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Recommendation of Open-Loop Evaluation Techniques for

Vibration Systems
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Fig. 1 Typical frequency response of bladed disks
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Fig. 3 Iterative modification of pressure and acceleration value
by Newton-Raphson method

Table 1 Parameter values used in numerical analysis

Rotor (shaft) diameter D, 16.0 [mm]
Rotor (shaft) length -a a 390.0 [mm]
Rot (shaft) length -b b 380.0 [mm]
Disk weight my 9.64 [kg]
Seal diameter D; 30.0 [mm]
Seal length Ly 30.0 [mm]
Seal weight mg 0.17 [kg]
Seal clearance C, 200 [nm]
Inlet pressure Py, 0.08 [MPa]
Outlet pressure Pyut 0.0 [Mpa]
Inlet pressure loss coefficient Cin 0.50 [-]
Outlet pressure loss coefficient Cout 1.0 [-]
Pre-swirl ratio a 0.2 [-]
Fluid density (water, 23C) p 997.56  [kg/m’]
Fluid viscosity (water, 23C) u 9.3x10™ [Pas]
Static unbalance e 60 [um]

Time step dt 2.4x10° [sec]
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Fig. 4 Frequency response of whirl amplitude at the seal part
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Fig. 6 Waterfall plot of displacement at the seal part (coupling
analysis result, decreasing rotational speed after the
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Fig. 7 Distribution of pressure and the thickness of the fluid film
(3000rpm, increasing rotational speed)

Download service for the GTSJ member of ID , via 216.73.216.87, 2025/06/07.



282 O—Z&84F IV XEBREEN - TV TDORIEDEE

AEAHR 2 —E ¥R

2.5 EBREVIREE

2.5.1 OSIEOSDDFEEE Fig. SIZH B F & i p R
brasd (Fig. 4) #EATTay FLbDERT, #
HEEDOSI, kA REDOSDIB L UNZ o [ o [l i 34 BE ok
MSSRIZ DWW THER & EHTC BT 2 — B DFERE T & %,
ZDZEDNS, ROEEICE L TH I & EBo BT
—REMREL, RN FEOZLEIVREN,

300 : - :
Increasing speed { Exp)
Decressing speed (Exp)
250H— Increasing spoed {Coupling sim) g
e Docreasing speed (Coupling sim) | |
E 200
=
8 15
._E.
< 100
50
0

0 500 1000 1500 2000 2500 3000 3500
Rotational speed [rpm]

Fig. 8 Comparison of experimental result and coupling
analysis result for whirl amplitude at the seal part

252 IRhEHYIRBOZE EROBMIERDARIIZ
WoRNE bV PELZB/MNIPEERELTED, RD
WART ORI F D D IRIEEAFEEZ ZBLTE v, Fig. 9
WHE RN TARB D G ve 2 B ZE72BED0SIE 0SD
WCRITT B LIRS HERURATA R & EBR R 2R L
JHRHAT IEEAEI D S\ Zze = 60, 180, 240, 300 xm & L
LA CHEM L7z, M, oS (GHEX )+
) ICBUT A RERIEE > — V2 ) T 5 Y AC,TH - 72
iz Rg . WKDZZDIZ, FIERDRE % Hwiz%etk
EMT DOSIFHME B B8 TR o MIERDAREUZIRIFO.LC,
THOMBLEIRNLE b Y & ARE L 728 Bulk-low AT
WX YRS, HEEEEAEEZZEBRLCRIIL, &
DOMIERDARFUZ RN T b 0 IRIBIKAAEEZERETE 2
Wiz, MHIERDEREE F V72 OSIFHlEIZ R TH 5o
— 5 THBRATIC & D P L 220SHid iR £ b D) HRIEAS
BRI 2 EHINRTTAEmMERL, THITEBRER
O E —FHLTWw5b, F720SDICoVWThBBELA
—EABR SN TDOZE D SR & iIRE) O MR
DOEEMEDOIRNF D Y IRIFAKAEEN DV TEMEMIC BT
e —HADHERTE 20

26 F&EO

AEITIE, AR —VoT X Fikh L iiRE o R
75 ) BT T 1S D Tl R Pz BUT7 IR BRAT D %
12, WARROER O & v — & RoEH) A R
ATy ZIZBWTH L &5 £ 912, Newton-Raphson
R HWTBRBIEZ T WOOR MR S5 HikE iR
D, SRS ORMEAZ EAL 2 I L, fEirako

BUH eV 2 1) 1 & 27z Mg |2 gk e 2 2L S 4,

BRI 2L —va vy 2EMTLIET, i
LA E 10— 7 OIRN T b Y IRIESEOIREIFED
JA D BOS BT 2 Eh L 720 ZNE Nz # g c24
¥ (Q0HKHAT v 7) O ZFRmL, < O
BT CTH Y, G IR b2 7w i %
s U 7zo HEMHREIATA: LRVPALE L 72 2 iz d R
OSI (Onset Speed of Instability) & ANZEEAb &K H
L B ih4RE) 237 8 L CHRIE 2SS0 9K A3 2 [nl i o B
OSD (Onset speed of dropdown) 22T R fEATHE
REFEBHRIIBRIT 222 R L. IR, RFEL
Jgl S 7z Shooting T FEOME 2 D L L L D
2, BGRAT OWHREFE A CE LR TIETA I LICL D
f AT IR ] DARIFAL 2 4T > T B

g

a500 | + =3 C8 Cenipling amalysis)
— 3200 | ""‘--"l._"'_ - S
5 3000 |- Sl |
o &% OSl(Linear RD coef.)
2800 P / i
8 QEI(Expanmant)
'8 2600
% o400 | OSD(Coupling analysis)
@ \ S
Bl PR S o —v v
.......... --.R?------------.............. v
2000 g.-
\ OSD(Experiment
1 j i : ) .
- 0 01 0.2 0.3 04 0.5 0.6

Whirl amplitude ratio (A¢/C,) [-] '

Fig. 9 Influence of whirl amplitude on OSI/OSD and comparison
with the experimental results

3. ¥E
HHESPHRITIEL BWTHER L TE-NEZ LI
B, ZORPDO1OFEEMIHH Lz, Z0haz
RVBE-TERDHIEF, ()FKE KBS, BRK
EOMEHGICE L CIEMBELE TR —5 5 1 F
IZ ALY, 22 TR 2HHEOWIRN 2 HH -
RMBKOONDLZENELE LB oTETVWSLI &, (2)
(FEroEFbhTRVED) REDOYV T b =72 v
HZriZEY)a—% ¥4 F 37 A5 0% & H
WOBEELRBEPHENIILRYO2OHLHT L, LT
(BHEARMITIIFEERIC & 0 BIG &2 FEBRICHERRL, ETLR
RHTOBRUEZ R T LI ENHEBETHL I ETH 5,
SRITE 5T, T FEREE 7OV & U S X 8 CRL
AEDELMIR=ZE T ¥ 7 LR O D HIZDHEL
DHLA, ZOIHHIZEY, 2= ¥ A4 F3I 7 RABITS
FHOBROMME Pl Z S HITHED TV E 2,

% E Xk

(1) D. W. Childs. Turbomachinery rotordynamics: phenomena,
modeling, and analysis. John Wiley & Sons (1993).

(2) A. Ikemoto, T. Inoue, K. Sakamoto and M. Uchiumi.
"Nonlinear Analysis of Rotordynamic Fluid Forces in
the Annular Plain Seal by Using Extended Perturbation

Download service for the GTSJ member of ID , via 216.73.216.87, 2025/06/07.



Vol.48 No.5 2020.9

A—%2814F IV A ERBEN - €7 ) JDRIENDEERE 283

(10)

(13

Download service for the GTSJ member of ID , via 216.73.216.87, 2025/06/07.

Analysis of the Bulk-Flow Theory (Influence of
Whirling Amplitude in the Case with Concentric
Circular Whirl)." ASME J. Tribol. Vol. 140 No. 4 (2018).
DOTI: 10.1115/1.4039370.

K. Yamada, A. Ikemoto, T. Inoue and M. Uchiumi,
"Nonlinear Analysis of Rotordynamic Fluid Forces in
the Annular Plain Seal by Using Extended Bulk-Flow
Analysis: Influence of Static Eccentricity and Whirling
Amplitude." ASME J. Eng. Gas Turbines Power
Vol. 141 No. 2 (2018), 021017. doi: 10.1115/1.4041128.

K. Miyake, T. Inoue, and Y. Watanabe, "Two-Way
Coupling Analysis Of Shaft Vibration And Clearance
Flow Across Plain Annular Seal', ASME, Journal of
Applied Mechanics, 86 (10), 101002 (2019-07), p. 13.

