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Fig.5.1 Computational domains
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Table 5.1 Grid resolution used in the grid dependency check

(A) (A 2) (B) (C)
Number of erid boints par one passage | NCZAS_| 430000 [ 750,000 | 1,500,000 | 4,500,000 |
SIIC POIITS PAT ONE PASSAE® | Rotor | 520,000 | 1,200,000 | 1,500,000 | 4,500,000
F e Nozzle 17 29 25 25
Piaicx ok gric pounte i O:uitsh Rotor 13 29 21 25
Cell width on the solid wall [m] 5.0E-06 5.0E-08 5.0E-06 5.0E-06
v value on the solid wall - Approx.30 | Approx.0.3 | Approx.30 | Approx.30
65.0
640 r
5 630 |
5 62.0
'g::* ' (A) (B) (©)
0 610 B & - —
= 600 f
£
é 590 r
5 580 |
2 570 |
560
55.0 . :
0 5,000,000 10,000,000 15,000,000
Number of grid points

Fig.5.2 Grid dependency check in terms of the total-to-total efficiency
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Fig.5.3 Grid dependency check in terms of the axial velocity distributions at the nozzle exit and

yaw angle distributions at the rotor exit
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Fig.5.4 Comparison of the static pressure distributions on the rotor blade mid-span section
calculated by using wall-function treatment and low-Re model treatment near the wall

boundary
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AIEOR FEEMRAEZ L EICHHARITICBIT 53HEBEF2ER L. BTIX
Numeca Autogrid5 {Z L » TIERE L TV 5, 3 KoThgdr & M 3 o tr £ EN TOE+
Ak Table 52 (277 L, 3 IRTARMT AR EE % Figs.5 (2R,

Table 5.2 Number of grid points used in the three dimensional and quasi three dimensional

simulations
) G JAXA M-1
Three dimensional analysis 20.000.000
Quasi three dimensional analysis 1.000.000

- 101 -



o,

Fr
&
il

Fig.5.5 Computational grid for the three dimensional simulation
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FEDME BTV AIEA, Kalkkuhi™ 6 & BIREOAEE CHEZITo TS, £oT,
AREZBIT BT TIRINALOEFTHELERENRIERNALEZER L, Z ORFHLZIZ2 %
B RE L7, Table 5.3 IZAMBRITIZ BT SEREHERT,

Table 5.3 Boundary conditions for the transient simulation

T JAXA M-1

Working gas - N, Ideal gas
Rotational speed [RPM] 10,080

Total pressure [MPa] 2.3 _
Inlet Total temperature (K] 273 B

Inflow angle - Normal to boundary
Qutlet Static pressure [MPa] 0.645
Solid wall - No slip and adiabatic
Turbulence model - SST
Transient time step (Nozzle blade passing period) - Approx.1/40

- 103 -



5.7 HEREEE
5.7. 1 hBORBRAFRSHEIO—N\2—2D3RTiE

J R - BHEM B L OBE THRIZR T 5 RS FEOE T a1 % Fig.5.6 \IRd,
3RTT - W3 RITMNTRER & H 1T/ AL - BRI OFAEMBIARHA TR EDE T2 E
LTRY, BARELEROEANPEN TS, L, REOHITER &8 4 O/
R CIIREOR TR E T OENER TNV, BIED ) AN - BRE T, FE
IV b AVBENECOBEBOFREVERE 2o BNREOFRFE CIIBAZE &
J ANV TOREEOETIIIEERE L, / AVEDH TOREMEIZAEDS
BREREOLVBIEY, £/, FIETRBBEEROENSHN B L LA I —TERL
72D LT, REOBREIZRE-FAIH Th DS, IhOOERIIW OMNEZ LR,
Bl ZNT, REOFESRMITIERER LR AMEE O 2 B3 KT bEon i
FRWTED BIED 2 BHASEAY — L FmoESm»0LT L~ LA
WI EREREDQHBMIT CREOIC—HREEGFEEL TV DOIERLENRENEE
ABND, o, BREOMT CILANCHFROBRBOIERPER SN THDLH T &8
FRELTHET NS, PCH, —HAHOBESHEZE L TCWOIEEBIIREVWEEZ
Hiv, ESEAY — BV OBBEBITICBIT AMEO—D2THDL LV 2D,

Fig.5.6 OFESA TIiX, 3 RITAHTO I v FRS & HE 3 RTMIT CEDOHAILR <
FEILL L T 5, BEMBIASMN D 2 AL 3 By FREE TORELEHRMN ) XAVEOE
~MEATHME (/) A 8~9 B v F) CREEFECEITZELDLOD, BFMHHD
AL LR E AT OB WE 3 TR T T r—F Ch- THTHEITE TV,

Fig.5.7 13 3 IRITTHEHTD 10%. 50%. 90% A< 36 L OE 3 IR TTHEITIZ I 1T Bt =
AN B —OBRBFEEZ R LTS, BIEE TICHERR LIz L 91, 13 RIS Tk
EHERICBWCESEICEERN (@A) BELD, —F., 3 RTETERICER
THE 10%FB LT 50%A /S TIRHAZERE RISV TR TR &R RS
BATHWS (M B), LL, 90%A 2 TiET (0) R & 5 B FEEhE
NTEY, BIRTHERLL 270 —RE—VERLTNWA, £IT, J AV - HiEH

