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Vibration Characteristics of Cascaded Blades of a Transonic Turbine
Part 1. Experiment
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Turbomachinery, Transonic Flow, Turbine Blade, Blade Vibration, Cascade Flutter,

Shock Wave

Abstract

The unsteady aerodynamic characteristics of cascaded turbine blades oscillating in transonic flows

were experimentally studied in a linear cascade tunnel by the influence coefficient method. Two flow

patterns were adopted, one of which had a near-design condition, and the other had an off-design con-

dition with lower pressure ratio. From the measurement of unsteady aerodynamic force, a range of in-

terblade phase angle was found where the blade vibration was unstable. The instability was remark-

able in the near-design point, while it was much suppressed in the off-design condition. It was realized

that the negative influence coefficients of damping from neighboring blades of the oscillating one were

added each other in the near-design condition. In the off-design case, on the other hand, the coefficients

were cancelled out to alleviate the instability. The different behavior of the damping should be attrib-

utable to the significant phase change of the aerodynamic force around shock impingement point.
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Vibration Characteristics of Cascaded Blades of a Transonic Turbine
Part 2. Numerical Analysis

R IR Vi SUNEE 174

AOTSUKA Mizuho WATANABE Toshinori

¥—TJ—FK: CFD, #— KW, BEHin, Y H, B, BTy 55—, HEHK
CED, Turbomachinery, Transonic Flow, Turbine Blade, Blade Vibration, Cascade

Flutter, Shock Wave

Abstract

The unsteady flow field around an oscillating blade of a transonic turbine cascade was numerically
analyzed with a developed Euler code. The aim was to clarify the mechanism of vibration instability of
the turbine blades found in the previous experiment. The numerical results were verified to well re-
produce the unsteady flow fields obtained in the experiment in a qualitative sense. The vibration insta-
bility was found to come from the strong unsteady aerodynamic force in the midchord area of a blade,
which was generated by the change of flow channel area due to the blade oscillation. When the shock
wave from the adjacent blade impinged around the midchord position in an off — design flow condition,
the phase angle of the unsteady force significantly changed between the upstream and the down-
stream region of the shock. The vibration instability was thereby suppressed. When the oscillation fre-
quency increased, the vibration was observed to become stable.

1. ¥8
MMICBWTEEEY — ¥ VRO IEEICET
ZEBIZELD, BRNEXTCRB TR IAREI LS
FIROGFEEDVHER S NIz T2, BEHRIEVERS &,
BORAM ORI L AR T2E, REIGEVWEAE O
FHVEAREEN RN &, BXURETEEICIEHEEA
BHLE OB X AHEEFH BRI OMMHOEANEEL
HRTHDIZ EW0h o7
AFETIZENICHE S, BRE LOBmEROEGHLEM
LOZRIIBITZENRIBOELE FBICHN, FRE
DELLZWHERA S = XL 2B EZ L2 BHIZHEL
B O BAEIHHT 24T - 725

2. BB
2.1 ERASEAS LUEEZE

FAEHFERITIT K IT Euler 782X % H v, Harten-
Yee @ upwind-type TVD A ¥ — A% $RH L7z, ReREFK
TEBEHIZATY, THIREO XM LU - ADI#EZ Hw
Twa,

BEfsSf 199849 H 9 H
* 1 RRUKEE K&k TERUER MiZe#iTHRER
T113-8656 BGHARSCREIX AR 7-3-1

FEEFE, KICRTIIICHEKFTH L, K
FHETIIEINOBEVCENAIKZ WD, BHEOHET
H B 255 L B O - BFTE TR K E 41D
WKEAR, ZOMNETORTOEREEIMEL 250T, B
Bt O 4 U S HBEW AW Z Shik v, 22T,
BRAERTAH27) y FEEEEREAERE TEZL S
T EICEY, BEABHEEO LA L TROKTEORIE %
TH5LT, BEBMNETOELSELZEL LTHBY,

JEEHEIEOBRICIZER & FRic — RIS E 2 3R
L,7HMoBRIZHINA-6OoORBEHE 2 P& FHIKIC
EoT, MROBRPIRF X1, BORBIEIBTE
KO %K 2 1 RT, BORBIZIEZNZDT, £4&
THEDERIEFHZITI LI b, FITHEIA LR
7 v T THAORMKE X RN ELR2EHEL,
BT 77— 3EIEREDO L D2 T EHET IRV E S
IZL770 COFEIZLY, BRAF v TTEICRKTVYVE
BREBNCTHERTFEARLET LD D, FHERNZ KR
WHEMT S I EDTE D, BT HOREHRIE IO
TR EINT, ZOEPOEM T TOHBIC
FoTRESIND, IIFITHEELEE TIER L IFIFHLET,
BB o T/RS B LN,

Download service for the GTSJ member of ID , via 18.97.14.84, 2025/12/07. 28 —



Vol. 27 No. 1 1999.1

BERZ—E B OREIFE (2%

29

5

QRGN
\
A

=
7=
7

e

i
\ I
\\\\ i
\§§§§§\\\ |||\\d\'\\ N AN
\ AN \ N
\ \\§ A R
\\ \ §\\\\\\\\\‘\\‘\‘\“\“\\\ B CIAR R
OGN
A\ LR N 0‘;"‘0\“!“5\\\\1\‘\\\\\\\\‘\"\ W
\ \ MR IR
MW LN R R
\\\\ AR N ::::;::::::E::.g.\&\\\&\}s \‘%‘3.:-“‘3"::“-:::

X

SRR
SRR
NN
T
R \\\\\“\‘\\\‘\\\‘\\\ \\\\
R
LR

il
Kt

R S T
IR X TR
WY \‘:\\\“‘:\‘\‘\gstttxx\\q\\‘-‘m\‘xt\‘tx‘\‘t\\}\}\\\\\\\;,
N R RN
A AR, N AR
\ RN A AT R
A,
RN RRAN R
N RN LR
G R
i

X

RS

i SR
Ui OO e

{h
W

N

R
R

SRR

X1 EHEAEF

F1 HFFET
piuth;: a 0 (deg)
FAR B 156 (deg)
pifa | B2 5 (deg)
BLEVA Y 156 (deg)
BEyF s 36.12 (mm)
RXE c 42.49 (mm)
Big b 50 (mm)
3124 c/b 0.85
BAk L s/ ¢ 0.85

2.2 WREH

BORAM L LT, WASRCRIE, &, B LW
AMIEBEL, V=< Y REREFEFRONMA S L
P L 720 MR TR R REL, I,

x FIERE, BXUy HEEZ NP SIHEL T2,

22720, HOBERICBWCEFBRICER T % EE K55
BEEOYE, BEL —DOWHOR»S/FET S L1
L7z B CIERBEREREAEH, BRI TS
L7202, BEHOERAMEER 0L Lz, £/, BHD
Fr NS4 VEERIZHAERICE, ¥y FTEDHE
MY AR L2 AEBERENE S 272, FEHFEOR
Wi, FHEHEIRO—FISMIOFERIE, ~F MHORR L
—HF LHOBRCTHAMBER L > TWd,

