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Abstract: The research was conducted to study the mechanism of rotationally induced ingress in radial tur-
bine cavity and the feasibility of axial turbine sealing model. The 3—D numerical simulations were carried out to
investigate the flow and sealing characteristics of radial turbine disk cavity under rotational induction. The effects
of the axial clearance, radial clearance, and the sealing flow on the internal flow structure and rotor axial thrust
were analyzed. Then the variation of the sealing efficiency was studied as well as the minimum sealing flow model
was presented. The results show that the vortex at the outlet of the disk cavity is out—shift and its size decreases
with the decrease of the radial clearance and the increase of sealing flow. When the axial clearance decreases or

the sealing flow increases, the flow structure in the disc cavity changes from Batchelor flow to Stewartson flow. Be-
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sides, the rotor axial combined thrust is determined by the sealing flow and the axial clearance of the disk cavity.

Orifice Model is of ideal applicability for the radial turbine under rotational induction. In addition, the minimum

sealing flow model derived in this paper indicates that the minimum sealing flow of radial turbine is significantly

smaller than that of axial turbine.

Key words: Radial turbine; Turbine cavity; Sealing efficiency; Minimum sealing flow; Axial thrust
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Fig.1 Geometry and cool air flow path of 100kW gas
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Table 1 Structural parameters of disk cavity (mm)

Parameter Value

Outer radius ¢ 84.6
Axial clearance f 1.0,2.6,4.2
Radial clearance Sc 0.8,1.8,2.8

/ Mainstream inlet
X

Rotor
domain

Cavity domain

Cooling inlet

Fig. 3 Schematic diagram of computing domain and mesh
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Table 2 Boundary conditions =05 =33
Parameter Value -1.0+
Mainstream inlet total temperature/K 1070 15l
Mainstream inlet flow/(kg/s) 1.0
oY 20
Mainstream inlet tracer particle concentration 0
Cooling air inlet total temperature /K 400 251 4 e Exp
---127x10°
Cooling air inlet flow/(g/s) 0.36~6 30 - —265%10°
' - - - 3.77x10°
Cooling air inlet tracer particle concentration 1 .5 —4.62x10°
Outlet pressure/kPa 194 04 05 06 07 08 09 10
Rotational speed/(r/min) 61090 Radius (r/1)
Rotational Reynolds number 2.96x10° Fig. 5 Radial pressure distribution
J e = N - v
(o8) , 5. puig) = V-{de, LM J% vs, () Fel 6 & U IS0 50T 5 I A 34 0 1 ke
Jat ’

K p WIREGWEE s = Hip J AL 5 Y <78 &
H Ry B R B kB ST 1B A 5 S, O AR R 0L 5 Ol b
B S =Y R
2.3 HEFEWIE

Phadke %" 45 B 42 1) 21 30 25 1 &5 4 5 A SCHAF
5% 1) % 0 45 ¥ B o AR ARL, TR RT LA GE 5 BF 9T Phadke
1) 2k s 235 ) A 300 T 50 1E 7 vk (R E B 1 . ANSY'S
ICEM % 73 45 #4) 4k /9 4% , i ] CFX 18.0 #F 17 £ {i 1
BTG SR AR . S TN B T AR
o e m IR 2 o iR B S 12,7 5,265 07,
37.7 73 F146.2 J7 1) MRS BOEAT AR ORI B AS R
RIS ZE R AT . B 402 Phadke s 454 DL 2
s Sl 23 7 i

Sealing flow outlet

- | UL
Sealing flow inlet R19 ¢>

Fig. 4 Schematic diagram of Phadke disk cavity structure

and outlet mesh (mm)

P 5 J2 DU ol 19 s i T 458 M 9 9 AR ) Y )
Al o TR 78 DU AR RS RO T, S B x it
FARZER MR/ o i T 05 BT O AR R A
Opening 1 A5, To IR AR IE 5 52500 4% 4 56 4 — 250, il
TEBLIE P ARy BLAE RS S 4 R AT AR %

ORI b G AR bR T 0 S TG f R r R 2 Mo
Ao, A b 3 G 2k 38R X U 1) R P AT 0 R A9 AR Ak
PR R AR AR R R W T, 2 A gl S, ) Al 1)
[E) B A 3 A7 TG i AL A B, R SCI RS LA B 5
PRK UL CFD 15 FL A 45 SR BB 05 B0 4 3t S e 4 N 1 3
Y, 9t H 5 Phadke B 52 56 25 R W) 5 B2 B0, A G 152 1)
RS 0 B85 1 e E Y