- 104 -



(21T DIRMROBET Lkt~ v N v —OBRIFEZ Figs.8 (R, ZoOfEECE
TAFRCERTHE, Ty RARU~F = TR —R T 55 (F6) T8
VBN ~TMA LZOMITEFEIZHEN TN D, —FH, T~y FRARVEY—R
ET BRI GRE) 11— v ZRCmE D > Tt T O—ERITBRERICTHEAT S8
FOMITr—r ZEBFRICEB LTS, ZOX I RT7a—_F—OkER, B
FEMRAE % CIIBAEEBIAR NS / XL 1 By FREOMEBIZBIT A2 ATHEREMSL L
TREBELRFBEDEC TSI EBRT N Bard—nbbhd, 20X IITKEIER
FIEE AT HER & LT, HENRGE CORNOIGE & AR FRIOES SRS
XD, ¥ —AER T, EBRECERT E L E A FROEHAERIC
FBREINE S T E T—ERER EERASTENLDS, L L, TRETICHERLIZLII
HEEMOEAS — 2 OMERBREHERTIZ / XA DEIRIC K 2R OM®E
AU %D, LIER->T, ZOEETIHEST AOBELAMENT D Z &8k b, FDO—F
T, FAEHBEEE TCOR NN FEROEAAEIZSIZERE QW LD Figse 75
hnd, TOXI R, BLHEANVEROENARIZL D IODST 2 AR,
RSN L o THEBIV AR — v ZRICREFRIZEND T & &0  ATRIHRE
BICHEEL T2 EEFEZBNS, ZO L8O, AEREROMNITRO WL F L
TEY, 77— —rORBICEIRTHRT 7o —F THRBRAS S,

- 105 -



p,Pf} in

P/ P{} in

— 10% span —— 50% span 90% span —— Q3D

I)))))))))))))))))))))))))))))))

0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

1 1 1 1 1 L A 1 L 1 L 1 L L

01 23456 738 9101112131415
Circumferential position (Nozzle pitch)

Between Nozzle and 15" Rotor

0222999922922 )

(CCeeeer?vvvrrv

__‘_m_“—}____._“
_——

I 1 1 1 1 1 L 1 1 1 1 1 1 1

01 23 456 78 9101112131415
Circumferential position (Nozzle pitch)

Downstream of the 15" Rotor

Fig.5.6 Circumferential pressure distributions between inside and exit of the stages
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Fig.5.7 Absolute Mach number contours
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Fig.5.8 Streamlines and absolute Mach number contours between nozzle and 1* Rotor
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Fig.5.9 Instantaneous dissipation function contours
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Fig.5.10 Total-to-total efficiency

Table 5.4 Ratio of the mass flow rate of the tip leakage flow and turbine mass flow rate

Full admission | Partial admission
IhT(’: ieakage"f m 0134 0176
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Fig.5.11 Normalized unsteady axial torque on a 1® Rotor blade in time domain
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Fig.5.12 Instantaneous static pressure contours and velocity vectors behind the closed nozzle

sector
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Fig.5.13 Unsteady axial torque on a 1* Rotor blade in frequency domain
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FOEBORE SIZONTHELN 5T, RETIE, B UERMEHR TENRENERE S
NiEBERASBALZ — B EBERSEMAZ — O 3 RIT CFD T2 ER L,
FORRELERT 52 L CENEROBENOEDERGENEICHE LY — VB
ZDWTEEEIT D,
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BOHE F—EUHRBICIDIENERELE

6.1 XEMDHM

BB E TIX, 1980 I NAL (B JAXA) L TREBHZRBZEPIN R I N7
JAXAM-1 4 —E 25 L L TUBHEEDSMRAZ — Ul 5 IEICET 553
BxalTolz, ZTROLOWEILIBWT, AESLFET DI LICL - THELARVWES
LV LI —EUEMET T D & MRB L, 72, BEOWEYVITLHRESORE
TEIZR - THE—EVHEMETTHZEBBESIN TS, LirL, ZOhEr Tz
S ZNVHEMOBREICLDBEEERLF — U PROKBIZBE R, oFED, ¥
VB EHANE BRSRETOLRBETHY, ZOBRNPSEHHTEA L £EAFAD
ZEHEREE TOESEZHET D Z LITHERRY, LR oT, 20O L5 RHEEITE,
B CERMMER CRE SN ENEFNOBEL BT A Z EARDLNLH, Fo
PURBOZ LIRERBRERSTIOL ) REBEBMERIZIIE CHRESNT
AV AN

ARETH, B CERMARCEN TN SN @AY — v EHigEA Y —
DEEEH CFD #T & BEIEER CFD R 217 5, &4 — U 2B O 3 RTHEEF T
AT ERE OB DR CH D -0, DRE TOZEIEREIIERBRITICL -
THBEHET 5, £, BE XY —EORFEPINLEIMAZ — L ICBITET 4 A7
¥y T I E EREDOFHENREINTND, £ T, vary NAFZ—E BT
LHMAVETRNIT 4 A7 X v T 4 BEZADHEBLEBRTZ-DIL. XYy ET £ T
BE UTIRITE T L LB LT T ARF OEEBN 21T\, KHED RALVE TR
TAARTZHFYET A BEBERBTDHZLEOLBHIIONTHLEET D, £, B7ETHEY
BEROEERAE ST A HEERE - SV CHESHET 5, F07dlc, KBTI
BEOFEERTEZERM L, 5 —E VBB TELAEEREIOBRBE ZOEIZON
THIE - BEEZT O,

