A 3% A% vy 737 SR 4H B, [7] 3 5 X
BHMC,XADWE K

e dz, Iz A
[1+mta—54 Fane B —Q—AAt%}AQ—

: PTa
—At[(%)Jr(??—(;)vL(?f;)] (12)

Kfo ISR G g J7 1 B H R ¢ 7




16 [N 7 . i

PN

%60 %

] JC R A N FIRRL,

SR A AQ . T SE R M (13) Hh ZR B I 10
390 R I LR B A O 114 300 R I e DA 0K e T SR
o W -FE R Ly I DA S B AR L AR ] A
J¥— B0 1A PR 5 - 4 R 3 A D7 % (TCPGS)
A3 2 % 2 C12) w7 SR R B 43 i o T =GR RE L.
=R U ks E e s kT
1.3 AYERBEERFZE

HEF B sCO, WP A Xt T BL L e ol 1 =
K, RA R B (P-R) LSRR E
TIPS RES RS R H T Z X R
mF

7' — (1 —B)Z" + Z(A— 2B —3B%) —
(AB—B*—B) =0 (19)

K. A =ap/(R,T)" ;B = bp/R,T:R, H A
WL

BT Z WA ARVOR i L8 A A E TR
M FE YIS R

R E sCO, fA7E M BBy Ul i Ik S
Feimshid f, TR #OR S ARk 5] & it s s,
XTI A X CO, #1128 M 28 48 ] B3, 78 P-R
REFBZ LA ST WEZZ A R ae Ay 4
T, AT S AR 1 28 AR X B oR AR . AR AR AT A I
R GE h  KZ I R A 2 A i 5 NIST 4ol
JEPT HEAT T X IR L R 25 /N T 0.5 %1,
1.4 HERMAXRRIE

SRR BN B 8 & 19 43 F o e 0 e B AR
Xt AL sCO, TR S k470 &, O 5 AL 2
X L A 50 UE 5CTEASE 400 i e o R s A A T A
AW ARGWME 1R,

O L K
| > s
‘H%AW[ o i 4
s Y \[ 4 ‘
R mer - [THORR Tk
/‘ )
AU ! e AL

1 R I S AT R AL e S R ¢
Fig. 1 Schematic diagram of the visualization measurement

system for supercritical fluids
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Table 1 Schemes of the sCO, speed testing experiments
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Fig. 3 Physical model and sectional view of bionic scallop seal
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Fig. 7 Spatial distribution of normalized helicity
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Fig. 8 Spatial evolution of vortices in sealing cavities
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