3. BRBIUEE
BABIUCEMNIEREFE LD EZ AW, B
VKI Tip Section 3 T, BAFHITIIR1ICRTH) TH
%o

3.1 EEEFHEHOBR
FERIZBWTIRBEEIGEVWEREE, TAXILHE

HIEDECES A OFENSGO 2 FETEHl 2175 72

BUERHTIC BV T IO ZODRNIBICOWTEIEE

(@) 9 OBALHMmE

(b) 2 7 0 B4R
2 HTERORKT

£2 WA - WINSEA

r—2z1 y—22
2F (kgflcm?) 1.92 1.64
£i8(K) 300 300
HAT v N 0.88 0.77
Agifs (deg) 0 0
HO#E (kgf/cm?) 0.44 0.7

o2 kEl, ERIAGHLETEFHRNBITEOWEA -
W2 Lz, etmiCEvwiinigx r— X 1,
AR ORNGEZ 7 — A 2 LR LT 5, ThE
NOWA - IR 2D LI %5,

M3 IRERHRNDO~Y v "NBEERROFIEMET, K3
(apdr—2A 1, DIE7r—R 2 D8R EZRL TV S AT#H"
TRLEZRBEOHRNBEO D 2 -V VERELE, 30
TUNBEERE BB LTADL E, F—A 1 DHRIZ
BOWTREER, R, vo—2oMERELREDPRE
{—HLTWwE, —F, Y— A 2BV TIIFERE LY
b ERMTIIEREFELE TR KL TWAED, HE
BEOAEH L WV EAMTRIBNWIFEOKTVRL-> TS
EBDY 1) -V VEREERRD EHBENAS L L
WX BERBOHME, ZFNIHED) BRI O KGR E B
ABE I BABTOBERBOE S OGBS
A, FHEREETRINS OB LN TRV, &
BCIXIERRN ZIRE L TS 72012, EHEIESAS
L 7: O EROHAERERBE ORISR SHTw
TwnhortEbihs,

K4 IIZEE L~ v B a— R4 O R

o

"

Download service for the GTSJ Mmember of ID , via 18.97.14.84, 2025/121029 —



(a) r—21 (b) r—=2
3 Ry NEEER
2 2
] 8- R ()
1.5 1.5
o MR (S)
= A ‘; s 1 —k- HH (ER)
"“0
e@@gzﬁ e R (R
0.5 0.5
B El
3] )]
o+ttt 0t
0 02 04 06 08 1 0 0.2 04 06 08 1
x,/C x/C
(a) r—=x1 (b) ¥—x2

X4 HEWmE<y B

EEBMRLEGDETURT, K4@IEr—21, bid
F—A2DMERTH D, HEIE - VP Er 2
a—FEC CEXIGILL 2B, S~y B M
RL TS, B LGOS N/EBEAF LD ER
mE7a7 7 4 VIEEBRERN-FERETWS, Ly
L, FICHRRZBEHICE D 7 — R 2 OB CTHEREAS
MO 42% a— FALE) DO~ v N A, EBR
ERIMETRZ>TWD, 2751, HEBEASLESZE
HTORIIEAONTED, HBTHERDL LI ITEKFWLT
XHE &3 5 BAIEE RO BN 2 BF I IR E
wekEZo5NM5,

INSORPSHNBORKT 2R 5L, BEHTIHKA
L CRAMAVGE BB TE S, Ao— METHE#E
TR b5, REMTIRIARMIZE > TNESH, 20,
BIEOBEMEICAL L ETRESINL D, FHHBEER
DEFED ST BRI AS T2 L HOMESI NS,
BoO®B,SEL A8, 75— A 1 TEEARKER
DHEILEH 80% I — FALEICAG L, r—RX2TikH
42% 32— FNBICAR T, r—RA205HFy —¥
BERRE /2O, HEEAFHTA LRIV E L TWb,
=%, BRORNGOMRTFEZRBE, yr—A1, ¥—2X
2HICHEMTF a—2 LTWwBE®, MEIZIZIZFLT
H5bo

Download service for the GTSJ member of ID , via 18.97.14.84, 2025/12/07.

3.2 FEEEEHEOHE
321 RREDUBHIVEE

BAGERHTIC BT b EBR L R I —RIREE 2 v 7z,
WE B DOV TIE, ERET) ZEDTE Ldo2@W
HPHE CTHRT 2T o720 MREZ 0FR L L, IREIC
HEVELSIICEMNORF T2 +1, +2,--, HHZ -1,
=2, & T B, M5 (aZEIRE O — B HIHICHE T A
T AR A VX — FE OFtEEEL, K5OI
T2 EBRME R T R T, BIREEIZ10Hz T, FRE%
FAE L U 2B AICIREI B £ 135.23%x10° THh b, T 3F
WEF— AT, FRTEHE L 2EBREE BB B AHE
THAFLEDL I EIZIDEM Lz KIEAEH AR HA
MHE o T, MMPBRIIHATSLIZALNF—-E 2RKLT
Wb, EPEDOEGICEORBIIAREIIR D, B
BEEIPSOIANF—HAEZEIEIE LD,
FhoOEARILAZ L2y P LTH D, K
5(b) TR THRRA L 91, 0>0 OFEBH CRIRE) A
AEEERY, HETAVF—DRELZE—- 22BN 5,
—7J5, R5@DEHEREZRAZ L, ¥—2 OEXI3ER
BRIVEVL OO, MU o OFEMHICIRE AR E AR
ENTWwb, 72, TOE—I P +1FEIPSLE-1F
EHhOLDOILANF—HARERGDLENLZEIZL Y
BEhTWwWEZEd, fHEFHRTIIHIAEIA TV S,
K63 LR AN —2r— X 17— 2
ECRIRBI A8 Hz D&M THRE L2 DT, ™ 6

30—



Vol. 27 No. 1 1999.1

BEERS - ECREIIOKREMFE (F28H)

31

0.5 7T T 0.5 T IHERKE 10H 2z
0479 FnwE 0.4 e 21
0.3 -3 0.3
0.2 0.2 5
0.1 0.1
3] d e
0 w o M
-0.1 3 -0.1 o 0BHR
-0.2 -0.24
-0.3 3 -0.3 3 —a— +1HR
-0.4 ®E -0.4 — RE .
-0.5 TTTTTTITT T RS ERRRRSRARES) -0.5 —rrrrT LRAERRRRS T &8
28g°8%8 888°88S3
o o]
(a) H®H®H (b) X8
5 JHETARANVF—0EELEEE DOILK
0.3 117 0.3 [ .
0.24— FARE @\ 0.2 REE IIRERE 82H 2z
. X E
0.1 0'15 HE
0 - 0 -
. o 1 H ——
mg; w01 18H
-0. -0.2
§ —6- &N
-0.3 4 -0.3
-0.4 -0.4 —— +1ER
-0.5 BE — -0.5
== = ——
-0.6 e -0.6 —frrrrrrrrrrrrrrr
O 0o o © o o o o O O o
REY == 88§ °ece
! o T
(o)
(a) ¥—2x1 (b) #—2R2