ARETH, LEOBFPLEL - UBEBIIBIT AT 1 27 F v ©F 4 OREERP
ZEJIPERRIE T OB OHIE 217V, ZENE CORFHEEBEL B L 35,
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6. 2 EraRI—Ey

AFETiX, DDT (Dynamics Design Team) 3RiT#— bt D2FFHEAZ— > (LT,
DDT_FullAd) &880 A% —E (LT, DDT_ParAd) #%% &35, Znb0¥—
vk, HEFH 20 PO BBV UoERBEL, 2B LB AOEELEE
B & L CREMETIEHRERME JAXA) 1B W TR SN —n—x IV Ch B,
Table 6.1 {ZA % — ' DX EHEETT, Table 6.2 [ZFIRFEIT. Fig6.l ICHE X —L U O+ %
FhEhrd, RicAURE - i - iRl - HAH TR ShE2BEN6RB 7 —1
VCh D, BHBAZ—E L 615%D ) AN A=y VT 4 #HLTEY, / AN39
TEE D 24 FREED BERENH A LEAT D, ZOBE. /AN 5 MK OREXREZ E AW
3 DTS BICEB L TWA, ZOfE, DDT FullAd Ih ¥ —bEBEKRELED
TLENRTE, EVEELLTOREBATEL Lo TS, BB, INLDOF—E DA
(ZBET SR EIC TREM T 5,

Table 6.1 DDT trial turbine design specifications

Working gas - | o
Rotational speed [RPM] 60,600

Mass flow rate ._._.-. [ke/s] 1 1.45

Inlet total pressure | [MPa] | 135
Infet total temperature | [K] 00
Qutlet static pressure [MPa] | 1.71

Outlet temperature _ K] 390
Expantion ratio - 4.41

Turbine output power [kW| 2,050
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Table 6.2 DDT trial turbine characteristics

= o DDT FullAd DDT ParAd
S —— | Nozzle | 1* Rotor | 2™ Stator| 2* Rotor| Nozzle | 1¥ Rotor [2* Stator| 2™ Rotor

Number of turbine blades - 28 36 46 70 | 24139 | 63 66 | 71
Chord length (mm]| 1486 | 1540 | 1193 | 11.76 | 13.87 | 1148 | 1336 | 1296
Blade height (mm]| 7.5 94 | 103 | 114 | 88 9.7 107 | 118 |
Mean diameter [mm] 110 152
Tip clearance [mm] - 0.3 - 0.3 - 0.3 - 0.3
Solidity - 1.21 1.61 1.59 2.39 1.14 1.52 1.86 1.94
Aspect ratio -] 05 | 061 | 087 | 097 | 064 | 085 | 08 | 091
Partiality [%] 100 100 100 100 61.5 100 100 100
Number of nozzle admission sector | - 1 3
Relative Mach number at TE - | 124 | 112 | o055 [ 047 | 108 | 069 | 07 | 048
| Degree of reaction e 0.1 0.21 -0.11 0.09
Velogity ratio (LU/C0) . 0.155 0.213

Nozzle 1% Rotor 2™ Stator 2 Rotor Nozzle  1*Rotor 2% Stator 2% Rotor

Blade profiles

Overview of the turbines

Fig.6.1 DDT trial turbine, left ; DDT_FullAD, right ; DDT_ParAd
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6. 3 BHIr—A

ARETHE, BAFAY -V EEHSBALY —ErEFRFRICH LT, TRRIZTT 3D
DT 2 EHE LTz, EEFT 2 75— AT b F - 2BE R LTEY ., T4
AV XYET A BB LICETNANEEEBLRNVETNTHD, —F, EBMFITITS —
CUHIBEERRE L, TAAIFR Y ET A ETEEE LEZETFATER L, 2B,
SRR O R R ET TR T,

Two Stages With Disk Cavity 2BREEBENT TAARIFXYET4HY
Two Stages Without Disk Cavity D2 BREEMRT TAaRAIXYETA2L
Single Stage With Disk Cavity CBERIEERRT TAAIFYETA4HY

6. 4 BEFAY
6. 4. 1 A—E TR EPIBDER

KETHE, FARI XX ET A ETEEDIEIT I, FTOE, Fv EF 1+ OF
SRMT IR O T T LI, JAXAM-1 =2 VU RBEKS — BRIl EOER S —
CERGE LR e 2B RENREEMRTRE S BE L LTSRS gL
FITNEDOWELRE Lz, Fig6.2 IZ JAXAM-1 =0 P Bk 2 —RR L 7O+ 4\
L ZNna b EICRELZDDT ¥ —ErOFFENERT, 2T, KFESHs
—ErOFFERICIT D BHEIE LR, REMIIEERETG LR L TN D,