1.0
I e Exp
0.8} - - 1.27x10°
— - 265¢10°
L -377X10°
§ % — 4.62x10°
= |
= 04}
02
00 : : : :
00 02 04 06 08 10
Axial

Fig. 6 Tangential velocity distribution along axial direction

3 HERAm

3.1 ARZEHm0ERERNERREILE S
3.1.1 G sh Bl Ar

7 25 i 1 AR T ™ 5 5 (m, = 0.12g/s) F % m)
] B (f=2.6mm ) , AN [6] 428 ] 6] B (.Se) N 4 Jis 3 1 b iy
3RO 2 VR R R B Ok i K], L STA 0 i ki
ROT RR 6 ST . 3™ [k A BIE 5 i T4 f
SERONE , N Bl AR ) U O FLS 3R Y e TR
FER R AT BIR LV BIRE IR — T TER
JiE AR T LI, o — FB 43 Y A AR 1) A
i e 5 00 R S 2 A0 %) K S E 7 1) R S, S RO A
PR IE R K IR . T LA B, Bl 25 A% 1) (8] B A 384
T, A B T AR 1 I R 5% 3 R O L ) 4 N R

210874-4



FaA3E H 12

TR 75 T 1) O 10 8 28 M1 O 3 AN R PR T 5

2022 4E

¥, BA T 22 0 i IR AR B, DR O ™ R
W/ o

Efficiency

STA

0y
I i
0.0 i .."'ﬁ ROT

Wy

Sc=2.8mm

Sc=0.8mm Sc=1.8mm

Fig.7 Flow diagram under different radial clearance

Y T AN [RI AR 1] R) BT 8 2R 78 Ak R 3t ™ 200 AR 4k
FRAE AR [, 500 B Se=1.8mm I 4 355 7 54 2R 2 [ il ek
JE R R AT B R T 8 FNIED 9 43 i 45 T A% 1kl ] R
AHTH I (Se=1.8mm) , /i £ (m,=0.6g/s) Fl K i i (m =
1.8g/s) T AN [) %t 1] [i) Bl 11 b 77 5680 o8 = el ol 2 o
Pl o mr LAt B e T Bt 5 O, 8k o 11 A 1y
e N B W N 1D R AN R IR i N
AH LG/ ™ 3 S, R 3™ T 3™ 8 5 i il 1 [
Wt 1 i S R R I B A RS 0, Bk H
Aib Bt FR AE AR D3N A B e B, RIIE i AR R B
AR I R AT, A L, 5 M P B R

f=2.6mm f~4.2mm

/~1.0mm
Fig. 8 Flow diagram under different axial clearance at

small sealing flow

f~1.0mm

Fig. 9 Flow diagram under different axial clearance at big

sealing flow

3.2 HAL

Batchelor it ! I Stewartson it 5 9 32 2 X 1 {4 31
E 31 i Ak B 3 09 PR 30 52 b TR TE A% O IX I A AE
T % B G AR A A T g UK P O A M R
S, H b Batchelor Uit 8 HOR £ 7 5 3 S #0007 , Stewart-
son Y AU L O o R A o FL AR, AT DL 3E Ao
Tea) 3 88 R [ R 0 A TR 42 3% B R O o A5 9 i) B
AN TR A% 1) e BE 3™ i et R0 A ) D B B ) 2 N AR
[ea] 4 J32 0 1) (e R 90 B e o3 AT SR AT 0 ML 2B AR
Ao JH vt A v A LA

K 10 J& f=1.0mm, Sc=0.8mm, m =1.2g/s I} , % &
AN T5) e 8 A D 1) AR ) R A 1]

450

400 | 30% height
— - - 50% height

350 + — —70% height

300
250 |
200 |+
150 +
100 +/ -~

50 .