S. Yabui, J. Chiba, T. Suzuki, S. Tomimatsu and T.
Inoue, "Analysis of Whirling Vibration Due to Morton
Effect by Using Frequency Transfer Function Model
in Journal Bearings', ASME J. of Dynamic Systems,
Measurement, and Control, 142 (4) 041010 (2020-04),
p. 10.

T3, WOk, HhL, SR, B, WMUESHTE R D
2 L/DIt & E— b YRR OBREOHEE, & — REEM,
48 (4), (2020), pp. 201-207.

S. Yabui and T. Inoue, "Development of optimal
controller design method to compensate for vibrations
caused by unbalanced force in rotor system based on
Nyquist diagram", J. of Vibration and Control, 25-4
(2018), pp. 793-305.

S. Yabui, T. Inoue, "Development of Adaptive Feed-
Forward Cancellation with Frequency Estimation
Algorithm for Compensation of Periodic Disturbance at
Arbitrary Frequency', ASME, J. of Dynamic Systems,
Measurement, and Control, 141 (12), (2019), 121014,
p. 12.

Y. Ishida, T. Inoue, T. Fukami, and M. Ueda, "Torsional
Vibration Suppression by the Roller Type Centrifugal
Vibration Absorbers", ASME, J. of Vib. And acoust,Vol.
131, No. 5, 051012 (2009), pp. 1-10.

K. Kadoi, T. Inoue, J. Kawano, M. Kondo, "Nonlinear
Analysis of a Torsional Vibration of a Multi Degree of
Freedom system with Centrifugal Pendulum Vibration
Absorbers and Its Suppression”, ASME, Journal Vib.
Acoust. 2018, 140 (6),061008, p. 12.

PR, Hb, B, NT AR b VR OB 2 E
TRICBE$ 2 FEERAEZE", e 85 %876 5 (2019) p. 19-
00187.

Bk PR, L, "7 T4 TR E Wi — R
YTDNT Y AER S IR BT B E VT D 7280
DET V", #iws5%8735 (2019), p. 18-00445.
Y.Ishida and T.Inoue, "Detection of a Rotor Crack
Using a Harmonic Excitation and Nonlinear Vibration
Analysis', ASME, ]. of Vib. And acoust., Vol. 128, No. 6,
(2006), pp. 741-749.

(14

(19)

20

@2

@3

@

25

Q. Yao, T. Inoue and S. Yabui, "Finite Element
Analysis and Experimental Validation of Transfer
Function of Rotating Shaft System with both an Open
Crack and Anisotropic Support Stiffness", ASME, J.
Vib. Acoust 141 (2), 021002 (2018), p. 15.

C. E. Brennen. Hydrodynamics of Pumps. Concepts
NREC (1994).

aFEE= OKMEN, JIHFRRKR "SE) YAy =z
Y 5 il O ZE RS CGE1HR, BAETVICE S
= VTR O FEBR B X OHLEC X BT B AR
Mo e (CHi) 49%441% (1983) : pp. 719-726.
Clay S. Norrbin, Dara W. Childs and Stephen
Phillips. "Including Housing-Casing Fluid in a Lateral
Rotordynamics Analysis on Electric Submersible
Pumps." J. Eng. Gas Turbines Power Vol. 139 No.6,
(2017) :062505. DOL: 10.1115/1.4035358.

G. L. Morrison, N. Carvajal, R. Saleh and C. Bai "The
Measured Impact of Erosion on the Rotodynamic and
Performance Characteristics of a Mixed Flow ESP."
Proceedings of the 31st International Pump Users
Symposium. Turbomachinery Laboratories, Texas
A&M Engineering Experiment Station, 2015.

G. G. Hirs. "A Bulk-Flow Theory for Turbulence
in Lubricant Films." ASME Journal of Lubrication
Technology. Vol.95 No.2 (1973) : pp. 137-146. DOI:
10.1115/1.3451752.

C. C. Nelson. "Analysis for Leakage and Rotordynamic
Coefficients of Surface-Roughened Tapered Annular
Gas Seals." ASME J. Eng. Gas Turbines Power Vol.106
No. 4 (1984) : pp. 927-934. DOI: 10.1115/1.3239660.

Q. Jiang, L. Zhai, L. Wang, et al. "Fluid-structure
interaction analysis of annular seals and rotor systems
in multi-stage pumps." J. Mech. Sci. Technol. Vol. 27
Issue 7 (2013) pp. 1893-1902. DOIL: 10.1007/s12206-013-
0507-y.

W. Zhou, et al. "Dynamic analysis of a planar multi-
stage centrifugal pump rotor system based on a novel
coupled model." Journal of Sound and Vibration 434
(2018) : 237-260. DOT: 10.1016/j.jsv.2018.07.041.

J. Jeffrey Moore. "Three-Dimensional CFD
Rotordynamic Analysis of Gas Labyrinth Seals." ASME
J. Vib. Acoust. Vol. 125 No. 4 (2003) : pp. 427-433. DOL
10.1115/1.1615248.

K. K. Nielsen, K. Jonck and H. Underbakke. "Hole-
Pattern and Honeycomb Seal Rotordynamic Forces:
Validation of CFD-Based Prediction Techniques."
ASME ]. Eng. Gas Turbines Power Vol. 134 No. 12
(2012), 122505. DOI: 10.1115/1.4007344.

Z. Li, J. Li and Z. Feng. "Comparisons of Rotordynamic
Characteristics Predictions for Annular Gas Seals Using
the Transient Computational Fluid Dynamic Method
Based on Different Single-Frequency and Multifrequency
Rotor Whirling Models." ASME J. Tribol. Vol. 138 No. 1
(2015), 011701. DOT: 10.1115/1.4030807.



284 A—2414FI7XEBRBET - 7Y JOREDEEE BAHZX 2 —E 255
20 F. Mortazavi and A. Palazzolo. "Prediction of 28 Q.Li S. Liu, X. Pan and S. Zheng. "A new method for
Rotordynamic Performance of Smooth Stator-Grooved studying the 3D transient flow of misaligned journal
Rotor Liquid Annular Seals Utilizing Computational bearings in flexible rotor-bearing systems." Journal of
Fluid Dynamics." ASME J. Vib. Acoust. Vol. 140 Zhef;g;’é; lg”g’g’;l% féiéNCEA?IXSZLZ ;3 No. 4 (2012) :
No. 3 031002 (2017) : DOT: 10.1115/1.4038437. P, oo e e e, '
o ( Wagn . . @9 ZJE AT, FEAREIE & 25, BIAEEIE (2005).
(27 Rindi, Andrea, et al. "Efficient models of three-dimensional .
B0 Y. Yamada. "Resistance of a Flow through an Annulus

tilting pad journal bearings for the study of the
interactions between rotor and lubricant supply plant."
Journal of Computational and Nonlinear Dynamics Vol. 11
No. 1 (2016) :011011. doi: 10.1115/1.4030509.

Download service for the GTSJ member of ID , via 216.73.216.87, 2025/06/07.

with an Inner Rotating Cylinder." Bulletin of JSME
Vol. 5 No. 18 (1962) : pp. 302-310. DOI: 10.1299/
jsmel1958.5.302.



285 BARAZXZ—E 255

Vol.48 No.5 2020.9

W dRE) - 0—¥ ¥ A4 F IR

s o B

Oy y bV VYRR T7OU—Y T L FI TR
Rotordynamics of a Turbopump for a Rocket Engine

e B

UCHIUMI Masaharu

¥F—TU—F:uryy brrYr, F—RKKRYT, WERE), WAEKE w—r 5 A3y ZuED

Key Words : Rocket Engine, Turbopump,

1. (FC&HIC

Oy FLY VYA KRR TORBEIIBNT, &
BEETHAEL, o & WEERBMERED O & oA%l%
OFRFMETH S, HRD Y — KRV THAEOHLTIX
%<, YoEousry by —KRRYFI2HHE L AE
THb,

RDIREIFEIX, -5 RE2WET LYY 7N, A
VRG, A vFa—H, -, @i -k, @lRkE
LHT B2 ORISR EBE L Ao THELTW S,
FE B R IREN € — F 72 & OIRENEE 2 LR 5 720
Wi, MEL - BREE - MR OIS, A (BERE
fith7Ze &) M, SoidmREr—v S OB
W7 &8 - M E CLEETL2UEDLD o