M6 HEITEOFHETAVF— (82Hz)

@zr—21, OIFr—RA20RETHB, ¥ —A1T
13k =4.29%107%, 7 — R 2Tidk=58x102k%>
TWwWab, FETR Y —RA10OE»r—22 X H bEFD
AREEWDPBNE VI RERPBFELNTVEA, K6 TDH
(@b x kKT 2L, 2EOKFNTL 2HIRT AV
F—2%a)Tid ¢ >0 OHBETIEIZ R Z2DIZHR L, b)TI
HILBEZ-TWwD, T, BEPLOIANT A
#RLE, @QTRIFEPLOIAVF—HADOY —
7 233ZE CEBMAZEICHAEL T b, —T(b)TiE,
“1FBEIPSOIRNVF—HATT — A 1 L FBRO DA
FLTWED, +1FBI»LORXINF—HARE—2
DONEN e DBEDOFHHITNT Wb, €00, 7 —
Z1TIEzIBELPLOIANF—HANEREL SN
LR, 0>0TE PIEELRDZDITHL, ¥—RA 2Tl
1 FRPOSOZFINVFT —HAPHEBE INS 720, JRH)
PEEWLRoTWD, SDr—A1, 2Tx1HBEDNS
DIFANF—RADPEREDLENEPENICL-T, &
BORE - AEEVRT L EVIBRD, EBRTHESHh
LD LREILTH S,

Y EOBGES S, RGBS X 2 IREVEY| OB,
FEBRTRZ b N2EEFE B L BRI L CHEHL
%5 LHWTE S,

K6 TRENZLINE, x1FROTRNVTF—HAD

HRELENLZPHABRINLIHPIE, +1FHROEZRITID
MHCE Y REENTVD, £2°T, ZOMMPENLT
LZENZFRL7-01, BEHLEOFEESEEDOSG %R
T LTS, +1H/BEBTHOFEEIEI A 2K
TIRT. EHIZoWTIE, ¥—2X1, 2L bI2iFEA
RPN o 12O TEKT S, 7T 7I3EEmED
a— FHAOKMTOESLI %, BIRBHE & FIAH
DGy (FEER, Cr) &, BIRBYENL & FALAHD B 5 (2 &8,
COlZaL, @QIZCE2bICCityay b LAbD
Thrb, MERLEF—2Z1,2%5 312 Ci \TKE 2IRIF
BELTVDLOEbh%, ITb)Tr—A 1D Ci D5
HiERDE, MNPEMESNIHD TS 20% 2 —
FAZEAF A S, HBIEAN N TH 5 80% 2 — FhLE
LR OBEBIIB VT, KEREHRWIFEIHE L T b,
$72, BHRBEAHNTDH S 80% a— FIMEBEMNIELTIE,
B2 EHREIZAE LTV EY, —F, ¥—X 2Tk
BRI AGHTAE TR E REDRBESAE LTV 5, 42%
O — FAZEAE OBBEEAS S L D R OFRIC BT,
Ci 13— 21 L IBIZMBEOEN S Z L TVBED, b &
) EEHBEAS B THSSRIEL, TOBEHZKICKE LA
DIEDWIEZE LTS, TDr—2Z 1,2 TOIRERTE
HoAE DENDS, BEERIIH D HBERIT O KB L
TV EEZHN%,

Download service for the GTSJ Member of D, via 18.97.14.84, 2025/12/&1 —



32 BEE4—ECEFOIRSEME FE2HR) BAAZXZ—-E 2558
HEHRALE EHERASS
(r—212) (r—21)
0.1 0.1
] —— 321 }
]
0.05 &~ F—-22 0.05
8 0 a0
3] O
0.05 .0.05
0.1 0.1

0 0.2 0.4 0.6 0.8 1
x,/C
(a) FEEXEHES

0 0.2 0.4 0.6 0.8 1
x/C
(b) FEHEEHESD

M7 +1FEREWEERED

r—2Z 1 TEBEHRIBICAOND Cw DK E I,
RARENCAE > CTERMEMERIZ T H7DITETL D
DLEZLND, —A 1 TORRFOREEIL, O
FEEFENRR LW, ~Fr—X2TiE, BEM@
D 42% 3 — FABICAS LW, ZOTHT G
D5 MlE &85, BlbIECE T OMANZ S8
LREEFOLD, MIZRARONZHALRIVF—DR
MY L, RIRB S LELEIND EZ 5N, 7 —
Z 1 THEEICHBESAG T2, R7ODIREINS
912, ASERBBRIEVIZD, FOEBIINEV,

BRI AF OB CIEEEL ) OMARY HIRT 5 2
i, AR ELREFOHBATIE, K40EE <y
NEOARD S ERMICHREN S, Bl D, K4 ()T, 77—
22Dy NGRS L, HBEEAFNTD
% 42% 3 — FLE ORI T~ v N5 AR OB BLASIE )
SEICANEDbSTWS, ZOKEEITIHMmIE, F0
HEVFEDPSFEICANWMEboTWEZ LIl D, COE
HA A BRI TR S hoD, HRESHEIREIZ
o THE EEZMBICIRBI L35 L, HH L0 42%
a— FLEOFI#O M T, MHSKNOENER %%
52 IR B,

3.2.2 IREMEUEMOE

FEERIC BV TIIEB ORI 2 5 NiRRE ARV & 2
ATLPREZRT) S ENTE LRI 720%, FOHPET
BIRBI O E L b ICEIRB ORI T 2 & 2
AENTVD, Z2°T, BEFH 2T L) BVWIRE)
BCOMMEIT, REFUC X 2 REMDEIZONT
AR,

BhiRT AV F— DO EMEER 8 IR T, 50Hz 75
200HzF CT(k=3.57x102~1.05x 10" ) DFERE 70 v
FLTH B BEEIEL 25N Tr—2X1,2¢%
WCEICHATAZANFEF—IIMEL 20, BIRBIILE
2B EDBTHh 5,