Tangential v/(m/s)

Axial

35

Radial v/(m/s)
—_— N N W
S WL © L O

|
wn o wn
T T T T

-10
-15H —
20F . . . .
0.0 0.2 0.4 0.6 0.8 1.0
Axial
(b) Radial velocity distribution

Fig. 10 Velocity distribution at different heights

30% height
— - -50% height
— —70% height

A LU Sl 2000 0 00 3 0 A7 AR B e e
iR U T3 S b ) S R A 0 X R L
35 JZE PR A U A A 1) RS N T 0, BRAR [ Y A 5 [
TR, A T e 1 2 B U A AR 1) AR o e B R 0 IX
A YL A YT 25 2800 I o e 1) B A B 20 B B AR
6] S, 28 00 T2 A U AT AR 1) N UL BE 2 R
N TE 7 %0 XX AL B I AR R AT AR S, O B Y
Batchelor Jit ! . B & /55 B2 09 385 0, 3 542 9 9 U1 [
JEE RIS i) 3 B X7 B0 T O AN

N3 50% 4% 1) R BE AT D HLRLAE B AT 11 R

210874-5



Ha3E 12 Mo R 2022 4
f=1mm, S¢=0.8mm A , A~ 6] & "5 2 T 50% ZImr=9Es 300
b 1) U7 Ty B RE RN AR ] 2 R A b e 4 AT L R LUE 250
/N it s B R A 5 ] 10 2400, O B AU Batchelor 3t 2 200
R IR 3 5 2 A B e A DX = vl
N S e 2 1 - —f=1.0
B2 ) 0 B 1 A/ K L I/
— g i -
O, i 1 R B 6g/s I, 458 1] B I 43 A1 18R i = [ J=4.2mm
> R . 4
RS R A 1 AR, A AR 7 o5 S, O Stewart- =0
; 0 ' : : '
son iAo 00 02 04 06 08 1.0
Axial
350 (a) Tangential velocity distribution
300
= DAD |
£
< 200 |
"g 150 -/ a g
g / —m=12g/s 5
g 10 —--m=2.4g/s E
50 - —m=6.0g/s &
0 ! L 1 L
0.0 0.2 04 0.6 0.8 1.0
Axial

(a) Tangential velocity distribution

20
15 F P
10 +
5F
E 0
T S5t
= -10
2 _15 —m=12g/s
~ 20 — - -m=2.4g/s
s 5 - —m=6.0g/s
30 L
_35 . . . .
0.0 0.2 0.4 0.6 0.8 1.0
Axial
(b) Radial velocity distribution
Fig. 11 Velocity distribution at 50% radial height under

different m_ when f=1.0mm, Sc=0.8mm

PET 12 J2 A [e) it 1o 8] B2 EF 3 15 509 1 J32 Ak 170 1) 3k
JE AR [ 5 53 A 8] Gk R 12 0] DU LT
Tofr AN [ #) By 1 ) B, 5l i 25 000 249 77 76 3 e B A L
WFE P TR 2 (B AT A e 10 X, S [ 1)
Wit 5 Tl o ] B 0 /)N, R P 0 ) R W) 3 R S 16
7 1R 5 W) 8 R B O, B SR B S B A i el () B
B8 /0N, 2 Ak B AR 1) R AN ) R O R A B
A9 M Batchelor it 4 [7] Stewartson it 4 2% 1k A9 #a 4
32 HEENTEE

P13 g A (] 4540 T %6 2T (R 2 v A D) 4 7
W g (B 2 vh BT ) 4 ) A [ 45 & 0 Bl ™ iR
AR IR o Herp Bl 4 5 ) O e R R
Byl ey 7 B9 ARBCRT . AT LA 6 T A S 1] []

0.0 02 04 0.6 0.8 1.0
Axial
(b) Radial velocity distribution
Fig. 12 Velocity distribution of different axial clearances at

50% radial height

Wt 18 R RF, X 7 F ) HE gt B R B K, R T
J PR 3 7 G T /S A R TR 7 4 DA T 5
o) 1 g A8 O o A T[] B DRI, % 17 1) bt 1w 4
/N 5 B4 B G R AN [R) A ) ) BT 4G A L R R
Gy AT L ANAS T Al ) A Az AR E Ay e S
HE 72846 A 43 Lo BEA AR TR DA T 38 B A28 1] ) B 5] k2
(4 32 3 AR AR AE T AR R R L B
FEZFEWAE W, TEBAETRE S — @O,
LR, R T RN BT R AR R B
JE 77 78070y, DT A5 3558 % 100 R RHE 70/ o T AR
I bR ) S W e, PR 5 AR 1] (]
B G il v ] Bt R 28 A X G5 e A5 o

LR 75 TR ) A 4y A Tk 1) R] BB ORI, X
JNE P il o A g A B 2 1 O R S il ) ) B N
AR TE O W o TN AR (] ) B Ak I i e g T )
R [ IR Al g B A A 0T O
33 HEHEFES