F/z, ur v TS ER ORI LIFEEIICE
WL LD, ¥—KRRyTegbury r Vv
WCHEE LWL ER SN D, & —RK >V 7oA
RO EERRIC L > TERSINL 20, FRARDD
BT & 2 iR ED R f B B @ R O R IE D B A A
DT L, A URGRUY — V7 ST B BT
R, wbwabuo—%5A4 53 v 7ikiic & sk
BHIHME SNTET

AT, fEZEPTry b VY VRERBIIBWTRER
L 7R E) & HARR IO W T RB Z L L 5,

2. Oy bE—FKRK>T

2.1 BA—RKRTOEHEREERK

Whary v Y R, KRRV, EEE R
BEE, S ANVAA— MR ETHEKIN S, Fig. 112
HIIATG 7 v NAA vV T VLETAD RFIK & G B
R T o F— KRV TIIHEEIE AL IR THGAA T
FBIEORETHBLTEBY), Ty iiBFsboL3
CHES & BESRS GBEER) 2936453 5, 72, HADE
R v N OHEEIE O A A DRI HAREEE Lk
AKEZETHY, &HESOMEIR (KEE FICB) 2 iR
JEIZENZNIKE20K) THD, £oT, ol b

Rzt 20204 7 H28H
SWLERT METHEY X7 208t v 5 —
T050-8585 = RMiTi/AKICH27-1  S305
E-mail: uchiumi@mmm.muroran-it.ac.jp

* 1

Rotor Vibration, Liquid Hydrogen, Rotordynamic Fluid Force

MR REOR Y 7L SRR A THRBISNE ¥ —E »
HIAELTHY, BEEREICMEN TS,

¥ —RR Y TIIHRBEEEWTH D, BALHH &R
HoORYTE 5 =¥ v HElCEE SN b Fig 20 X9
e R L ERALH] & BRELH S F N E NUERCRERK S
NDHMERIA S Do Fig SICANR—ZA T v hb« A4 ¥
IV VEES KRR TOMERERTY, BBEEE
BB THERBE Y —FR Y7 () LHithkEzEY —F
R 7 () PPAIEEEIN TV D, LA & BE O
BEDTH NS WIGE I — R Tz X 4T H M ES
MEFHELL 25D, WS L BAKED X 5 ITHE
HI6ME S Bl B X D A IR L T 5 DA — KT
Hbo HBXTERHATAILICEY, Hi—ny—¥
YTHADOR Y THEME MRS ES 5 — KR THEF
T2, KimomEEnfEHICIEES 2w, HED
H-IIA, HIIBu 4 v MHOLE7ARH-31 4 v b HIZH
S OLE9D, WARMER L WMAKED2OD 5 — KR
IHRN A IHERE ST WA,

Ty 8= KRR TERERTAY - v OMBE
EWO—DOHIPMEFIRAROEETH D, FAY—E VI
BB CRREAR T SRS 528, ury bRV T
TRBAREZAELTBY, MEOREIKEL Rb7:0
R BT 20A) (ik)) BKREL B b, —

4 Lo Gox
Proturmes gniler Probuman LOX vaben

B |
PED

!

e (1T

|| LOX ctel dermm vishee

ELS E
S—itlF

T

ST

Fuanl bty [
|
LK il
M igrter
\ ]
Fasd chil down vabve | | G ooy e snchanges
2Z0
LHeGHy Waurs sl v Ah—b |
Combusbon gas / an | r e srav

LOWGOX

Fig. 1 Schematic chart of LE-7A engine

Download service for the GTSJ member of ID , via 216.73.216.87, 2025/06/07.



286 By b CRE2—RRTOO-2514FITX

BAH RS — €L %2

methane pump inlet
methane  pyrhing
. impeller blade

LOX pump outlet
f | 5 turbine

LOX impeller

o - | |
Ik 1
ﬁlurbmz imlet
methane pump outlet
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Fig. 3 Turbopump layout of Space Shuttle Main Engine'
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I BWTHER R E FIEIE OFT E FANSVIEE
7 — R OMFENRM LT 5720, FEY VAT =R
Ta—F 4 V7)) T Y=k EOFERMA Y — LTIk
TELRTTEERNSLKTHILENETENL, —T,
AHZHN =D X9 MY — VT b BEmIC S
FAEETZ AF ) I FETar ba—us
bbb LIl hoTE, MRk FEITE DT EF
AL 2 BIEE, —RINZIZRDIEE DK E L B B,
MfEERIRY =, ¥y 2y —), #HEcLEA
THY 8= =), i (AT, A5 Tk BH
FTHIN—T =R, F—FEWIECREER

TBY, EEBERLHHMBN (Bulk-flow theory) 2hNZ T,

PAETIICFDENTIC X 2 e D E < AbN D X9
o TETWD, ¥ —IVINTORE 5 0l R B 55 A5k
EL B3 EMRAOZENE T T I L2EALDH L, F
TAOFERE ARG SR § RELEKT S
¥5) REGERTHLH0, TELLRTMNTHLI L

BOETELWEENL, BTy b —FKKTFIZBNWT,

Thomas/AlfordJJ 12 & o T3 L 72— R A& Bk B A T
OHREZ, ¥ —V ) ¥ ZIHAT B AR ER 2
59252 LIk > THHILZ2BD #HE ST BY,

oy MY —RKR T TIHHEERLHEBIIS LTS
TR —NADBHNENTWE, TS OHHRE)IC
BiFTa—=8 5453 v 7 E#HXR57-012, =%
THIRESE RN LMAHMZTZH AT L) HELFE
BRIcED o —% 54 F 3 7 2B X o TR
—VOEESIE SN TWE, TO—F 4 YT ) T
V=, ABZHNVY— N, BTAV YN, TV
Y VERBETAE, XA AT —VOREFINNIZ
INEWDS, FoOMO Y —NVIETEhEES D, —T,
BWHMBDE AT AN =N E 0D, Moy —nig
WENZRET 5, RO L L), ¥—IVFE
BIREDSRKE CGHEBEAMEDVN S W T &R WIRENFET
HY, 7a—F 4 7Y Ty —uhRbEREEE
Fo L DWiEDH 5%,

3.3 ANS2 2T REOFEED

4 X7 ORDIEMANIZ, wHilHEFHORILIKAIC X
550055, WHREWHRNIENT Y AE A by
VATARI R EDRHOEREERATE T —A0H D
ZORBEIIS Uik b s, —J7, iR
i, A Y RTIOALTEHBITOEFEI X 5 HM & &
HF 254 v RTOmLNTELLPM &L > TH
M b, T2 T, RIERENLILILIC X 5RDi
KON TIHRR B,
()7 ua—X A v RTOE

RDHAST % 51 L 7245 R % Fig. OWR T #ifiliE s
T EBEHILTH Y, BEEHEE 1,000 rpm, FEEAR

¥ p=0092TdH 5. PAEH IR FATIEI 22 =5l
BTHY, EENINEEMOIEAPEEICRE S EES
G2 Twa, HERAFMmAENFIZIZE—RXE > Tw
52 Ens, HEMAIMEEmOREIT/NS EFEREC
PRELEBERFOILDbh b, HTHYEINTY
RMBIETHAZ L5, BackwardsNE b ) TlEEW
WEE (HHR) 2B Y, ForwardsNE b ) ITIIAR
FEALEH OIS FEAEL TV AEDS, EiANT b ) T
WBRENT S 2 EFmAIN G, HEMEKIEIZED
fiE& %0, Bernoulli effecth B3 %o MKV k2 H
WCIETH ) AZE LTI T 50 HERECITIEL
BAHZENLHETRY)ANREAEAMLTNRDE Z Eb
%o Lo TkECOWMEZ D SARLEEBIIForward st
EFOYIHFET ST LI E D,

2)F =Ty 14 v RTOYE

=R KA X7 Lk FETHREDIFET
WKIMOZRMMRE 2205, =T 04 Y RTFTIEYY)
Fafal s, BERGTARAENDFIZIZIZ-RNEL D
B, 27— R4 RGO E D) BRAETHY @A %
Vo =T VA Y RGIZEEREK ST % B 50D
D, 77— A4 X5 TldBernoulli effectSBIEE I
TWED, =T A Y RTGTREGHVIEICEL TV
Z &5 Lomakin effect B ELTWAEEEZHZ b, O
DHBEDPEIC AL ST V5D, HEWECIIETH
B0, R MERmBAOHEEL D720, CEmDI
BOWEPEENT, T AGRARI ] IA L LI
\Z& & F DR EAM SN S,