L s>

Fig.6.2 (a) : FIBET « A7 LR ZER» HEEEEZ & U CORy 7~ A &0 g
D EARFE

Fig.6.2 (b) : FIERBE -2 BHEMOT LY L 2 — L TORMTEIIZENS O L EE

Fig62 (¢) 12 BEIRTHROZ £V VR — /L TORMATIIZEN S O & HE
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FNENOBERELIZ DN TR~ B, AP THL, F1BT « A2 B2 b ElEREE o
FRRE & 38 U TR I~BA D VT ENW L D L RE L., Fig62 @ (a) 7T 7Y
VA= L TR, E JAXAM-1 # — B OB ENRE & 2 Bf 3 T,
2 BERRRATR N TR BB M~ ERTE IS0 ) SEHIER & FIBET 4 AT T/ T v A

Y REDEICT B A —ib (Fig62 ® JAXAM-1 (b)) BEEIN TRV, $iE
FEATIZBNTHZ DI Y VAV —AEEETHZENEE LW, UL, ZITHE~72
L DA ERNR S — U T 2FBA L OB AL BT S DICRE S e —
—EVTHY RNT AT RERELTHRY, £, FEV VAL ETE
FERTRRIR & U TS F 2 ERLT & L BT REBIICHEMLU TLEVWHEZO L O
WL 25, 22T, AFETIEIEY VA —A @B T HIRNMIVTENE O LR
E L. Fig62 D DDT #—E Vv (b) {RT LI 2BHENTNEDEHEZITVIET
T & THIBEE 2 BHREMOEMAFHR Uiz, 28, ZOWFVELLHS OB X XE
BREFOERICBWTHEE L 2LV L LTS, F7-, Fig62 ® JAXAM-1 ¥ —
VU ORITIXENE SN TO LM AR 2 BEE TR OV HEICHE S T 2BEE A FE
L. WIEEHI —2 B & MRk o — BRI DT D, 22T, ARHETIR
2 BEEVEL T C b SRR~ To 0 & FHROEE - ST O e T b & T > 72 (Fig62 @
(¢)), Fig63 IZ&EHEyr— A B ATEROFFER %277,
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Nozzle 2% Stator

13! Rotor 758 Rotor )
Labyrinth seal (a Labyrinth seal (b)
. r |
JAXA M-1

2 Stator A T
Nozzle 1% Rotor | 2% Rotor [_" T
] | [ :
s . IR, 1 Y, ] | 5 '
[ — _ ‘ !
5 (n( | | |
/ k (b) \ (c) fo I

c

S P
d (a) ) L)U Expand view of (0 d\{'a} - —U)

' DDT FullAd DDT ParAd

@110
D152

Fig.6.2 Meridional planes of the FTP turbine of the JAXA M-1 engine and DDT trial turbines
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L -

Two Stage With Disk Cavity

1]

[1=]

N

| 0

0
U
Two Stage Without Disk Cavity
LTI 1
[ lf
(]] -— . i

Single Stage With Disk Cavity

Fig.6.3 Simulation regions of the each case, left ; DDT_FullAD, right ; DDT_ParAd
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6. 4. 2 RH5—1) T LBBIEBOER

—HREZ Z — R CFD fEAT CiE, ARTHRIEZRIB T 2 7o 0ic A s — U 7z &
o> TEYA AERBBBETE L FHMEREEE RO TR/ S B & R 2R/
T2 T5 0% (B4EBR), LHrLaenb, AETERVES & 5 REsE
A= T, & 4 BERFRICAS =) I L DBITBEERBICORARH Y |
DDT _ParAd OHAR LFEFTREAZERL TH 4 — 2 13 BOBFTNRNEL 5, F7-,
AREOEEFHFENERITIE 7 ETERT DX — C U FIEH ORI IZ 81T D7
BERELLTHWS, LEB-T, A7 —U v FIZLHBF — BT 4 AT ORENME
PECITRT 2 2 EBEE LY, ZOXSREEND, KEOHITIZLEEA - 855
ANE B — VBBV EFNROAr— Y o TEBELTIT > 28 ET5, L
7278 T, DDT_FullAd TiZ 2 BrE B EE 46 05 44 o, 2 BBEhER % 70 405 68 4K
WA=V 7 UTH— ' VA B e ffrd o, iz, DDT_ParAd TiL 2 BREHEL 71
Koind RICA—=Y 7 L CE—E 2 13 BOEREITY, B, Z0LHkAy
=V RERZERT D LU RENRPBRHEABT O REICH LTELL
TLEIBNAH D, L, REOENF THEMBOEEN DN & BREEE
DOKESEUTHEDE 2 — FRBRRAr—N Y 7 Eh BRRNREICEET 282
BRIREH OREEN AT — Y IR TR LW Ll lh b  REOELIT NS
Vs LT,

- 127 -



6.5 FEEF
6.5 1 BFEFERE
6.5. 1. (1) #BE

BT ARERTDOIENL S, BAEFEEOREEZTo /. LT L DT, R
FEDMATIEIER IC KB AR LD L 2D, LER-T, 1 HEYEE Y OBTAEORNIE
<, BFREEHIE L O OMNBORREIRR D ZEPEEL 2D, AR ThHIIL,
DDT FullAd & DDT ParAd ZALZIUTE W THENTT 3 iniE S 4 d 88+ 835 %
o, ZORFEEZERTLZENEBETHL, LI L, F—E 28080
Z—E kRl U TR REERELERT 5 & BITREOB A DT REE K
WD ENTET, RESEFHELZOLONY IRV, 2T, KHFE TR TR
WRT 2 DOARAT v AL o TERBE F v EF 4 BENLEIUCE R LT TFEREFEE
A EM LT,