X 9WCIEFHEHELRN C 2 EILIBEBIZHT TR,

BB TRENII BRI ORIETH S, Chehb
LRABBOBEMIZEy, 0FE L +1 FROEFOIRE
DHIEAK X L %o TITL OB h b, 72, —1FF
BOZRJIOEL - Bk, BLUO+1EFR, 0FEOE
B, FBEBAEALLTHIFE ASEL RV, IREIE
BEL B o LRI RREIREAT 201, 0 FROZE
KOOBWK, FICEBORIFEOHAEDOIE K OFRIK
EWEEz5Nb, 0 BFROBRNEROREITEDME
2 oTHY, BB L TEREMIR<,
—%, +1BROZRNEILORBIIEDMEEZF - TH
0, BIRE 2 AR LT 5805 & D IRBI B ORI -
TEDHIEIIKRE K R ZEMIZH B 205, 0 FROEL
DIE) RO LMK E VDT, KREIRE)TLEM
WD S &k b, £72, BEBIZIREIEOZEICH L
TIFEALELLZWOT, RENFAHI L EEHO RS
MHREL 2 BIZONT, HMHICEREORZERIIH T
LEGPNEL 2B,

4. HEER
EBRTRWIEENBERY —C Y RINCBIT 5 HE)

AEEOEREZYI ST A2EHEHMWIC, “ KKt A

5 — R A2 H WO BB 2 1T, LT OkiR

w7

(1) ZRITAA T —HRRUC X 2BEFHEOKE, EE
R EHMICRL =T 23R 5N,

(2) FEMEEOr—Z1&, BEEOEHSAREHET
HhHr—A2%T, BIRBORLEWHIIKRE(RLRS
A5, FHRBEOBEMOBEED SEFHRICL -5
ENBFHET RNV F—DE — 7 OMHMA, TR
XD THT EITRRAL TV,

(3) #—2A1TiE, BIREHEH BHREIIEOZIC
BN BIEFZENIY, WAL EEXELSED
WAZAET D, ShiCe Ly — A 2 Tid, By
WA A EBEIC X D IEEHIE I OMAHAEER L,

Download service for the GTSJ member of ID , via 18.97.14.84, 2025/12/07. — 32 —



Vol. 27 No. 1 1999.1 BEEZ—ECEIOREMIME F25) 33

0.2 REE - 0.2 REE
' ||
0 0 ! -
-0.2 -0.2
.0.45% ! -0.4 - [l
] =& 50Hz(k=0.03)
l-U-O.GE 7 w.0.6
0.8 & -0.8 /iA ~® 100Hz(k =0.06)
P L TS
. I§ s 1] 7 —=— 200Hz(k=0.1)
1.2 E -1.2 g‘ e |
1.4 e -1.4 e
o o o O
88 & 838 °8&8
Ton T o -
a [o}
(a) r¥—2x1 (b) r—=22

8 BRI AN F - HIRE DK

0.6

0.6 ] ]
0.4 /F 0.4
] 0.2 e ——  +UEHEN

0.2 /-’
0 E 0 ~4‘¥$§ —o— OEFEREHN
o

—— 1 BREH

G-0.2 G -0.23—g

] ] N —6— OEREM
0.4 -0.4 - '\
-0.6 -0.6 —— - 1 BREMSN
-0.8 -0.8 ] —— — 1 BRELN

-1 et - T
0 0.05 0.1 0.15 0 0.05 0.1 0.15
k k
(a) ¥r—=x1 (b) r—=x2

9 EEEERNOREBUZ L HEL

ZHUTHE - TIFEF BRI OO KE BT 5, E

ZORER, =R 2 TIEFr — A LITHRTHEYOIRE) ARBEFEICIE S 26 M AR S DB & %) 72 W H

TREE BB BEAN BHESHZEERRMSICER 2 2HEE2RT 5,
(4) MW OAGH & 2 IFEHEE) OMAHOMHRL, #

SEH I ST BRI O B % CRE ) 0 A OB B A SEE

LIEKEDLL I ETHHAINS, (1) FHFImAE, BURAE, ETHREB, HRAFR Y — ¥V F4a5,
(5) IREVBE OB VIR %S B0 S IUER vol.27, No.1 (1999.1), p.22-27.

IEB A b3 2 0@ IRHR A YDA, (2) Tanuma, T., Yamamoto, S, Yuan, X, and Daiguji, H., Un-

BEROBNE L HITKE D7D TH D, steady Aerodynamics and Aeroelasticity of Turbomachines,
(1995), p.691, Elsevier Science B.V.

Download service for the GTSJ Mmember of ID , via 18.97.14.84, 2025/42/@3 —



Vol. 27 No. 1 1999.1

wt

BEE

L J. Day™,
T. P. Hynes™,

W. N. Dawes”™,
H. P. Hodson™,
J. B. Young™'

m diameter low-speed compressor was installed. More-

34 AERAH R 2 —E 3285
THE WHITTLE LABORATORY
A. Cumpsty”™’,
J. D. Denton™,
J. P. Longley™,
INTRODUCTION

The Engineering Department of the University of
Cambridge has a long association with the jet engine
and with turbomachinery. The Royal Air Force per-
mitted Frank Whittle to spend the year after he
graduated in 1936 working in the Department on his
scheme for the jet engine. W.R.Hawthorne (later Sir
William Hawthorne) was a member of Whittle's team.
Around 1948 Mr Rhoden built a low-speed cascade
tunnel to investigate the effect of Reynolds number on
compressor blades and the first results were published
in 1952. The blades tested had a chord of 150 mm and
a span of about 450 mm. A second low-speed cascade
facility was built, followed by a low-speed, single-stage
compressor of 152 m diameter in the 1960's. (All of
these facilities are still in use, but after extensive modi-
fication).

Space on the main site of the Engineering Depart-
ment was limited and Professor Horlock obtained an
exceptional grant from the Science Research Council
(SRC) to build a new laboratory about 3 kilometres
away, in what is now the West Cambridge Site. The
SRC Turbomachinery Laboratory was completed in
1971 and officially opened in 1973; it was renamed the
Whittle Laboratory in 1975. The first director was Pro-
fessor Horlock and at that time, Sir William Hawthorne
was Head of the Engineering Department. In 1973,
Professor Horlock became vice-chaneellor- of Salford
University and Sir William Hawthorne became Direc-
tor of the Whittle Laboratory until his retirement in
1980. He was succeeded by Dr Dennis Whitehead until
he retired in 1984, then by Professor John Denton and
from 1989 by Professor Nick Cumpsty.

Not only did the new laboratory have room to ac-
commodate the existing equipment that was moved
from the main Engineering Department site, but there
was also room for much expansion and a second 1.52

JERRE 199847 H 21 H
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* 1

over, the new laboratory had a high-speed facility that
would allow the testing of cascades at transonic speeds
and realistic Reynolds numbers. The high-speed facility
gave the freedom to vary both Mach number and Rey-
nolds number independently by adjusting the ambient
pressure in the tanks downstream of the cascade.

These tanks were former decompression tanks and
were large enough for at least two people to work in-
side whilst fitting and instrumenting a cascade. A typi-
cal cascade would have six blades with a chord of
about 40 mm and span of 100 mm; the outlet Mach
number might rise to 1.1.