DlEoZ enrt, 299 FOFEICLIDA ¥ RFC
EH 5 2RDWARIINEE R 252 A L, MMz s
O—ZX K4 vy RTDIFH) 5N E DY HHORHRIIEN
BWnkEZHN5,

34 A T1—HIZELZFXFYET—2 a3 hiED

RYTOPRAREN Z LT EETWE A Y TFa—H
KHMLWsF vy ETr—va VL5, BiEEEICHT 5

= &
T T
1 i

NORMAL FORCE, F,

3

:
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/

S0 25 05 1.0
WHIRL FREQUENCY RATIO, w/Q
Fig. 9 Typical RD forces of a closed impeller
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SNED Y W EIEA1] ~ L2 E O e ¥ v ¥ 5 —
Yav i T a—YRIIKERR AL EES, &
LIZENEZETEELEANTEDLY)HELHNL0ERD,
FXYETADPA VT a—HRICEEIN/L ) Ll &
%5, Whws SR OERF ¥ €5 — 3 a v g
ENb, COHRIL, HIMEORMMBIF ¥ €T 4
DHFFEI L > THESNZ L) BRIREL 2 D720, <A
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KR EEE & 25 2 DK E S5,

Tz, MR T S ATEE T A FREF L L9 12,

Oy Ny —AKRRYTTHEF T — 3 VX 5hENR
KB L END b, 4 VT 2 —HFITEMED3
~AEDLRL, BT H2HRNOAHNA ([ T
) b OELUTFCHITENLION— N THSH, Ll
a5, BAFETMWCF Y T4 L TR F Y U
TAEERTLEIICHENDL EAHANRKEL 2D
& ThERREDORENRET L, ZDOL ZOMKT % Fig
10IR T, Ml F Yy ¥Fr—Y a VIREBKTH Y, /hE
72 513 EWGARIETI LA % %0 K=0.02651F 31 12 3%
T5E, AVTFa—VEBEPEBIET T L & b I2H
WEIDHAL TV D, 2 OIRE) O 49503 #350Hz T
HY, BT A rFa—%) HIrkE{shIbs2
WIEHHEETH B, & SICKIPET 5 LSRRI IRT X
NTVBIZE 2 0b 5 FTHERENIIEE L XVETRTL
TBY, A v Fa—HFHNBOFyEF— a3 r2iEsr
TAKIC K 2RI AZAL L, RS ONIRITICISE L
Bl ol b ERLTVD, TOXIIIERWICE LW
REI 2 LD L) F Y ET—T a VEHEISEL S 1
F =PRI AT LR TELRNT END,
AV Fa—HeQREFT2ILICE YT rZ L L
ol

4. L

vy N —KERyTOu—%54F3I7 AZOn
THEFL L7228, RIRE) O RJEIIMZEIC W E 255,
Wo 2 AZ OO MENEAET 5 L HHICIIFRTE S
BOTIE AL, FWUNLFIEFEREZLLTIEHH
FEMTEEHEL VY, IhrsdbBheER, F—KKVT
DT L2 Ko TW L BEDH 5 LT HIRET
Hbo FRHHEOZOMOMBEIZALTH IO L
) DDOTH b,
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Fig. 10 Rotor vibration and inducer head under rotating stall
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Rotating Shafts
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Vibration Analysis

1. 1FUBIC

HAY =¥ &2IE L0, %L OmmBRBEEWT: 4 72
75 NCEELRERMKE LTHH IR TSR, b
DOFEMAE, s O IRFEEEAH & B HRE) 7 A E O BEA
PREOHWND S, KRB v LIRBEE = ¥ H7%E &
NTWb, ESITHER T ZITREDIRBIENT > A 7 212
0, REFEROZEHZ ESIThILTWw5,

AFGTIE, PSR ORI M B L OIRENFRIT, B
W SN LIRE X > & IREYFEATEAIC B LT
M, ESIE Y CEFEINE =Sy b (BT
O—%) 12X 5 EBEIREFEAFH) & FRICBT 2 REF
M EZRNT 5,

2. KBESEMOEGRBOREERY X7 LBE

RIS A g C 1L I AL T (noncontact
displacement transducer) % $EMEIZE%E L C, 0145 #
HARDIRMNIE Y TH % HRE) (shaft vibration) % &1l
L., ZOESRIEHEHE= 7 IZH)AAT, EHLA
Vo AREVEL O WARIEME) OFWEEHEZ 7V, IRBHR
TEAEASHE M 2 8 2 5 L {EEZH (Alert) MGk
(Danger) %3 LT, KM X o T OB 25 IR
#1792 L% b, Fig 1OIEFEMELEH SIRE € =
% (vibration monitor) DHFEPHAIZ NICHEYT 5. 5
WCIRBE=% Oy 7 7155 (buffered output) %
BT — & PUEZEEICHL D JA e, F 72 3AAT R — FIEgem
ORHE=F 2 #MHT 5 2 & T, IREEHTZI 2T 4
(vibration analysis and diagnostic system) #*HE54 %
CENTED, BB, Ny T7rREFER, ERKBHE=FD
ANESETFAV1IBOT YT Ny 777 V7)) 24
LCHE®RTEB L OHEBNCI A7 ¥ oM T 5

G2t 2020427 H 7 H
* 1 Bl %
T102-0083 TAUHIXEHT 4 -3 -3 HraEhT )L 3 BE

E-mail: koji-takimro@shinkawa.co.jp

Viibration Analysis
and Diagnostic
Station

HuB

Ethemet Ethemnet

Buffered Outputs
[ (Analog Vibration

Wikt = Waveform Signal)

Monitors

Noncontact
Displacement
Transducers

Large Critical Machines Large Critical Machines

Fig. 1 Example of machine condition monitoring system

BRI THY, Ny 7 hE#ESTYa—bL
A TORME= 7y OERBRICEELZ L2z 2wk
AIAPI 670BUE VN TER EN TV 5,

kB, W07 v P TRIEHE= % $ TORIET,
FEHROBEFAN B Y AT A FTIERBE LTV ZWHD
%L, FDXD REMTIE, M ORE) - B
PREYFEEIFIS R — & 7OV DIREYFNT > A 7 A IIRE)E =
oy 77 XD IREIEIRAE 5 2 I AKR, HEO
B, IR OIREYFEE OFAT R, SR IRE) O AT W
Diibits,

3. IEBEHAIAE Y

IR B D IRBYEHI 247 9 W&, T O H YRR S BEM,
MERFANC & » TIRE O (displacement), &
(velocity), MI#EE (acceleration) 2S@MH I N5, —ik
fa b & #8 2 Cafn, Bl (flexible rotor) & LT
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S E NG EHE BRI T, 15D W X EogA, o
FAFIv 7 REHERIRT S L, W OREE
BUZBWTDH, FLRHFTZTHIBICLERETDH 5,
Zo L) ngE, FEMOMBRALEM L VY (eddy
current displacement sensor) 2 & 0, il & iz OFx;
I 70 258 T & 2 iR E) & A CRRI 5 2 & A RIS
fibh s,
3.1 BAERAEM L HTOEE

WAEMNEMEHE, WEBICI A VERFOE e
IR R EOBT DSR2 LM (FF4N), B
FOe e MGG O CHEHOERr — 7V (Ja]ih
F=T7N) ol Ehs, E#ENTBIZFig 2108
X9z, FIRMEE, RO, BRI, V=774
TR SN, BIRMBEI S I IS L TE
JEW (MHzA — %) o524, Chicihery
IANPLEREHREIEL, ZOBRPII—Ty
MR BEESERET S L, TOEROEMIIMEILL
AT B, COMBIRORESF L Faf VEgEe
OWEEC X 02k, BBy —Fy VN ERE
FtrVafvof =¥ ANRENT S, Lz
MoT, tryHEy—ry FMHOREEOZLE £ FD
AV E=F Vv ABELTE S Z, IhEHRREEHT
OBEFEZLE LTHDY L, BRI X 0 B WIS
L7zEREEICEMRT 5, HIZ) =7 74 FHEEKICED
AL U CHEERCIBI L 2BEE LT L TW5,

Sensor Coil
(Probe c:on)

Resonant Demodulator :
Clrcutt

_ '- | Amplifier | |
| |Ilator | Output
Magneﬁc Fluxl W—I—.’
EddyCurrent __________
Target (Metal)

Fig. 2 Block diagram of eddy current displacement transducer

FEFEM NGB REFT R ER L v D H 575,
INBIEFY—ry e UYHRIICAET DM KE ED
WEBERZTL, LrL, WERAEM L ‘/ﬁ‘@i“’* JE{
FAIZHR AR &, MEIROFEA L R WIIIlE 1222
L&wtb,ﬁ%w\zbﬁﬁﬁﬁéﬂhﬁmmmﬂf
DEHTHZENTE D,