& 14 45 1 T f=2.6mm, Sc=1.8mm Fl f=2.6mm , Sc=
0.8mm Y % i #4518 B ™ ORI AR ) A0 A B TRl RE
(0, F T 5 2 14 2% 00 S B0 WAV 2 R A
12, I HOA IR A4 58 32 B8 1 A48 A 08 /)s T O L) 52 2

210874-6



a3k 12

THE A% 5 5 T 160 303 8 48 P U 5l R 1 R PR F 5 2022 4
LS8 = 1.0
4250 + - -a /~1.0mm Sc=0.8mm < 2
000 L 1—0—ﬁl .0mm Sc=1.8mm \ \“
4150 + 08 | \. '
Z 4100 | _ \ \
2 4050 | T 06t \ \
= 7 . \
= 4000 | E : )
= - v
% 3950 + S 04t ; '
< - f-2.6mm Sc=1 8mm \ .
[ -a-/=2.6mm Sc=2.8mm _ m=0.36g/s \ i
3850 | -m-=4.2mm Sc=0.8mm 021 _m=12gs . \
-o- /~4.2mm Sc=1.8mm e \ :
3800 1 a- /=4.2mm Sc=2 8mm M2 ARl . -
3750 : ; 0.0 ; s
0.0 0.5 1. O 1. 5 2.0 2.5 0.0 02 0.4 0.6 0.8 1.0
m /(g/s) Efficiency
(a) Axial thrust on wheel disc (a) Sc=1.8mm
1920 1.0 .
1900 - /=1.0mm Sc=0.8mm ||
1880  _o-f=1.0mm Sc=1.8mm 08¢ :
1860 [ —A-/=1.0mm Sc=2.8mm |
-a- f=2.6mm Sc=0.8mm P ‘
z 1340 F o e 6mm Sc=1.8mm T 06t I
Z 1820 | z !
S 1800 oo — o o o £ |
= S 04} :
= 1780 | ~ — m=0.36g/s |
% 1760 | -a-f=2.6mm Sc=2.8mm .- m=12g/s |
1740 [ = f~4.2mm Sc=0.8mm 021F___. m=24g/s .
-e /=4.2mm Sc=1.8mm ¢ |
1720 | _a f=4.2mm Sc=2.8mm '
10 b, . i e 0.0 s s '
0.0 0.5 1.0 1.5 2.0 25 0:0 02 O/Eff . e t L0
mAs) iciency
) (b) Sc=0.8mm
(b) Axial thrust on hub surface . . . . A
Fig. 14 Sealing efficiency distribution under different flow
L ~=1.0mm Sc=0.8mm
2360 R :jjzl Omm Se=1.8mm rates when Sc is different
2340 &\\ -4 f=1.0mm Sc=2.8mm
2320+ A TeNLo
Z 200} . Romns, g Model) , Z R H Aij 75 Bl 195 56 5 18 32 3138 6 A 7T
E 2280 2 )
£ S e @ &
TE 2260 6 \S: 0.8 @ = 172 172 ( 3)
Z 240 6$$S(c::1 . min A1 [1 +(1-s) ][1 s T(1 - &) ]
2220 [ .6mm Sc=2.8mm
2200 [.-#/=4.2mm Sc=0.8mni f‘: EF'
-o- /~4.2mm Sc=1.8mm
2180 |-4-/=4.2mm Sc=2 8mm C, c m, c Sc R pﬂi2
. i . =———C, =—;G,="—3Re, =
00 05 10 15 20 25 276, Re, wi’ i n

m/(g/s)
(¢) Axial combined thrust
Fig. 13 Variation of axial thrust with sealing flow under

different structures

Fb 0 /0N AR N Y, B R . BIIS AT =
2.6mm, Sc=1.8mm Fl f=2.6mm, Sc=0.8mm {1 #f i ¥ 4%
THT 97 %0 A% [n1] ey J3 Ak 6 7 280 38 00 ol 1) 1149 23 A5 (BT DA e
T B B T e AR W, X R TR
BN A5 BRI e TR SN BN AAR L ¥ KON Bh BE
R, AT (5 A5 e A8 T A T ROCRAR T B B . 4
e O A N R N T [T N v S o . A |
SAETR L /N ][] BN T A s PN AR Y B R A
ORI AN R S RN R U E S e
3.4  HFRZF Orifice Model B3iE AT