When the Laboratory was opened, it was envisaged
that there would be a national need for extensive cas-
cade testing in the new high-speed facility and two
tanks were installed to facilitate this. No one foresaw
the rise in computer power and with it the rise in com-
putational fluid dynamics (CFD), and the need for cas-
cade testing turned out to be smaller than had been
expected. One of the tanks was therefore removed.
The facility is still occasionally used to test turbine cas-
cades, but it finds more use for special tests, such as
calibration of probes.

The laboratory thought itself fortunate to have its
own computer at the start in 1972; this was a DEC
PD 12 with a core memory of 8 kB; those wanting
more memory were required to use the University's
main frame computer which had 1 MB of memory,
though no normal user would be allowed anywhere
near all of this. (There are now over 90 computers in
the Whittle Laboratory with 10 GB of core memory.
The development of CFD for application to turbom-
achinery has been a feature of the Laboratory's work
for many years. A wide range of programs has been
developed and many of these are used by industry
worldwide)

One of the first major changes was to convert the
second 152 m diameter low-speed compressor into a
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low-speed turbine, a project funded by the CEGB un-
der the supervision of its employee at that time, John
Denton. Since then, this low-speed turbine, known as
the Peregrine rig, has been extensively used in many
different configurations simulating steam turbine and
gas turbine stages corresponding to both the high-
pressure (HP) spools and low pressure (LP) spools. The
major facilities, not including the high-speed facility de-
scribed earlier are listed in the Appendix. These are
all low-speed rigs, which reflects the importance of
having students do "hands-on" experiments, the signifi-
cance of boundary layer phenomena (which are to a
large extent independent of Mach number) and the im-
portance attached to fundamental research leading to
better understanding. Low-speed experiments are, of
course, very much less expensive.

Over the years, the laboratory has grown and the
original buildings were extended in 1996. Now the
complement consists of 7 University teaching officers
(faculty' in the American terminology), 7 research
workers, 16 research students and 11 support staffs.
Although separated geographically, the Whittle Labo-
ratory remains an integral part of the Engineering De-
partment of the University and teaching undergradu-
ates is a primary task of the seven teaching officers.

Since, its inception funds for research have been
from a number of sources mainly the Ministry of De-
fence and EPSRC (the body that has succeeded the
SRC that built the laboratory) but also recently from
the European Union. Of great importance has been the
support from industry because this has brought access
to the technical problems of current interest. Most
support is from UK industry, but currently support is
being received from Mistubishi Heavy Industries and
from Ishikawajima Heavy Industries. Of the UK indus-
try, the overwhelming support comes from Rolls-
Royce; the Whittle Laboratory is a Rolls-Royce Uni-
versity Technology Centre and close working relation-
ships exist between the Whittle Laboratory and many
parts of the company.

In the following sections, some aspects of the work
currently under way are described. These are classed
according to topic and range - in many cases, several
members of the teaching staffs and research workers
are working together on the same topic.

COMPRESSOR AERODYNAMICS

Three-Dimensional Flow in Compressors
Three-dimensional flow in multistage compressors

remains an area that can give rise to expensive devel-

opment in aircraft engines. The problems centre on
the complicated viscous/boundary layer effects which
occur, including three-dimensional separation. Three-
dimensional flows in compressor stages have been in-
vestigated experimentally and numerically, the two ap-
proaches being used together, each being able to in-
crease the effectiveness of the other. The numerical in-
vestigation utilises the Dawes and the Denton compu-
tational methods. The experimental part of the work
uses the large low-speed single-stage compressor
shown on Fig.l for which the blading in the datum
configuration is typical of modern core design. Up-
stream turbulence grids and downstream screens are
used to simulate the presence of other stages (Place et
al 1996). The size of the machine allows detailed and
accurate measurements, and on-rotor measurements of
velocity and pressure are possible.

A new stage has been designed and tested in the
low-speed compressor with identical duty to the datum
stage, but this time using 3 D-design methods to re-
duce the losses. The results give an assessment of the
benefits of 3 D methods and guidance on the future ap-
plication of this approach. Although 3 D-design meth-
ods have been found very useful for guiding design,
the benefits are not always correctly predicted; in
this programme the 3 D calculations predicted a sub-
stantial efficiency improvement attributed to the re-
design of the rotor, but a very small one for the stator.
In the event, the measurements showed a large im-
provement attributable to the stator, but a slight loss
in efficiency from the rotor. The effect on the stator is

Figl The Deverson low-speed compressor is used to
model the flow in high-speed compressors used in
aero-engines
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Datum Radially-Stacked Stator

3D Stator in Modified 3D Stage

Fig2 Contours of stagnation pressure coefficient at stator exit for the same rotor and equal flow coefficients

shown in Fig.2 in which the enormous improvement to
the flow near the hub in the 3 D-design blade is obvi-
ous. The rotor was subsequently improved (so its per-
formance was noticeably better that the datum rotor)
with a small modification which did not result from the
CFD analysis.

A new phase will look at 3 D flow from a more fun-
damental point of view, concentrating on the complex
surface flow topology. In the past, ideas associated
with separation have in the main, been derived from
2 D and are generally inadequate for 3 D flow. The 3D
studies will be followed by a new 3 D-design of a heav-
ily loaded stage to be tested in the large compressor.
Boundary Layers on Compressor Blades

Most compressor blades, and many LP turbine
blades, have relatively sharp leading edges, which
cause the flow to separate when the incidence is such
that the stagnation point is not exactly at the leading
edge. The separated shear layer is highly unstable and
rapidly becomes turbulent, increasing entrainment so
that the layer moves towards the surface. Provided
the incidence is not too large, the flow reattaches to
form a separation bubble. For compressor blades, the
length of the bubble is normally less than about 5% of
the chord (and often much less). Conditions inside the
bubble barely affect the lift of the blade directly but do
determine the starting conditions for the boundary
layer development over the majority of the blade sur-
face. The bubble therefore has a major effect on the
loss and possible downstream separation at off-design
conditions.

The work by Walreavens and Cumpsty (1995) pro-
vided clear evidence of the importance of separation

bubbles but current work involves a closer investiga-
tion of the nature of the shear layer instability and the
effect on it of freestream turbulence. Experiments
have been undertaken at low speed on compressor
cascades and on rotors to establish the variation in
blade performance as the leading edge shape is modi-
fied. Measurements of high subsonic incoming Mach
numbers reveal a supersonic region terminated by a
shock wave and the character of the bubble is mark-
edly altered. A separate series of tests is being carried
out with supersonic inlet flow (M =~ 1.3) to simulate be-
haviour very close to the leading edge on high speed
fans; the remarkable effect of surface roughness on
the leading edge is demonstrated.