WERAAMENE, ER (FEREBOEE) 258w
W E CIBET 5720, WIREIEHNAZG TR <, iz
TR R R EHI, AAHZERER I 2 S b @ S b,
3.2 FEEMZAEICXT HAPI 670 ENDEKEIR

APIHL # 1% oK B 47 3 15 2% (American Petroleum
Institute) FEATOBMET, ZOHOEWMORES 2T 4
B9 % API 6708 TlX, SRE)EHINIC b 2 HE
TR ITEBE A2 AL ZH A § 5 EORFIEAE W I N TV 5,
Z DB T3 8 B 7 B o> il 3R F 1R ZE A E Lk

L CHEMNTHMZERARZ R LTV A 720, o8
FEAZFE DWW CRRET S M FRE M EHE, A S T
YIRPEFTRL, BB VM ERIASEREINT
W%, API 670BUKIZRLIR S LT 2 ZERAL AR D T2 2%
4% Table 1IZ/R$ o Z OB TIE, FERMEL O
t W4 % “Proximity probe”, ZE#ig# % “Oscillator-
demodulator” & 572, Table 1 E DKL TRT
A=)V 7 7 7 ¥ @7 (incremental scale factor
error) (&, FEMEETI7 mV/umilxf35 5, Fvv 7
24250 pmiEDKERAEE R T S DT, HIREEHER
LTS, oF ), [FIRE)FHNERZE] = [REHH]
X[AF—=N7 77 58] LEXDLIENTELD

Table 1 API 670 requirements for displacement transducer

ltem API 670 5th edition
Incremental 7.87 mV/um 5% at testing temperature
Scale Factor 7.87 mV/um =+10% at operating temp.
Deviation from  |Within =25.4 ym at testing temperature

Straight Line Within 76 pm at operating temperature

Linear range 2 mm

Operating Proximjty probe : -35:C to +129°C

temperature Extgnsmn cable :-35C to +65C
Oscillator-demodulator  : -35°C to +65°C

Humidity 100% RH (non-submerged, with protection

of connectors)
Standard target |AISI 4140 steel (JIS SCM440)
material

Probe tip Standard : ¢7.6 mmto ¢$8.3 mm
diameter Option : p4.8 mmto $5.3 mm
Standard : 3/8-24UNF Reverse mount

Thread of probe | i . 3/8-24UNF, 1/4-28UNF,

body M10x1, M8x1
Probe cable Standard :0.5m (0.5to 1m)
length Option :1m (0.8t0 1.3 m)
Extension cable |Standard :4.5m (min. 4.1 m)
length Option ;4 m (min. 3.6 m)
Power supply -24VDC

£
i1 _
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a0
8
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Eu x
5% —
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&
£
-
5340
3 22 =
-4 =
/I’
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0

0.0 05 1.0 15 20 25
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Fig. 3 Static characteristics of displacement transducer
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Fig. 4 Frequency response of displacement transducer

A —=IVT 77 dEE 5% T 5L, BT
25100 ym ppDHLEDIREIT 5 pmppTH Y, IR
fEAM0 pm ppDHEDREIT = 2 um ppE b,

F 72, EHM (deviation from straight line) 138
787 mV/p mDEEE RS 5 EHIED A 2 RS b D
T, R&%Fx v 7LD WAEIC BT 55
LT %,

Table 10 % RALM:Z G & LT, API 67084% |2 #E i
L7z IRt e LTS Cw2 b 0T, fi
HIREFRHABHE L DAV dONEL L, £/, ko
s — 7 )V E (probe cable length) L ZEE S — 7TV E
(extension cable length) #MA 72V AT A —7IVE
&, BERO 5 mZZIFTH <, 9my AT AH KW
THb,

Fig. 31ZAPI 670K #e4il > FZ B o JEHe fill 25 (7 5t o i
W7o 7061%RY, $72, BB Fig 4125)
9L 912, 10 kHzT-3dBMNTH D, 3 kHz< 5V F
TIEIT & A EWEDPm G, EEOBIRE) O FH i, B
XY = E 55 0012,000 rpm D EEW.OSA, iz
R4 (1X) 25200 Hz T, Z o105 (10X) *
TR 22 L T2 kHzTH Y, FEH E+5% Mk
JREEV) ZENE RS, LIz ->T, ZOLH BT
A EWBED R CEEBE AN TH I, Fig 5IZRT X
I, FIT7IY 7’(C>0)y1, yo, vl 77 7Y 7 (b)Dx;,
2o, ;W BPELC, WhoFEE L LS EEREE LTH
NTHIENTES,

3.3 EhIRENE > Y OET T

R TR AR IR M E & W L 2R E) > o
FEMADRREICE LT, API 67084% B X UFISO 20816-1
HENZBWTEEIRENTVLDOT, Tt EY
L CTable 2I12/R¥ . 72, LML HESINTVDS
API 670K D FERFIH % 312 L -8R T & > ¥ o JUfT
JA A=Y %Fig. 61387,

RS I b iz ol CICHET A LI
R BHH, FWEMBEICBWCE =% Ol 7 EE 2
i ECHWIZOEDAEZKT 200 V%2 ikiE T
HZ b, 72720, Table 207EiE (Note*) (/R Y
X912, ISO 20816-1#<ix [d L, #RFHICOWT

Distance Time

(=]

23
H
5
o -1
e o
i ¢ Distance
¢ ®
[ Graph area:
- € (a) Static characteristic
E Py (Output VVoltage vs
= Distance)
Lid {b) Gap change with vibration
:@p /” (Distance vs Time)
ot (c) \ibration waveform output
Sensor N (Output Voltage vs Time)
Target «,x.x,

Fig. 5 Principle of vibration measurements by using
displacement trasducer

Table 2 Installation rules for shaft vibration probes

ltem API 670 ISO 20816-1
Number of probes at
Two probes
each measurement Two probes A
(See Note*)
plane
Angle between 90°+5° 90°+5°
paired probes
Perpend.icularity to +5° +5°
shaft axis
Mounting angle from 45°45° Not specified
vertical center
Distance from Should be located
; Within 75 mm | at, or adjacent to,
bearing .
each bearing

Note* A single probe may be used at each measurement
plane if it is known to provide adequate information about the
shaft vibration.

m‘:‘ Converter  Vibration

|
180+5

I '
m Eddy Current
; i /

Fig. 6 Sketch of installation of shaft vibration probes

DR T IzhE, 1o0rHE2RALTS X
Wl EHb, LaL, EEOHIRENICB VT, i
FLOOBI 2B CTH L4 —E v + (orbit) AV ICE
MZRT LIRSS, itk %55 E sk RE, =
WAREEIC LY, KR S O IR 2 RT 2 L2
D, —HINIZZT 2 2R 72 5E, FEBEOREO
RRIRMEA PR 2 2 LATTET, IREYIRIE % /NP3
LU REMED D B0 WOEED LR KT 2 D& > kil
W, IREPIRIEAE OM/NGHIE ) A 2 & S 5 72T <
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Bk 2REATCOAEATH Y, EBE, 2 HMoL s
FREFHEEIND,
3.4 Z>F7 bk (runout)

HIREDETINC B W TIRE IS 0 5 IR T3 2 R ED I HH
PLfGrola T vh o b, WEHEDHEM
BED X BT > b (mechanical runout) &,
W T P E 7 O - RIS 1 E ORI — DB &
LBEEAMT »F 7 b (electrical runout) 240 55,

API 670BU& TIE [HELW LM %25 >+ o
B, FFERIRBIZEN D25% X1E6 pmdD & H 5 Ak
EWVIIH)ERRZ VX DI, T O @) 7 X
ZOMDOME % S 2T E R Sk wv.] &3, ISO
20816-18IkCTdH, MUHEMT, ChizlzrnwZl
2 THESEE NS (It is recommended) | & 7> T\wb,
F 72, API 6708 TIILLT 320 FRAaMfIit s Twn
%o
Wikl 1 ¥4 Y EY FNZ Y 2 (diamond burnishing)
i, BT Y P2 TR, BRANT Y
7 OISO AN TH A LA IR TV A,

RS 2 WG X B Al OB R E R AL
B, WE, BMOWEHEILETH D,

WAL 3 DY) T ORREEZ 2 A A B2 Tldk
57\ HlET ) 7 OFE 18T ORI EEOZEB) X1
A A%MBZ TR B R\,

WEDRENZ L B E, WELY T OHERE LW
BEOMHBERE y = 093, TR IOIELOE LW
NEEZAEOHBERE y = 096 VI b IRV %
MLz E512, =7y PORMHEIVNEVIEE
HWBEBREBRIETDIES D XDVNEL b ) RER
MREBTVDEZENDL, [HAMIS Z/NS A RITS ]
=S [HEMELERARITOELDEDNNSIL L] =
[TV PIANT YT bERASKHZE] o
a2 ) . h, EELAPL 6708 OFER LIRSz 5
AXEY FNZ T U7, BMIICETIH S 2/ 8 A