Owen ™ #& T 3i& T RI 89 L A % B (Orifice

K @ I P R, D, X BT R T
A2 0 TG i AN e /D B A, C S T o B
m, R B Se A B AR W LR, 62 T0 i N
18] A] B LE | Re,, 2 Jié e B 1 K00, O 0y T i ) L%

Wi CFDIHEAH— A o5 e WEHEZ 5, il
WRBUR L #H TS AR D, M T HE,
RIF 2t DL & 5 e JyE A br i ek Bth 26, 4 sl 16
i, Hrb,=1.0mm, Se=1.8mm, ®=0.0088 i , Orifice
Model 5 CFD %5 515 25 5 K, B e KR 25 Nt 2%
Al LLF H, Orifice Model T L4 1 1 265 CFD 115819
25 W S AT, NI BRIE T Orifice Model X A% SC A
S5 W TE % 5 T AR 1) 0 A 0 43 IR 0l R A ay . (A
T B 2 X T B RO A, VAR [ 8] Bl fn] [R]
Bt A ] 5] kS ) st 1 A 3 25 B AR /N, {H BE 25 42 In] ] B
80, Bl ra ] B 5 ) % T Ok

210874-7



B4zt 2l e AR 2022 4f
1.0 1.0
__________________ 09 t+
X T 08|
_________ 0.7 +
] = g 061
§ ‘g 0.5+ — f=1.0mm
= E 04 Ll — -f=2.6mm
M 04 : — - fA42mm
03 H o f~1.0mm CFD
A f=2.6mm CFD
—— m =0.36g/s 0.2
02 - m=12gs 01 m f=42mm CFD
"""" m=2.4g/s 0'0
0.0 L L L L 0.000 0.002 0.004 0.006 0.008 0.010 0.012
0.0 0.2 04 0.6 0.8 1.0 @
Axial (a) Sc=0.8
a) Sc=0.8mm
(a) Sc=1.8mm ¢
1.0
1.0 ————————————————————— 09 | .//_/'
>
08} o
08 | 0.7 + 4
g 06 ,/
Z 06 | 2 05 / ——f=1.0mm
5 = 04 { — -f=2.6mm
E m var / — - f~42mm
= 04| 0.3 e /=1.0mm CFD
: 02 _/f A f=2.6mm CFD
m=0.36g/s e m f~42mm CFD
02 — - m=12gfs i
- - - m=24g/s 0.0 : : : : :
¢ 0.000 0.002 0.004 0.006 0.008 0.010 0.012
00 L L L 1 q')
0.0 0.2 0.4 0.6 0.8 1.0
Axial (b) Sc=1.8mm
(b) Sc=0.8mm 10 =
Fig. 15 Sealing efficiency of 97% radial height changes 09 ¢ s -
0.8 - = e
axially under different flow rates when Sc is different 07l 7 4
gost /A&
s Lo x
35 BAHERBERARES Ay ~ g
= 04] :
= > N DIAN SI=R = — - f~42mm
L 17 45 T A S [ il ) 1 B /N o 7 9 o3 | e e oA
N I a2 L A f=2.6mm CFD
Bt A2 1) ) Bt AR AR BT, T DL 3 die /3™ O A 0.2 / ® /=42mm CFD
P > N — N N 0.1
1 7% i 6 B 5 B JL 57 A B o 0 2 1 5 e 7 A e

A, T B 5 A5 1) T B Ay 35 DK 4 K
1970 4%, Bayley FlI Owen " $2 1 T E &1 Bayley—
Owen X &
C,..= 061G Re, (4)
K G, Re, ™ < 0.359,4 X 10° < Re, < 10°,G > G..
1980 4F , Owen 16 J5 A7 BB 58 227k I, 55 Phadke' "™
— i, S AR B 7 AE Y R T A e B
IR A
C,n=0.14G "“Re, (5)
A H10.0025 < G, < 0.04,Re, < 10°,
2010 4F, Childs""*' 38 & #iE #E T, 15 3 T /b
JUU LS B L i A B IR R TR O R
C. ... = 0.86G Re,
AXH 6> 6,6, =0.0067.
AH LGl O T e, AS S R Y 0 3 O A I 4
g EL A ) (8] B 0N L E e 0 A (2.96x10°) S5 KR
S WO DR R 1 AR

(6)

210874-8

0.000 0.002 0004 0006 0008 0.010 0.012

(]