Stepl : 7 4 A7 ¥ ¥ EF 4 ZE L0 DDT_FullAd FIEEROFENTE T M L D ER
DR FERAFVE A

Step2: 7 A A7 ¥ ¥ EF & Ete DDT FullAd2 BEOFETET /T L H% % ©F 1 B
DR FREERE
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6.5. 1. (2) Stepl TROBFIEREHRET

Stepl THEEZ — Y EREDICET 2B FIRFERELERT 5, g L7z X 512,
HOHAL L TORTRFEREIFETREOB AN LIRETH S, Linl, ARBFET
% L4 B F—1 13 DDT_FullAd & DDT ParAd & ©IZFIERER TR A U, ¥
BT IHHFRTHBEIEERLI Y VB EEZBND, /-, DDT Fullad &
DDT_ParAd TILHEF SRR, 7 AT MEEIZRKELEWIZED, Lz - T,
DDT_FullAd OB CH B RIEE 2 1R LT 5 X THEE° DDT ParAd & [E
BEOBRTIREE & 41X, DDT ParAd & DDT FullAd & HICHEEEE T4 B+
FRIGREEDIRAT & 725 LB 2, Stepl 1T L » TEREH OEREUFAE L EH T2, 2k,
TITIEE 4 ERE SELRROFEIC L » T ANHEE 28 Mo b 27T BUZEE L,
PR EBEOIERREZ B> T\ 5, £ORR, AZREEHOR /NSRS » X
VIR BB I (F—E 4R ThIDIH LT, A—V 7 ORI
RNV BR A (F—E 19 E) & TR HIE S, BT EEE K
ZIRD Z EDEIRE L 7o 7=, Fig.6.4 {2 Stepl TORENT KA A L &RT, £/, KET
LA 5 B L RIRRICEEBIER D38 A 1T & 2 AT BB 2 [ 5 72 12, Stepl DRE-TRTFME
A CIERHOBAIC L 2B LTMET 5, Stepl OB TRFEEREIL, 54
DETFIZE - THER L, ST 05 % Table 6312, N7 R EOEFORT (1 7K
53) % Fig65S [ZE IR, RETIE, # 5 B L FERIC ANSYS CFX I & » CTHEdT
% FEhi U, ELFETE 7 /121X Shear Stress Transport (SST) EF /A& HH L TW5, LA
->T, (A), B). (C) © yHEDZE, BEmITEFHICEBEREGE S, (A 2) @ y+
ETIHE VA VBT ARERAEND, 72, (A) & (A 2) OERIEEmIEE
DETFRBEOATHY | BEE, LN EBROR T EEIZIZER L TH 5,

Fig.6.6 B3 LU Fig6.7 {3/ A0 LBEB DB SRy HROT Y fa b —54
EEESMEREL TS, 2B, FRIZBWNTSE=y b b—%R L, VIZHRES
AT, JANMBATHE, =2 beE— L BITETFHOBIIED TNS W I & FE
HTED, —F BB T 10%~30%2 /3 & 80%~100% A/ DLy k2 B,
90%~100% A/ OFER BV TEEBIZENRENL TN, LU b, fggED
MW F O EEMLROMREFSICIRADZENTETVSE I 2, (A) & (A2) nE
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bEBOThINWZ Ebh s, £7-, Figb 8 IERBRTFICBITAIHEREL F— 3
(T-T %) 7L TW5, 2B, HEMEIZ (C) OETERLL, T-T RILE 4
ELREROFETREHLTWS, HEREOEICIE, S THRITREIRETEL, &b
FRBEDE (A) ERBAMBEDE S (C) DEIL 012%RETH D, £7-. (A) & (C)

THRBLE 025Pt © T-T PFRERENA TS, LA L. (A) OBFRET (O D 1/4
ThdZE2ERTNI (A) DT F - BREFRTETCWD EEZ LIS,

ClbEmG, BEESMEZY AV (A) ILXBETFIZL o TH —E RS OMNED
B#E+SICIRAONRS LT L, (A) OZERMEEESSZICAFEICET 2R
D&+ 21ER L7z,

Fig.6.4 Computational domain used in the Step1 grid dependency check

Table 6.3 Grid resolution used in the Step1 grid dependency

(A) (A2) (B) (C)
Number of grid points par one passage - 500,000 900,000 | 1,000,000 | 2,000,000
Number of grid points in the span direction (Nozzle / Rotor) - 45/ 45 55/65 61/70 73785
Number of grid points around the blade (Nozzle / Rotor) - | 272/228 | 272/228 | 340/308 | 448/456
Number of grid points in O-mesh - 17 29 17 17
Cell width on the solid wall [m] 5.0E-06 2.5E-07 5.0E-06 5.0E-06
¥ value on the solid wall - 40 2 40 40
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Fig.6.5 General view on the hub wall and enlarged view around the nozzle trailing edge of the

computational grids used in the grid dependency check
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Fig.6.6 Grid dependency check in terms of the entropy distributions
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Fig.6.7 Grid dependency check in terms of the velocity distributions