FWF272 TR, HERELERIE OB —LoORhE
QIFECE 5720, ZNICKDVESRWNT V57 a2
LI ENEZOND, B, FRBETIE, EREH
BEOHBAIRICB T 2IMNZIZTE AL, B
BEOEALE MNEAOMBIT NS W E DR ERL T
By, LELAPI 6708 OFRL 2 L {FEFL 3 IR SN2
WA X AR BEOMEE ZOMETMOEH 2R 5
LIZED T v 7 MEBORIRIIRENTH L L EZ S
b,

4. PRENFRIT

Fig. WI/R L7233 A7 MBI OfFMT 7 — & IR E
IR RN S WILEE TR SN D X O RIREVFRIT BT >
AT A THELITW 2 IREFHN FEIZ OV THERR D,
4.1 RKRIRHBIRENERNE

P OIRENIC X 2 IREEH T, —BYIILT IO
F— 38— =)V (0A) IREHIRIGMEZ B 22, RE)
FENTIC BT, SR EURIT R AR B L 02 s 0
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Fig. 6 Rotor whirl by unbalance (Image)
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Effect on Heat Transfer through an Airfoil Heat Exchanger
in a Main Flow with Periodic Total Temperature Change

ABSTRACT

ik ! P30 AlpE
ITO Yu WATANABE Toshinori

An airfoil heat exchanger is an airfoil with several inner channels in which a heat transport medium (HTM) flows.
Various airfoil heat exchangers are connected by tubes, wherein the HTM flows from the hot to cold sections for
heat transport. If stators or guide vanes in a turbofan are modified to become airfoil heat exchangers, lightweight and
compact intercooling and recuperating systems can be installed into turbofans. In this study, using a thermal-fluid
analysis validated through experiments, heat transfer via an airfoil heat exchanger in a main flow with periodic total
temperature change was numerically investigated. When the frequency of periodic total temperature is 5000 Hz, the
time-space-average heat flux via the outer surface of the airfoil heat exchanger has a 10% higher value than that at
steady state. When the phase lag between the airfoil solid temperature and periodic total temperature is maximum, the
heat flux via the outer surface of the airfoil heat exchanger is also maximum owing to the heat capacity of the airfoil

heat exchanger.

F—T—F  EAESREG, Bumt R, PR AR, RS KT 7 v
Key words : Airfoil Heat Exchanger, Heat Transport Medium, Intercooler, Recuperator, Turbofan
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Table 1 Boundary Conditions for the Main Airflow, Aifoil Solid,
and Cooling HTM Unless Otherwise Stated

Main Airflow
Inlet Mach number M, 0.64
Inlet velocity u;, 240 m/s
Reynold number for a%rfoﬂ chord 506,000
length as representative length
Inlet turbulence intensity u’ / Uin 4%
Inlet total temperature Ty air.in 350 K
Amplitude of total temperature 20K
Change ATtot air
Frequency of total temperature
! ' change f i 0 Hz
Outlet pressure Py out 101.3 kPa
Airfoil Solid (SUS304)
Thermal conductivity & 16 W/(m'K)
Density p 7,930 kg/m’
Specific heat C, 590 J/(kg-K)
HTM (water)
Mass flow rate per channel my, 10.7 g/s
Inlet temperature T in 300 K
Thermal conductivity Ay, 0.615 W/(m'K)
Density ppum 1,000 kg/m’
Kinetic viscosity vy, 8.52x107 m*/s
Specific heat C,, ym 4150 J/(kg'K)
Channel diameter Dy, 1.76 mm
Reynold number for HTM tube
diameter as representative length 9100
Prandtl number 5.76
Nusselt number 57.2
Heat transfer coefficient between
HTM and airfoil solid Ay 20,000 W/(m*K)
Heat Balance of Airfoil Heat Exchanger
Heat capacity flow rates ratio 03
(maircn air) / (mhtmcp htm) )
Overall Heat Transfer Coefficient
Overall heat transfer coefficient K | 386 W/(m*K)
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7R D AW E B § 5 54 N TORE
EFRBENS, BB OBRERDBLEICE XTI
BAMET ALEND L, I 2 TSSO E
ELTREEIND IR D — LM EHI O W THE L 72,
HB1OMBHIAT VL AFTH Y, TOBMEEE Lk
1316 W/ (m-K), % 0siald7.930 kg/m?, HECosonald
590 J/(kg'K) TH b, Zhid, AiadbOMIEICH 72K
T ERSTHEM L 72 B EAER T A 7 > L A §i o) Wl R 2k
R a2 M L727-:0T, TOREL DK ERESITT
L5720 THb, EHIT, TOMERIL, FEHI LM
HESCENEIHEH SN L IZEFRETHD, 2L
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(a) past adiabatic airfoils with kg4 = 0 W/(m-K)

an
| 310
300

(b) past airfoil heat exchangers with k34 of 16 W/(m-K)
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(c) past airfoil heat exchangers with ky,j;q of 60 W/(m-K)
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(d) past airfoil heat exchangers with kg of 202 W/(m-K)

E
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g

o

88 8¢ 8

Fig. 5 Static Temperature Distribution in a Main Flow with
Constant Total Temperature

Fig. 6 Total Temperature Distribution past Airfoil Heat
Exchangers with ksolid of 202 W/ (m*K) in a Main
Flow with Constant Total Temperature
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(b) past airfoil heat exchangers with &y, of 16 W/(m-K),
Psotia Of 7,930 kg/m”® and C,, o1 of 590 J/(kg'K)

(c) past airfoil heat exchangers with kg, of 60 W/(m-K),
Peotia 0F 3,000 kg/m® and Cpsotia of 590 J/(kg-K)

370

- 360

By 350
340
330
320
310
300

(d) past airfoil heat exchangers with k4 0f 202 W/(m-K),
Psolid of 2,700 kg/m3 and Cp,solid 0f 900 J/(kgK)

Fig. 7 Instantaneous Distribution of Static Temperature
in a Main Flow with 1000 Hz of Total Temperature
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Fig. 8 Thermal Conductivity Effect on Time-space
Averaged Heat Flux via the Outer Surface of the
Airfoil Heat Exchanger
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Fig. 9 Instantaneous Distribution of Static Temperature past
the Airfoil Heat Exchangers with ksia of 202 W/ (m*K),
0 solid of 2,700 kg/m?® and Cpoia of 900 J/ (kg+K) in a Main
Flow with Periodic Total Temperature Change
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Fig. 10 Effect of Periodic Total Temperature Frequency
on Time-space-averaged Heat Flux via the
Outer Surface of the Airfoil Heat Exchanger
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Studies on One-Sided Flow Control Device to Improve Film Cooling Effectiveness
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This study proposes a new flow control device (FCD), called one-sided FCD or OFCD, to improve conventional
cooling hole film effectiveness of turbine airfoils for gas turbine with less aerodynamic loss than that of the previously
developed devices such as double flow-control devices (DFCD) or V-shaped FCD. Detailed numerical investigations
on the flat-plate model are executed through RANS (Reynolds-Averaged Navier-Stokes equations)-based simulation
using a commercial flow solver, calculating film effectiveness, net heat flux reduction (NHFR) and stagnation
pressure loss coefficient for several types of OFCD along with DFCD and V-shaped FCD. Experimental examinations
are also conducted using PSP (Pressure-Sensitive Paint) method to verify the predictability of film effectiveness by
the present calculation. It is found that OFCD performs fairly well with less aerodynamic penalty than those of the

high-performance devices.
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CRVP : Counter-Rotating Vortex Pair
DFCD : Double Flow Control Device
DBV : Device-Based Vortex

FCD : Flow Control Device

MS : Mesh Size

NHFR : Net Heat Flux Reduction
OFCD : One-sided Flow Control Device

PSP . Pressure-Sensitive Paint
RH : Round Hole
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Fig. 1 One-sided FCD with its geometrical parameters
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Table 1 Parameters of device geometry and configuration

| OFCD1 | OFCD2 | OFCD3 | OFCD4 | OFCDS
Distancel | 0.0d 0.2d 0.2d 0.4d 0.4d
Distance2 1.7d 1.7d 1.5d 1.7d 1.2d
Height 0.6d

Width1 0.2d

Width2 0.2d

Angle 30 [deg)