Boundary layers are also being studied in environ-
ments similar to those in real turbomachines but
where the pressure gradient is imposed on flat sur-
faces. The flat surface allows accurate measurements
to be made relatively easily. Realistic pressure gradi-
ents are imposed by adjusting the walls of a small
wind tunnel to give distributions typical of either com-
pressors or turbines downstream of the leading edge.
The freestream turbulence level is comparable to that
in a multistage compressor or turbine and the wakes
from upstream rotating blades can be simulated with
moving rods. Of particular interest are the leading
edge separation bubble, transition and possible relami-
narisation. All these aspects are difficult to predict ac-
curately using current CFD methods.

Stall in Axial Compressors

A research program is in progress to increase un-
derstanding of the compressor stall inception process
(Camp and Day, 1997). Recent research draws a clear
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Fig.3 Stall inception results for many different compressor configurations

line between the two most commonly observed stall in-
ception patterns (usually referred to as modes and
spikes) and sets out the conditions under which each
of the patterns will occur.

An example is given in Fig.3 of results that help de-
lineate the stability criteria governing the occurrence
of mode and spike type stall inception using measure-
ments from 45 separate experiments. The figure
shows that spike-type stall inception occurs when the
slope of the pressure rise characteristic is negative but
the incidence is about zero. Modal Stall however, coin-
cides with negative tip incidence, but close to zero
slope of the pressure rise characteristics. The occur-
rence of spikes and modes in a particular compressor
thus depends on which critical condition is reached
first; limiting rotor tip incidence (for spikes) or zero
characteristic slope (for modes).

The nature of flow at the tip and hub sections of the
blading is being studied with a view to understanding
their influence on the shape and slope of the pressure
rise characteristic - and hence on the stability of the
compressor. The ultimate aim is to identify those flow
conditions that are most likely to cause premature
stalling. The process of stall inception is being studied
experimentally and computationally.

The operating range of compressors is normally cur-
tailed by the occurrence of stall. Stall can sometimes
be delayed, and the operating range increased, by the
use of treatment on the casing over the rotor tips. It
has been widely accepted in the past that the improve-
ment in stall margin caused by casing treatment was
approximately linearly proportional to the loss in effi-

ciency it produced. An experimental and numerical in-
vestigation is being carried out on the type of treat-
ment that has often been found the most promising,
namely axial skewed slots. The increase in range and
loss has been predicted using the Dawes un_NEWT
code. Recent work has shown that designs of treat-
ment are possible for which there is little or no loss in
efficiency. The goal is to establish more clearly how
the treatment delays stall and how loss is created. It is
intended to establish the best configuration and the
circumstances when it is likely to be most effective.
The Effects of Rain and Hail on Aero-engine
Performance

All aero-engines encounter heavy rain and hail from
time to time and are expected to continue operating
safely under these conditions. In general, the engine is
most susceptible to the effects of water ingestion dur-
ing low power descent from 6000 m to 1500 m. Work is
in progress to investigate the effects of water ingestion
on engine performance - particularly at low power set-
tings. Experiments are planned to look at the mechani-
cal interaction of water droplets with the moving and
stationary blade rows in the compressor and to assess
the effects of surface films on the aerodynamic per-
formance of the aerofoils. These details will be com-
bined with thermodynamic calculations for two-phase
flows to produce a realistic computer model of com-
pressor performance under wet conditions.
Mainstream and Stator-Shroud Leakage Flow
Interaction

The leakage flow beneath the stator-shroud in aero-
engine compressors introduces several engineering
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problems. Preliminary information suggests that there
can be a substantial effect on the blade row loss coeffi-
cient associated with even a small amount of leakage
flow, Shabbir et al (1997), Welborn & Okiishi (1998).
The topic of this research is the interaction between
the seal leakage flow and the mainstream aerodynam-
ics and an experimental and computational project is
being undertaken. Large-scale low-speed cascade ex-
periments, single stage compressor measurements and
calculations using Dawes unstructured NEWT code
are being undertaken.
Installation Aerodynamics

The performance of gas and steam turbine compo-
nents is often significantly affected by the geometry of
the installation. An important example of this is the in-
take of a modern high bypass ratio turbofan, which is
usually asymmetric and drooped relative to the centre-
line of the engine. The asymmetry that this imposes
on the flow at entry to the fan has a potentially serious
impact on performance, on vibration and on noise. In
assessing the flowfield coupling between the turbom-
achinery and its installation, it is often necessary to
perform calculations that include the effects of most, if
not all, components. Relatively simple models aimed at
simulating the flow through turbomachinery blade
rows in this type of asymmetric flow have been devel-
oped, enabling three-dimensional calculations of the
whole-installation - to be performed. These blade row
models range from developments of actuator disks to
coarse-grid, three-dimensional calculations. Results
show, in general, excellent agreement with engine test
data for the civil turbofan installation problem. Other

Axial Massflow Distortion
Fig4 Flow field Distortion at OGV Trailing Edge in a Lift Fan Operating with Inlet Crossflow

sources of asymmetric engine flow, such as pylons,
support struts and asymmetric stators, have also been
studied using these methods.

A recent investigation of the flow through a liftfan
mounted in the body of a future ASTOVL aircraft has
proved to be a valuable tool in assessing both the de-
sign and the methodology of the development testing
program. The flowfield shown in Fig4 is taken from a
calculation through a vertically mounted, two stage
contra-rotating lift fan providing lift for an aircraft in
forward flight; in this figure the approaching flow is
from left to right. The calculation domain includes the
region outside of the aircraft, the inlet guide vanes, the
two sets of rotors and stators, the asymmetric fan sup-
port structure and vanes together with the drive shaft
housing and the vectoring nozzle.

A similar approach has been applied to the flow in
low-pressure steam turbine exhausts, which shed con-
siderable light on why the pressure recovery factor of
the diffuser part of such systems is often poor.

TURBINE AERODYNAMICS
LP Turbines

The interactions of wakes with succeeding blade
rows have received much attention in recent years, in
particular the effects of the wakes on boundary layer
transition. This is because the most significant effect is
the periodic forcing of the transition of the blade sur-
face boundary layers and the influence this has upon
the aerodynamic and thermodynamic performance of
the blade row. Much of the work on wake-blade inter-
actions has focussed on the benefits that accrue from
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Fig5 Hot film and boundary layer data from low pressure
turbine showing that calming effect behind wake-
induced transition leads to reduction in trailing edge

momentum thickness and loss

Fig6 Multi-element hot film sensors fitted to a BMW
Rolls-Royce low pressure turbine blade segment

the interaction of incident wakes with the boundary
layers and separation bubbles of highly loaded low
pressure turbines. At the Whittle Laboratory, the large
-scale low speed research turbine and a large low
speed cascade with moving bars have been used to ex-
amine effects of wakes on turbine blades.