— Mass flow rate  —— Total-to-total efficiency
1.05 0.58
1.04 1057 &
1.03 | 1056 §
1,02 4 0.55 2
S 0 b (A (A2 (©) {054 5
g 100 ¢ o 1053
< 099 } 00— —s 1052 &
£ 098 | (B) 1051 £
097 1050 =
096 1 049 2
0.95 : - - 0.48
0.0 5.0 10.0 15.0 20.0
x 108

Number of grid points

Fig.6.8 Grid dependency check in terms of the mass flow rate and total-to-total efficiency
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6.5. 1. (8) Step2 FYETFsEHDEFEREHERE

RIZ Step2 12 L D F ¥ BT 4 EOEFIRTFMEREIC DWW TR 5, FFETIE, T+
AZEEDOX ¥ T 4 G/ ERT D, 20D, EfiiLFr T 4 OO
U7 7 AIZBT BRNGORFEFEELFMT L5 EPEELY, £ T,
DDT_FullAd IZBWTHEFIM L ¥ v EF 4 OB FREP R D 2 oOFERFIZL -
TEBBITEITY 2L TRy T 4 MO FREERELEL T2, b, TITOK
FERIFHRAEIL Stepl THWE 1/9 BAEFT A T3 < #IZ Figs. 1l TRTF—E LV 1/4
BO2BEETNVTHD, £lc. T TOFRETIEEIIE & % v ©F 1 BOWFRED A
FELEETRY . BIEROHETIL Stepl DIRFFIERE THRIE LI BTG E CIEK L
Tro TRB. ERBERETIMEMMEER TS LCHE M & A MO AR 2512 L TE
D BAEIZOWTIEBRBONTEL Y ARMOREE 2FIC LTV 5, £ DFER, Step2
DFRE THOTREF OIS F S EBITEAREERE T (Coarse) T 2. 700 T, =EEE
T T4, 400 TR &Y, MEBFBORFIM & ¥ BT 4 #HICBU 28 F R8T 1, 70075
BB ->TOD, ZNEND /) A - PIBEhEFE OR-F O % Fig6.9 Il T, 725,
DDT ParAd CTHEEEOFE L EN T 5 Z L NI TH LA, MITHEENED TR L
72 W EER TRV D, DDT_FullAd O FEFHEREORERZ b L ICEIIRK &
Xy BT 4 FOEFEAERT D,

Fig.6.10 {Z/ A/ - PIEEEM O V7 7 U AHICESRE Lo —E ¥ E Lo B i
T A B DM v L (Mabs) S ETRT, FHET A o O BRI R @
DTHY, JAVDODOEET AL XY BT A HOKRETALOBLFELIESL, Z0
FEREH B, Coarse ¥&F & Fine #TITBIT A~ v " EOBFRSHIZEEICES —FKL
TED, TOETREK 002 BETHDLZ ENbhd, Lz ->T, Coarse HFIZL -
THDIHNBEZ TRITE 5 &l L7,



Coarse

Fig.6.9 Computational grid at the gap between nozzle and 1 rotor used in the Step2 grid

dependency check

— Coarser — Fine

0 ] 20 30 40 50 &0 70 kO S0

de;
Tangential position (deg]

Fig.6.10 Grid dependency check in terms of the absolute Mach number distributions in the

circumferential direction.
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6.5. 1. (4) B7—ADENEF

B RTEREORGREBEEA SHEr — A CBIT HBFE2ER Lz, 3HREE T,
BFBLEM L 12 Numeca Autogrid5., Numeca Hexpress 35 &2 U Pointwise £ Pointwise %
PFRALTIERT 22 & T, BT REOEIEER 7z, BB, 2BT A RI7F X VT 4R
LOHERFIL. TA A XX ET A HVOBRTIFNOF Y ET s O ZHIBRL THERL
THY, Ar—ATHBEBTAHERREIZTEICFACHEFVACERATYWS, B, &
HBAILBT AFAEHORVFNE, FESELFRIULCEIED Case BOFiEE Lic, &
oo Z—E U ORGERHTIE, BRECUHI TEOEREIIHETLS7 0 by BEL, T
D74y MIEHRPICEREGFRA D, €I T, AEIIBITD CFD A TIX, #—
B CBRBARIERE 0.5mm ©O7 4 Ly MERTCHERTEMERL, 8§ 7 ETERT
HEEMTICTB W TUSHEF LM TE S L HICLTW3, 7238, DDT FullAd (o8
HHOERIEL, REEHENOZOH#Ha— FROBLZ SEOMBICRIT -, —H.
DDT _ParAd TiZE 5 EL FkICRAEBRE2— FROBLE 10FOAEICRE LTz,

ZEtRA — AT DF A8 & I T-% Table 6.4 3 L U Fig6.11 (a)~Fig.6.11 (c)
ICENENTT,

Table 6.4 Number of grid points used in the each simulation

T e DDT FullAd DDT ParAd
Two stages with disk cavity 27,000,000 53,000,000
Two stages without disk cavity 22,000,000 42,000,000
Single stage with disk cavity 13,000,000 27,000,000
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DDT_FullAd