Fillet 0.05d
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Fig. 2 Tested one-sided FCD
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Fig. 6 Computational grid system (domain and FCD)
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Fig. 14 Comparisons of calculated streamwise vorticity contours
at x/d=5 (BR=10)
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Fig. 15 Comparisons of calculated NHFR contours (top) and
area-averaged values (bottom) for 4 devices (BR=1.0)
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Fig. 16 Comparisons of calculated stagnation pressure loss for 4
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6. fE&m

AW TIE, ABGHILIC X B 7 1 VA GHE LI,

SR E L7234 AOFCD7s, 22 iR %

i Lo >DFCDA EOMMECD E 5D 7 4 )V A

ek LR 2 A LIS 5 0%, RANSHMNT J OF

PSP & iV 727 4 v 2 h3EHI & 38 U CTAT - 720 A

RTHONZEBITROLIICEEDENS,

1. 5 f % OOFCDIZ % 3 % CEDf# #t @ #& £ 20 5,
CED%HILOH LMD 504dF 7y b BT L
&, zhm (JLE vy FHIM) ORI
D HZE SN A M O YE SRR S L7z (OFCDA4,
OFCD5)5

2. DFCDEUNVETINA AWl 754 R % L4
IO, 74V AEHFE, NHFRKE OZ2)HH5I
DVTDIIRET o720 TR, 74 IV 2ARFRIC
DWTIEMH TN Z2IERIER VS DD, OFCD
WENHFR R N2 DL O H TEmE 7T/ 4 250 3
BIF M2 R LS5 2 L 2R L7,

Pl X9z, Sni%E LR M7 4 204 R
OH LR INIZ L EZ ONLD, —FTEIEK
BEMATB O GE ) IR TE R VR WR ERRD
BRI THTH D70, SHS HWR#ELE EE2E LT,
XD EREDOENT NS, A EED L TFETH b

& E X

(1) MR —, FRAF— ¥ LB BB - HHB O &
BEDI  BE, HAF R ¥ — ¥ v 3455 Vol 46 No. 6
(2018), pp. 421-426.

(2) MAHE—, JENHIETNA ZI2E B 7 4V A EHIOER)
A, AART R T —¥ %45, Vol 46 No. 6 (2018),
pp. 455-461.

(3) Hirokazu Kawabata, Ken-ichi Funazaki, Ryota
Nakata, Daichi Takahashi, “Experimental and
Numerical Investigations of Effects of Flow Control
Devices upon Flat-Plate Cooling Performance”, ASME
Turbo Expo 2013, GT2013-95197, 2013.

Download service for the GTSJ member of ID , via 216.73.216.87, 2025/06/07.



320 FNHEEBTNA LB T IV LAEIERER EICEET 2R HAARZ —EFR5E

(4)  ARmpfdE—, R, JNmesF, HINAN, StNHEL, (100 Charbonnier, D., Ott, P., Jonsson, M., Cottier, F. and
TR TS 4 22X B 7 4 VA EHPEREDOIM F, HA Kobke, Th., Experimental and Numerical Study of
HAY —¥ ¥k Vol 42, No. 5, pp. 456-464, 2014 the Thermal Performance of a Film Cooled Turbine

(5) JUATIRIL, MR —, R, AT NS 2R v Platform, ASME Turbo Expo 2009, GT2009-60306, 2009
727 4 WV AEHOFEMFLICH S 5 W58 — DimplelZ K 00 ff 2 RZHI, ERTEEAEHIR OB R O%ERN 7 4 )V A
o b —, HARBEWZER WA TS (i), W HBM DR BN RERTAM, 5 F KB LERC (20164F
PM570S8-10, 2018 3]

(6) Hirokazu Kawabata, Ken-ichi Funazaki, Yuya Suzuki, 12 FEEEN, WNHET N ZEHWT7 4V AGEHIOE
Hisato Tagawa and Yasuhiro Horiuchi, Improvement AN BT B A58 — 754 ZATIRI AL B O R 78
of Turbine Vane Film Cooling Performance by Double A AWIROBE —, AFRFB 5L (20164F )
Flow-Control Devices, Journal of Turbomachinery, Vol. (13 ZEmED, ARWRE—, ATIRIL, FRGETER, 7 4 OV A
138, 111005 (9 pages), 2016 HOEMFACIEE T 5 VIR AHIE 75 4 2RO iz

(7) Hayato Takisawa, Ken-ichi Funazaki, Hirokazu Sasaki, 1b, 46 HARF A & — ¥ v wiims (RS,
Tomohiro Kawamura, Hisato Tagawa, Susumu Nakano, 2018
Improvement of Flat-Plate Film Cooling Performance (14 ANSYS ICEM CFD Ver. 15 Tutorial Manual, 2013
by Double Flow Control Devices under High Density (15) ASIRIA, SRAHEIE TN A X &R W27 4V At RE
Ratio, Proceedings of ACGT 2016 (Mumbai, India), 0 EICBS AW —HH 734 ATIRDEF —, HTKR
2016 AR (20184 %)

(8) AL, MEE—, WEEAEN, HIIAN, FREFTER, 16 JimimA, BMES —¥ BT 4V AGHOBGAK
WHHIH T N4 2 Z2 727 4V WG HO BRI R O O | K 5 T R A O R = B S NE= 3
T AHH3E - BT B 5 754 Aol IR T % 7§ 3C (20144F BE ), pl48 (https://iwate-u.
—HAFT Ry —¥ 4458 Vol 46 No. 4, pp. 306-313, repo.nii.ac.jp/?action=pages_view_main&active_
2018 action=repository_view_main_item_detail&item_

(9) wiRAAE, hdbflZ, SEHFE, PELEDL JAXARER id=10423&item_no=1&page_id=13&block_id=21)

B (PSP) GHll > A 7 A OWFFER % (3) — KT & AR 17 HRAY—E T4, HAERFAY—¥ 44, p. 96, 2013

Download service for the GTSJ member of ID , via 216.73.216.87, 2025/06/07.

—, THAZEATTE R SRR JE B Y, 2014



321 BAARZ —EFRE

Vol.48 No.5 2020.9

ThMRALLIEIC X %

-4 $itTEm -

I IRALY O B R3] &

WEa—5 4 v O EHFm{b

Suppression of Thermally Grown Oxide by Pre-oxidation Treatment and
Durability Improvement of Thermal Barrier Coatings
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ABSTRACT
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TANAKA Ryozo

Thermally grown oxide (TGO) formed on bond coat surface of thermal barrier coatings (TBC) is considered as
one of the serious causes of TBC spalling. In this study, we focused on thermal pre-oxidation treatment of the bond
coat as a means for forming an a-Al.Os layer for suppressing the growth rate of TGO. Firstly, we investigated high
temperature oxidation behaviors of the bond coat surface with the a-Al,Os layer by means of in-situ synchrotron
X-ray diffraction (XRD) analysis. We also performed durability evaluation tests of TBC with the monolithic a-Al,Os
layer formed by pre-oxidation of the bond coat. Isothermal oxidation tests confirmed that the growth of TGO in the
pre-oxidated TBC was much slower than that in the non pre-oxidated TBC.

F—U—RF ARy -y, #BI—T 4 27, BORRBRLY, PR, RO
Key words : Gas Turbine, Thermal Barrier Coatings, Thermally Grown Oxide, Pre-oxidation, Synchrotron Radiation
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vrubu e E R E L XRmITEE (X-Ray
Diffraction, XRD) IZ & o T35 2 & 2 ilA 7,

T PHWERAEMEICEI) AR Fa— bMEREIC
a-AlOs % IR L7=TBCY » 7V e 8 L, S LR
Ba4T9 2T, PHRBILOA SRR TCOD K
BB 2 2 58 % Gl L 72,

2. RBHE
2.1 FIHER{ELLEE U 7-NiCoCrAlY R DB L 3 Eh T

Nidk54 (CMSX4, FHEMHMLL % Table LIZRT) %
HMELTHWE, SOEMIIKy Fa—-—bELT
NiCoCrAlY (Ni-23Co-17Cr-13A1-045Y) & 445K % i
7 L — A4S (High Velocity Oxi-Fuel, HVOF) (2X 9
#9100 pmii T U720 C OS2 S & 7 % £ Thif
BEL72bOERBALBESTHOT Y TV E LTHW
(T4 X :15x10x15 mm).