Surface shear stress measurements taken from a
low speed experimental simulation of wake-blade inter-
actions are shown in Figh. These reveal that the
wakes promote transition in a periodic manner via the
formation of turbulent spots. This process causes an in-

wiss vortiess

Fig7 Smoke wire visualisation of pressure side separation
bubble on an LP turbine blade in a 2-D cascade

crease in loss, but the so-called calmed region that fol-
lows a turbulent spot more than compensates for this
change. The calmed region is a high shear laminar
flow phenomenon that can withstand large adverse
pressure gradients. Separation is almost prevented be-
tween the wake passing turbulence, with the lowest
trailing-edge momentum thicknesses coinciding with
the calmed region. Current experimental work aims to
look in greater detail than previously possible at the
interactions of wakes and separation bubbles using a
flat plate simulation of a turbine blade with a variety
of imposed pressure gradients.

The research has already lead to improvements in
blade lift coefficients and to an improved understand-
ing of the unsteady transition processes on suction sur-
faces. Studies of the boundary layer behaviour in the
actual engine environment have been conducted using
surface mounted hot film anemometers in full-size cold
multistage turbines (Fig.6). These have confirmed the
understanding derived from the cascade studies and
demonstrated the performance gains expected.

Experimental results of wakes interacting with
boundary layers are being incorporated into theoreti-
cal models of transition. By using unsteady CFD in
which the transitional behaviour of the boundary lay-
ers is prescribed using simple models, it is envisaged
that it will be possible to predict the time history of
transitional boundary layer development in an un-
steady wake environment in a routine manner.

As the above research leads toward higher blade
loadings for LP turbines it is expected that problems
with velocity overspeeds will occur at incidence with
very thin profiles typical of modern machines. Re-
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Rotor shroud leakage path
Fig8 Low Speed Turbine Experimental Testing Facility

search is currently under way that aims to improve
the understanding of the nature and significance sepa-
ration bubbles which can form on the pressure surface
of the highly loaded thin blades. Fig.7 is a photograph
of smoke taken in a linear cascade which reveals that
these pressure side bubbles are unsteady and up to
half a chord in length. The unsteadiness affects all of
the passage flow.

The model IP turbine is being used to study the un-
steady interaction between the low aspect ratio stator
and the higher aspect ratio rotor. The high turning
and long chord give rise to large secondary flow out of
the stator, with a strong loss fore around midspan.
Very detailed unsteady measurements of the flow are
being obtained and are being compared to unsteady
calculations. The objective is to understand the effects
of the unsteady flow on the loss generation and then
to redesign the flow path to allow for this. New blad-
ing will be tested.

The model HP steam turbine has recently been used
to test a 3 D-design of blading for 50% reaction ma-
chines demonstrating striking improvements (Wallis
and Denton 1998). A new project aiming to do the
same for lower reaction blading is now starting on this
machine. The exact mechanism by which 3D blade
stacking can reduce the loss is still not clear and con-
tinues under study. Emphasis will be placed on the un-
steady effects in the low aspect ratio blading and both
computational and experimental work will be used to
obtain an understanding of the unsteady loss genera-
tion mechanisms in the very complex multistage envi-
ronment.

Steady and unsteady flow phenomena in a high-

Rotating traverse gear

pressure reaction steam turbine are being investigated
with the support of Mitsubishi Heavy Industries of Ja-
pan. The current research activity is being undertaken
using the Peregrine large-scale low-speed research tur-
bine. The low aspect ratio blades have been designed
by MHI using 3 D concepts, Fig 8. Performance studies
are carried out on single and being two-stage turbine
configuration. The experimental investigation is being
complemented by steady and unsteady 3 D flow calcu-
lations. Extensive unsteady flow phenomena investiga-
tions including wake-blade interaction, shroud leakage
flow phenomena and vortex transport in the blade pas-
sage will be carried out at a later stage of this project.
Radial Turbines

Research aimed at understanding the nature of tip
clearance flow in radial inflow turbines has been con-
ducted with the support of IHI of Japan. A large scale,
low speed radial inflow turbine is employed in this
study. Experiments have established that there are
three zones of tip leakage flow behaviour, (Dambach et
al 1998). The first zone is found in the inducer; the
second is found in the midsection bend between the in-
ducer and the exducer; the third zone is over the ex-
ducer. The tip leakage flow in the first two zones is
very different to that found in axial turbines and exist-
ing tip leakage models for axial turbomachinery cannot
simply be applied to radial turbines. In the inducer, the
so-called scraping effect dominates the flow field and
very little mass flow leaks over the tip from the pres-
sure to the suction side. In the midsection, the scrap-
ing effect is less significant than the over tip leakage
flow. In the exducer, the flow is similar to that in axial
turbines. An important consequence of the scraping ef-
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fect is that efficiency is less sensitive to axial clear-
ances in the inducer than to radial clearances in the
exducer as had been found experimentally by Futral
and Wasserbauer (1970). Aspects of tip gap flow field

and loss production are currently being studied in a

combined experimental and numerical approach, with
emphasis on the so-called scraping effect and its influ-
ence on the loss mechanism in the inducer. A tip leak-
age mass-flow model for radial turbines is being devel-
oped which will be validated against detailed measure-
ments in the tip gap.

COMPUTATIONAL FLUID DYNAMICS

Current emphasis is on the development of 3D
codes for multistage calculations and unsteady calcula-
tions. Steady flow predictions for a whole compressor
or whole turbine are now routine and are being used
for design. Unsteady 3 D calculations for multiple blade
passages and multiple blade rows are also available
and are being used for special investigations. The ulti-
mate objective is to calculate the unsteady flow
through a whole turbine or compressor, but this will
need much more computer power than is currently
available. The development of these codes is closely in-
tegrated with the laboratory's experimental work and
a typical project uses the codes combined with meas-
urements on the low speed rigs. This ensures that the
codes are useable for design and are well validated but,
more importantly, gives the students involved an un-
derstanding of the limitations of CFD predictions.
Structured Mesh Turbomachinery CFD

A structured mesh, fully 3D, Reynolds averaged
Navier-Stokes solver, "BTOB 3 d", developed specifi-
cally for turbomachinery blade-blade geometries, has
over the years been applied to a very wide variety of
problems in axial and centrifugal compressors and tur-
bines (Dawes, 1988) and is in use all round the world in
industry and government research laboratories. More
recent developments include the ability to model multi-
row machines with circumferentially averaged mixing
planes between each blade row (Dawes, 1990) and, dur-
ing the last year, a fully unsteady version allowing
rotor-stator interactions to be simulated. Work is now
starting on flutter simulation.
Unstructured Mesh General Purpose CFD

A significant effort has been mounted over the last
ten years to develop un-structured mesh, solution-
adaptive, 3D Reynolds averaged Navier-Stokes solvers
for steady and unsteady flow in arbitrary domains
(Dawes, 1993). The resulting steady code, NEWT and

unsteady code un_NEWT, have been applied to a
great variety of turbomachinery problems, including :
unsteady rotor stator interaction; secondary gas path
flows; secondary-primary path interactions; internal
cooling passages; film cooling. A major effort contin-
ues to develop truly automatic unstructured mesh gen-
eration, using Delannary techniques, based on reading
and interpreting CAD files (Dawes, 1996). Particular
emphasis here has been producing highly stretched
meshes near wetted surfaces to resolve viscous effects.
This has extended the applicability of NEWT/un_
NEWT for problems outside turbomachinery and re-
cent simulations have included racing cars, complete
aeroplanes and lung alveoli. Results using un_NEWT
for a turbine stage are shown in Fig9 and using
NEWT for the steady flow inside a cooled turbine
blade are shown in Fig.10.