(¢) Sc=2.8mm

Fig. 16 Comparison between Orifice Model predicted

results and CFD calculation results

8000

7000 -
6000 +
5000

w.min

4000 +
3000 +
2000 +
1000 |

—eo—f=1.0mm
—A— /=2 6mm
- & - f=4.2mm

1 2 3
Se/mm

Fig. 17 Variation of minimum sealing flow with radial

clearance



a3k 12

THE A% 5 5 T 160 303 8 48 P U 5l R 1 R PR F 5

2022 4F

N 3.ATTRIE 17 0T LA Y, JCHE 940 fie /DN B 7 3 4
L5 G 1 (8] B S HEA TR, B2 H M C, = AG."Re, )
B, K e, ..G A Re, 1, BLEH A, BT,
A ARG

Ci min
In——-1n4A =BInG, (7)

Re

A 6,20.0095,0.0213,0.0331;Re,, = 2.96X10°,

IS In A B VEREAK  In A FI B ED 226 1E 56 R 0%
C, =G AEACAIL A B AT A5 35 F T A< SC ) o0 i 48
1) TG i 4 e /N 0 4 0 8 X

C, i =0.071G, """ Re, (8)

AH LR A AL A A S G, e EOR B I K [
BF LE ) R LA WD T LA, BV E R 10 .0 R e 7%
AL R G, T 5 R /N i S0 T ROR
Bayley Fll Owen"* [ 52 56 o1t 5 28 LAY 2538, BP 24 il
BN R N N R R Y I R A R A TR
AR 2 . TSR IE 1 AR SCRERL Y & BEPE

4 45 it

AR SO g e 5 5 T A 1o O W R A8 M I s R e
FePESEAT T ST, Al A 20 R 4518

(1) AN [ 45 46 2 BOR B 7™ 3t 1 T 1Y e 5% 15 5 3
L B0 25 R XoF LG S WY BE AR 1 ) B 980/ A B R
R, M Db RAMRE AR
AN NN [R5 B DN i T U 5 S R el
Batchelor 7t ! [a] Stewartson it 1 25 £k, .

(2) R AL T s 1) 4 1 e — /B
3% 2 P Z G, G b Bl 1) 4 ) g 35 S BE B 1) [A) B
GUES RN R (AT

(3) X A SCHY 1] > 5 58 B, Orifice Model F.
A ARG Y 38 1 L BE A AR 1w 8] B 50 Al () B %)
3 R 5 ) T

(4) 3 1 07 BECHE 25 0 1 35 T A SO0 i A
HE TR 18 di /N B T AR A L R DG A3 AT A W 2 el )
1) B0 5 422 1] [ 02 30, i/ ™ O o . 3 IR
B R db st A ARBR A AR A T b I E A E R L
HRL IR T .

2 % X

[ 1] GirgisS, Vlasic E, Lavoie J, et al. The Effect of Second-
ary Air Injection on the Performance of a Transonic Tur-
bine Stage[ R]. ASME GT-2002-30340.

[ 2 ] KevinR, John D, Graham P, et al. The Effect of Stator—

Rotor Hub Sealing Flow on the Mainstream Aerodynamics

of a Turbine[R]. ASME GT 2006-90838.

[3]

[5]

[7]

[8]

[9]

[10]

[11]

[15]

[16]

[17]

210874-9

XIkne, W B R RS e R S RS
(M. Bl B ACHE RS AT, 2018.

Batchelor G K. Note on a Class of Solutions of the Navi-
er—Stokes Equations Representing Steady Rotationally—
Symmetric Flow [J]. Quarterly Journal of Mechanics &
Applied Mathematics, 1951(1) : 29-41.

Stewartson K. On the Flow Between Two Rotating Coaxi-
al Disks[J].
Philosophical Society, 1953, 49(2): 333-341.

Chew J W, Vaughan C M. Numerical Predictions for the
Flow Induced by an Enclosed Rotating Disc [R]. ASME
88-GT-127.

Hide R. On Source=Sink Flows in a Rotating Fluid [Jl.
Journal of Fluid Mechanics Digital Archive, 1968, 32
(4): 737-764.

Poncet S, Chauve M P, Schiestel R. Batchelor Versus

Mathematical Proceedings of the Cambridge

Stewarts on Flow Structures in a Rotor-Stator Cavity with
Throughﬂow[ﬂ. Physics of Fluids, 2005, 17(7): 253-
668.