Nozzle closed sector

DDT _ParAd

Fig.6.11 (a) Computational grid for the two stages with disk cavity case



DDT FullAd

: Ist Rotor LE

Nozzle closed sector

DDT ParAd

Fig.6.11 (b) Computational grid for the two stages without disk cavity case
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DDT_FullAd

Nozzle closed sector

DDT ParAd

I grid for the single stage with disk cavity case

.6.11 (¢) Computationa

ig
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6. 6 EREH

ABEOFHEIL., ANSYS CFX15.0 2V CEjE L7, XEFENIT RANS THY, 2
BERMT ISR DAL M 4 Table 6.5 12, HEIEEFEMITICRT 28R &M% Table
6.6 ICEZNENTRT, 2 BEFMBIT T, EXEEVBE L TH LA 0BLOHAD
EERCHEET Y — R TH D, —F, BERIFEEHNT Tl 0 #EENFHE CR
BV REREFTORBENOEEE TN ENE LTV, BfEICIE, BMER L%
EL., BLIEET IL SST EF A EZAWVTW5, £/, DDT ParAd TITRTEI D EE
FORIITRT LD, / AV S HEBEHAERME L, RY 8 fEN D OLERE W R H3HE
AEND, B, FYET A EFERVET AT, BIEO 7 VT 7 AHEET D
ANTRIOFEREIEREBIIE 0 72 LBTEGRME & U Clio T 5, IEEHARITIZ BT 2 I8
Fi&. DDT_FullAd T/ XV 1 ¥ v F% 70 73&|, DDT ParAd T/ A/ 1 v F% 505
Bl oEE LTRY, 85 BERFIGEEDOERRSY — v oifse® e R Ey 2 EA
TEZBELTRELE,
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Table 6.5 Boundary conditions for the two stages steady simulation

Working gas - H; Ideal gas
Rotational speed [RPM] 60,600
Total pressure [MPa] 7.55
Inlet Total temperature (K] _ 500 _ ]
Inflow angle - Normal to boundary
Qutlet Static pressure [MPa] 1.71
Solid wall - No slip and adiabatic |
Turbulence model - SST

Table 6.6 Boundary conditions for the single stage transient simulation

DDT_FullAd DDT ParAd

Working gas - H, Ideal gas
Rotational speed [RPM] 60,600

Total pressure [MPa] 755
Inlet Total temperature K] 500 B

Inflow angle - Normal to boundary
Outlet Static pressure [MPa] 1.53 J 2.62
Solid wall - No slip and adiabatic
Turbulence model - SST
Transient time step (Nozzle blade passing period) - 1/70 ] 1/50
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6.7 BMREBR 2BEHMEN

AETIL, 2B EEHETOBENS, £ — U HEOPREE., #hFENICBIT5
F AR XY BT 4 DRNBIZEZ BBV TERET D,

6.7.1 3—EVBBIZLES—EVHEDE

Fig6.12 125 4 A7 ¥ ¥ ©F 4 #&Te®F /LIZEIT 5 DDT_FullA & DDT_ParAd O %
—E U (TS B) 253, b, F—Er9REX 4721 KVEHLE, =
DFERD B, DDT ¥ —E LTl DDT_ParAd OEIEBEOF BB L 3bnY . Z20%)
FEIIBLE 3.5Pt THH, TIT, ¥F—EVNTO#MFHmOTY ba¥—SH%
Fig.6.13 {277, 728, = b o & —{EiX DDT_FullAd ®# —E BT S ETE
ﬁkbf%@ﬁ@@ﬁ@@%ﬁmﬁ@(W%w%@%@%%@ﬁﬂﬁ%ﬁbfw&
S ZV - FIBE RN D b o 4% DDT ParAd DB RE S, T
EMOGFEIC L HHMBHRBERICLDLOTHS, L L, IRBRERTREIFL—
Yoy b E—EMRIER Cicle - T B, Fig6.13 (b)) EBIERTEN O BEE T
T I0%Cx |7 oy FLEERTHD, ZORNH DDT_FullAd TIEETE~20%Cx &
BIdHzr br—#MARENI ENDNE, Tk, REICRTE~ v~ v
Z—bbhD & I, BEBEAE,D OBRWEREOHEICL - TA LD KRE A
BENEREEZ OND, $o, VIEHE 2 BHFEB CHESBARROEEICIL-T
DDT_ParAd TOx Y b1 E—ARDHTHARE VA, #—E 1&RETIL DDT_FullAd @
BROFHRELS, F—ErHOTIEHLTNC DDT FullAd O = b o &2 —EN
DDT ParAd # E[E%, Zhii, W& —ErOBRMEOENKEEBLTNELEL
HivDd, FlAE, 2 BB ORI HENE DDT _FullAd T 70 ¥, DDT ParAd T71 ¥ Th
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Fig.6.12 Total-to-static efficiency calculated by the 3D simulation including disk cavity

- 143 -



— DDT_FullAd — DDT_ParAd

12
11 F ond R

1.0 =
09 ’b’*——ﬂ
0.8 A

o6 | 1R

05
04
03 r o
02 r i d

0.1 + N g
0.0 e A S

00 01 02 03 04 05 06 07 08 09 10

(Nozzle LE) . — (2* Rotor TE)
Axial position

Normalized entropy

(a)