Combustion modelling has been introduced into un_
NEWT (Watterson et al 1998). In collaboration with
members of the Main Engineering much work has
taken place concerning fires and explosions in oil rigs
and process plant. In the context of gas turbines, a big
effort is underway to study lean pre-mixed combustion
instabilities in gas turbine combustion chambers.

MULTI-PHASE FLOW STUDIES
Condensing Flows in Steam Turbines

The fundamental physics of droplet nucleation and
growth in subcooled vapours, particularly in high-
speed flow, has been an active area of research for a
number of years at the Whittle Laboratory, much of
the work being stimulated by problems associated
with steam turbines. The objective is to produce a
computer model of a wet-steam turbine which will re-
place existing design procedures based on the assump-
tion of thermodynamic equilibrium. Topics studies in-
clude the kinetic theory of droplet condensation,
Young (1993), the structure of shock waves, Young &
Guha (1991); entropy creation and loss processes
Young (1995); periodically unsteady condensation
processes in nozzles, White & Young (1993); and the
interpretation of pitot measurements in wet-steam
flows, White & Young (1995).

Computational methods for predicting condensing
flows in two-dimensional turbine cascades are well-
established, Young (1992) and have been validated in a
wet-steam cascade experiment in collaboration with
National Power plc (White, Young & Walters, 1996),
see Fig.ll. The extension to three-dimensional flows,
although feasible in principle, would result in a very
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Fig.11 Nucleating Flow in a Steam Turbine Cascade
Inlet Superheat=4C Exit Mach No.=1-1

cumbersome and computationally inefficient method.
In an attempt to circumvent these problems, an ana-
lytical method of modelling the homogeneous nuclea-
tion process has been devised, Huang & Young (1996)
and possible methods of integrating it with standard
single-phase CFD flow solvers for turbomachinery are
being investigated. The analytical solution also gives
qualitative and quantitative insight into the influence
of the various controlling parameters.

The flow in a real steam turbine is still more com-
plex than the flow of nucleating steam in a stationary
cascade. The nucleation process is now thought to oc-
cur in a randomly unsteady manner and to extend
over several blade-rows in the axial direction, Guha &
Young (1994). A full multi-stage calculation for a wet-
steam turbine with correct modelling is still a long
way in the future, but an attempt is currently being
made to fabricate a simplified procedure which will re-
tain the main physical processes leading to wetness
losses and water movement, processes about which
the turbine designer knows little at present
Clean Coal Technology

Gas turbines burning coal suffer degradation of the
turbine blading by deposition and erosion by solid ash
particles which are too small to be removed by the fil-
tration system. Projects have therefore been estab-
lished (supported by PowerGen plc) to investigate par-
ticle transport in turbulent flows and to develop a
computational method for predicting the rate of depo-
sition of solid particles on turbine blades.

The mechanisms by which small particles migrate to
a blade surface through the turbulent boundary layers
are complex. Apart from the more obvious transport
mechanisms such as inertial impaction (due to the cur-
vature of the streamlines) and turbulent diffusion (due
to gradients of particle concentration in the boundary
layers), it has been established that turbophoresis (the

convective drift of particles down a turbulence gradi-
ent) is a dominant contributor to deposition in the size
range of interest. A new model of particle transport
has been developed (Young & Leeming, 1997) which
predicts deposition rates over the whole range of parti-
cle sizes using a single theory. On the basis of this, a
computer code has been developed which predicts par-
ticle deposition in two-dimensional cascade flows
(Slater & Young, 1998). The gasification of coal results
in the release into the gas stream of sodium and potas-
sium salts (mainly the chloride and sulphate) which
pass directly through the gas turbine and may con-
dense on the surfaces of the cooled turbine. The calcu-
lation of the dewpoint temperature (above which no
condensation occurs), the composition of the deposit
and the flux of alkali salts to the surface involves the
interplay of chemical thermodynamics, chemical kinet-
ics and boundary layer fluid mechanics. A computer
program has been written to predict the rate of diffu-
sion of the major salt species onto the blades (Fackrell
et al, 1994) and this is being extended in a more ana-
Iytical fashion to illustrate the trends due to variation
of the controlling parameters.
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APPENDIX
The Peregrine turbine rig.

Normally one stage with a tip diameter of 152 m
and a tip speed of up to 75 m/s.

The Deverson compressor rig.

Single stage compressor, with tip diameter of 1.52 m
and tip speed of about 50 m/s. Considerable effort is
made to simulate aspects of the multistage environ-

ment.

The Rhoden cascade and the Duplex cascade tunnels

These are now general purpose low speed wind tun-
nels and each have two outlets so that two different
configurations can be installed on each tunnel. Cas-
cades of blades with spans up to 450 mm can be tested
with flow speeds up to 30 m/s. A system of belts can
move rods across the flow to simulate moving wakes
from upstream blade rows.

Multistage turbine

This is to model steam turbine HP practice and dif-
ferent configurations of 3 and 4 stages have been
tested. The diameter is 1 m with tip speeds up to 42
m/s.

Intermediate pressure turbine

This is a specialised low-speed turbine looking at the
particular problems of gas turbines where the flow
path has a marked radial component and where the
size of the nozzles and rotor blades are very different.
The rotor tip diameter is 1.1 m and the tip speed is 58
m/s.

Multistage compressor

This low-speed compressor was originally designed
for the Royal Aircraft Establishment in 1943, but is
now much altered with modern blading. It can have
up to six stages, but has currently only four. The tip
diameter is 0.5 m and the tip speed is about 78 m/s.
Each row of stators can have the stagger varied.

Single stage compressor

This machine, which is on loan from the University
of Natal, has a diameter of 408 mm and a tip speed of
63 m/s. It's rotational axis is vertical with the motor
mounted on gimbals to allow accurate torque measure-
ment. It has recently been used for casing treatment

studies.

Single stage compressor

Also a vertical axis machine, with a diameter of 0.48
m and tip speed of 76 m/s, this was originally built to
look at water ingestion effects but has found other

uses too.

Radial turbine

The impeller diameter is 1.22 m and the tip speed 29
m/s. The flow is given inlet swirl with a uniform set of
vanes and the overall efficiency is over 90%, notwith-
standing the complex flow patterns found inside the

impeller.
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