Mellor G, Chapple P, Stokes V. On the Flow Between a
Rotating and a Stationary Disk [J]. Journal of Fluid Me-
chanics, 1968, 31(1): 95-112.

Graber D J, Daniels W A, Johnson B V. Disk Pumping
Test{R]. AFWAL-TR-87-2050, 1987.

Phadke U, Owen J. Aerodynamic Aspects of the Sealing
of Gas—Turbine Rotor—Stator Systems, Part 1: The Be-
havior of Simple Shrouded Rotating—Disk Systems in a

Quiescent Environment[ J]. International Journal of Heat
and Fluid Flow, 1988, 9(2): 98-105.

W, B, Xa, 55 B EOL I A LA
B A b A /N E R A (D] S B A, 2012,
27(5): 981-985.

PmAR, & PR, RSLEE, AL BT RN R R i
BT 0 4 i AR W B R L) ). AR
PR, 2014, 35(11): 2154-2158.

Bayley F J, Owen J. The Fluid Dynamics of a Shrouded
Disk System with a Radial Outflow of Coolant[J]. Jour-
nal of Engineering for Gas Turbines and Power, 1970, 92
(3):335-341.

Owen J, Phadke U. An Investigation of Ingress for a Sim-
ple Shrouded Rotating Disc System with a Radial Outflow
of Coolant[ R]. ASME 88-GT-49.
Childs P R. Rotating Flow [M].
2010.

London: Elsevier,
Owen J M. Prediction of Ingestion Through Turbine Rim
Seals—Part 1: Rotationally Induced Ingress[J]. Journal
of Turbomachinery, 2011, 133(3).

Zhou K, Wood S N, Owen J M. Statistical and Theoreti-
cal Models of Ingestion Through Turbine Rim Seals [J].
Journal of Turbomachinery, 2013, 135(2).



B4zt 2l o R 2022 4f
[19] Graber D J, Daniels W A, Johnson B V. Disc Pumping [24] F A, %I, 2 X, % LMoy
TestlR]. AFWAL-TR-87-2050, 1987. A AL BT [T]. TR A E AR, 2018, 39
[20] Sangan C M, Zhou K, Owen J M, et al. Experimental (11): 2376-2381.
Measurements of Ingestion Through Turbine Rim Seals— [25] Larosiliere L. M. Navier-Stokes Analysis of Radial Tur-
Part II: Rotationally Induced Ingress [R]. ASME GT bine Rotor Performance[ R]. AIAA 93-2555.
2011-45313. [26] ZEMERH, SKAER, I* B, 2. S EEE5 A X 0 T fe
[21] Scobie] A, Sangan C M, Owen J] M, et al. Review of In- PN R B R e R BCE A gE (0], HESER R, 2019, 40
gress in Gas Turbines[J]. Journal of Engineering for Gas (12) : 2715-2722. (LI Yao—yang, ZHANG Hua-liang,
Turbines and Power, 2016, 138(12). YIN Zhao, et al. Numerical Study for Effects of Scallop-
[22] Bohn D, Wolff M. Improved Formulation to Determine ing on Performance of Radial Turbine[J]. Journal of Pro-
Minimum Sealing Flow—Cwmin—for Different Sealing Con- pulsion Technology, 2019, 40(12): 2715-2722.)
figurations[ R]. ASME GT 2003-38465. [27] Z=WEMR, sk4e R, I+ B0, 48 WO iR de U B4 s ™
(23] xi#ss, £ &, 2 30, % RSl B IRl FetEmtse 7], TR HEAR , 2020, 41(11): 2704~
AE ) O e 58 = 4R SRR VR ST L) ). HEZEHOR , 2022, 2710.
43(7): 201016. (LIU Zu—-yu, WANG Xing, LI Wen, (28] far F. JFXmLisfe i M m B o sE (D). Jbat.
et al. Three Dimensional Flow Characteristics of a Radial P E R BRI 5T AR BE (TR B B 5T 0T ), 2012.
Inflow Turbine in Compressed Air Energy Storage System [29] Heidmann J D, Beach T A. An Analysis of the Viscous

During Start—Up Process[J]. Journal of Propulsion Tech-
nology, 2022, 43(7): 201016.

210874-10

Flow Through a Compact Radial Turbine by the Average
Passage Approach[ R]. ASME 90-GT-64.

(% .M BE)