0.8
0.7
0.6
0.5
04

0.3
0.2

Normalized entropy

0.1
0.0

00 01 02 03 04 05 06 07 08 09 10

(1* Rotor LE) . . (1* Rotor TE)
Axial position

(b)

Fig.6.13 Entropy distributions in the axial direction, (a) ; Between nozzle LE and 2nd rotor exit,
(b) ;: Between 1 rotor LE and 1* rotor TE, and absolute Mach number contours
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Fig.6.14 Total-to-static efficiency calculated by the 1D design and 3D simulation including disk

cavity
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BLXYET 4 ZBORVET L Thos THRNFMOAHIE ST FRTE TS Z
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Fig.6.15 (a) Axial distributions of the total pressure and static pressure
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Fig.6.15 (b) Axial distributions of the total temperature and static temperature
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Fig.6.15 (c) Axial distributions of the absolute Mach number
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XrET 4 DHERTNERLHREIZEZAREBIZOVWTEL S, Fig6.l6 117 4 &
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(Windage loss) DAL R7-DF—E UV HREF Y ET A E2EERVETALY HEW
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BOIHEIC KR E BT LH120  REPRETIVRERS DRETFATELSZLHE
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Fig.6.16 Total-to-static efficiency calculated by the 3D simulation including and without disk

cavity
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FF. T4 A7 BEmTOERES & Windage loss (DWW TAHE T 5. Table 67137 4 &
I X% BT 4 ZEUMTRRICBWT, F—E U 2FETOBAICR LTF 1 A 7 Bl T
DEBEIIVBEREZTACEHOFIE L (6.7.3.1) £ VRO 7 Windage loss (2 L H5hE
ETREZRLTWVWD, ZZT. & (6.73.1) D gt Windage loss |2 X 20 F{KT &,
Prcdd7T 4 A7 BE TORAMIEHIC I DB ARLTEY, FRHIF - BTEY
=R LI2SGGOBHEERLTWS,

P ric
2 (6.7.3.1)

= I I
CpTO:'u{l _'{Pamll‘%fﬂ) ’ }m

J‘?ﬂ'f(‘ =

Table 6.7 {7 L 212, 7« R 7 BEH CTOEFESIZ L 5 A DB SR Windage loss 1£ 7 —
EEMNKE D DDT_ParAd DFHBKEV, LA L. AOBHITY —E 2 TORH
2t L CTHRED ThEL, DDT FullAd T 0.04%. DDT ParAd T 0.126% T&H 2 Z & A
7%, EBIZ, Windage loss (2 L A RETEL /X<, DDT_FullAd T L% 0.02Pt.
DDT_ParAd T 0.07Pt THo7T=, 2B, BEOEIY —E U LHHMEPICBWTY,
Windage loss |- L D RE T EATFMEINTEY . AFEX RO Z— 2 L ZEBFE
REIEE - P —E U BPRKEL BADOEFEOHBIITERVLOD, BRI F—E Y
BWTHARKTFTRIZBEBD ThEWZ ENRPESh TV,

Table 6.7 The magnitude of the power and efficiency drop caused by the disk friction

Pg;l/Power N fiic
DDT FullAd | 0.00040 | -0.00021
DDT ParAd | 0.00126 | -0.00072
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Fig.6.17 Absolute Mach number contours and velocity vectors between and exit of the stages in

the DDT FullAd including disk cavity case
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Fig.6.19 Span directional distributions of the relative Mach number and incidence at the in front

of the 1% rotor of the DDT_FullAd

- 156 -



== With_cavity == Without cavity

0.6
 10% Span

0.5
0.4

|ra._~
3 e
0.2 \f/,/w

0.1

P/Poin

0.0 1 L 1 1 1 1 1 1 i
6o o1 02 03 04 05 06 07 08 09 1.0

x/Cx

0.6
0.5
04
0.3
0.2
0.1
0.0

50% Span

P/PO in

00 01 02 03 04 05 06 07 08 09 1.0

x/Cx

0.6
0.5
0.4
0.3
0.2
0.1

U.{) I i 1 i L i i 1 L
00 01 02 03 04 05 06 07 08 09 10

x/Cy

PD% Span

P/PD in

Fig.6.20 Pressure distributions on the 1* rotor blade at 10%, 50% and 90% span of the
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trailing edge and 1* rotor leading edge and absolute Mach number contours with
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Fig.6.22 Turbine output power of the DDT_ParAd
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Fig.6.24 Pressure contours and velocity vectors between 1" rotor and 2™ stator in the including

disk cavity case of the DDT_ParAd

- 164 -



—— With_cavity —=— Without_cavity

(@«

AN
CCCCCCCCCCCCCCCCCCC((

AR A AL RRRE B AR
Numberlc;i' :‘;;0(;{:' blade
(@@«
DIV
[«

012345678 9I101112131415161718192021222324
Number of 27 rotor blade

20d rotor
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Fig.6.28 Instantaneous absolute Mach number contours and velocity vectors between nozzle and
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Fig.6.29 Instantaneous static pressure contours and velocity vectors (left) and dissipation

contours (right) between nozzle and 1% R in the DDT ParAd
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Fig.6.30 Normalized unsteady tangential force on a 1¥ Rotor blade in time domain
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Fig.6.32 Normalized amplitude of the tangential force on a 1 Rotor blade in frequency domain
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