Sample AlZ, FPiERLLH ST Lo $ T BRI
HTHE L 720 Sample BIZxE L Cid, mi#R2cifL
ST ML 2T 5720 Thb b, FHEFH
A5t (Po, = #9107 Pa) TCT1080TC, 4 hourZVL# L
NiCoCrAIY £ ICRILIEZ TR S ¥/ B 2 O
PHREE, WEMNE—M 2RI D & Th 5o

RKAHTORY Fa— M RAMOBILWDOER, WHE
ZEE, FOWXHEYT (in-situ XRD) 5% CHME L 720
22 13 AR B BCRHE hE #% SPring-8 ®BL16XULZ T30 L 726
Fig. 1iZin-situ XRDFEEDO Y v 7 v TERT, 7
VIEEIRA T — (Anton Paarft DHS1100) b ICakE
L7zo B 7k v #3225k 2 A L TR A %
FHHL72 b 7 VI AEHELIOC /minT1100C £ T
E# 1 hourfRFF L, Z oMk L CXRDIIE % 179
2L TRV Fa— MERENIKT 2Bt 2 B 5HT L
720 XRDMEIZIX, 10 keVOX#EH W7z, 72, ¥
Y TIVIREMOERZ BRI 2720, BUMNERA
FWHToOMWEEITo72 Thbb, X#OAHMIZ05,
20k 1° ICEEL, 20xHh% A% ¥ ~ L Tin plane’y
Mo mr 2 e L7ze XRDUEE 5 ~ 7.5 mind KR
W CTIT 5720
2.2 TFEEB{ENIEOTBCANDEA & TGO KX E i

NiZE &4 (MarM247, FEHERYHLEE % Table 112/R9) @
M (75%25%5 mm) DFEMIINICoCrAlY & k1T 7
A< %5 (Low Pressure Plasma Spraying, LPPS) T
BLL7z0bH, 21804 v 7 LF CHEZEFHA T O
% T1080C, 4 hour® PRI Z 17\, S 512
8 wt% A v M) TRENY IV =T (Yttria Stabilized
Zirconia, YSZ) By K% KK 7T X~ #45 (Atmospheric
Plasma Spraying, APS) Tjfi . L TTBCY% » 7V & 1k
L7z TOF Y TMITHL, KRS TORMERILR
BRa M L 72 ARRBUE, XD FERISEWIEREET

OERMEABLHWE T 5720, HMEBRLEZ2. 1H0%E
B & 0 AK\1050T 127858 L 720 10C /minT1050C ¥ T
S, 200 hourffFE L7z bW T 594 7 )V & # ) kK
L B FHERIE R 233000 hourlZiE$ % F TRERZ 1T 5 726
TS v 7V AR LG & IEF 5 mmdT D
YIErL, QIR S REBSEHY > TV 2 ER L, W
M ZSEMBIZE L7z, 2 OWHISEM% A 5 TGOE & % &t
U EEAL T % 37l L 720 TGODIE X1, SEMEH 5
TGOZE O HikG % Wi G fFHT 12 THEM L, SEMIE DR )
ESTHRLAfEE EHFL, 40065 OSEMIRI0BUZ A LT
FIEL TR LMix vz,

Table 1 Chemical composition of Ni-base superalloys used for
substrates of TBC specimens.

C Cr Ni | Co|Mo| W | Ta Ti Al B I Hf | Re
CMSX-4 - 65 |Bal. | 9 | 06 6 | 65 1 5.6 = - 0.1
MarM247 | 0.16| 82 [Bal. | 10 | 06 | 10 3 1 55 | 0.02|0.05] 1.5

. Heating Stage
(DHS 1100) .

Fig. 1 Configuration of in-situ XRD test equipment (SPring-8
BL16XU)
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3.1 FEEE{EAIE L /~NiCoCrAlY RE DB L 5 SF

Fig. 212, PRI DY 70 O Wi SEM i {5
R Y TIVEEICH02 pmDE X OERILR D
R ENTWEZ Eb0b, 72, Fig 312, TOB
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ST S N2 BRL R IS o -ALOsHAM TH 5 Z & 5h
Mbe 2F 0, TMEBILLIIZ XY a-ALOSEAK Y F
a— FEMICER I N2 EXHERTE T,

Fig. 4 (a) 1%, PHEBLLHZEHN L Chiawnwd sy 7
)V (Sample A) »1100C F ToOHif, B £ UF1100T £
FEi ONiCoCrAlY 21 D &AL 25 8) % in-situ XRD Tl &
L7z#RTH 5,

S 2 7IOVIREEAN1000C 2% T 5 F TORISEERAL
W OFAITER SN h o 720 1000C 288 2 728 A 5,
B-NIAIY — 27 2 L, 7213 FFEH IRt o ¥ —
ZSHBLLU 720 WBLL 2B bW ik midr € — 7 i &2 5
0-ALOsTH A L EZ 2 b5, 1100CHRFFFIZIZE I
a-ALOsY — 7 2SHBL L 727285, fREFE T F T 0 -AlOs
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DE—=IPHET L L3 b ol BB, 0-AkOsix Fig. 512, in-situ XRDFRER#% D % 4 > 7V LHEHRIL
ZROGFGNFY =7 2 E L L7720, Zhb 2 M WOWHSEMIE % 7R3, Fig. 5 (a) IR Pk L

DALY DOHIIZOWTIIH B TE Z2h o 7o Fig. 4 (

b) AL TWARWY Y7V (Sample A) T, FIEEE

(&, THERACALEL 2@ L 72 >~ 7V (Sample B) T EREIEAY 1 pmBPl IR L TED, 2oL

[ Uin-situ XRDIWE 2475 72 R TH %o 1100C FrREF ZHEORILBADLN L, THIF 0-ALOsH B a-AlOs
FARIE R A DIR 4 12 a -ALOs ¥ — 7 OFREAHIM L TH NOMERTORBIFIC I VAL EEZ LN,
D, BILEEOERICEZ2bDEEZONDL, —HT, (0-ALOsH 5 a-AlOs™ D HIHE 13 #912% D R DU

Sample ATH 517z 0-ALO;D IV FROKE T ZHE9W,) —JFig. 5 (b) IR PHMALEH Y >~ 7 v

%ﬁﬁ%ﬁéh&?ﬁ‘o 720

Oxide layer
- ; (a-Al,05)

Bond coat(NiCoCrAlY)

Fig. 2 Cross-section SEM image of NiCoCrAlY surface after
pre-oxidation at 1080C for 4 hour in vacuum (before
in-situ XRD oxidation measurements)

(Sample B) Ti&, RMMBLEZEOE 1204 o mFEEEIC

A=1.54 A (CuKa) * 0-ALO,
7

my-Ni
op-Nal

Intensity [a. u.]

25 30 35 40 45 50 55 60 65 70
Scattering angle [deg.]
Fig. 3 XRD pattern of NiCoCrAlY surface after pre-oxidation
at 1080 C for 4 hour in vacuum (before in-situ XRD
oxidation measurements)
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[ ] | y-Ni
[] ;
5! ' A 1100
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5 8
g o
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(]
8
=
(=]
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(b) Sample B (Pre-oxidated) ® a-Al0,
O 8-AlLO,
o m y-Ni
. ° ° " O B-NiAl
" ' n L ] L ]
" " |
= i A et 1 ot 1100°C
3 e R T
? e e 1 ] |8
) ———a | —— | ¢ — et — |
£ A ‘_H 3’!1 — = - _JJ"“xﬂj\k__-«_.-_/ {L\ — 1100°C
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: E=e— ,. oo
AN }.[.\\ }_rx_, ?-L ,‘I -~ :fl't ~ ;\\ h/‘\ e (]
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~ RT.
20 25 30 35 40 45

Scattering angle [deg.]

Fig. 4 Results of in-situ XRD analysis of oxide formation behavior when NiCoCrAlY thermal-sprayed coat was heated

in ambient air environment, (a) Sample A (Non

pre-oxidated), (b) Sample B (Pre-oxidated)
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IRENTWBEY, X oT, TMEELLEIZE > TBKS
N7z a -ALOsHA RS & L TEHT A2 & T, afbiizfi
SENEECHEAT L, AERMICHELET VI FIEE A LT
WL aholzbEz N5,

3.2 FiRE{ELEOTBCADEA & TGO KX & 5T

WIZ, TBCE LT R MMALEREEIC BT 5 TGO
R R Z AT 5720, PRI % & L
72TBCOY » TV AER L, #HWERILARZ 1T 72
1050C D K5 H I T O ERILEABIC X 5 TGOD &
FPE & GRl L 7245 R E Fig. 61383 &b, TR
ML OV TN, KUY Fa—-VOMEREZEA 25
7Oy 7 I— MOBENE, o-ALOshSEfEZE L LT
TERL L 7 o 7RI 0 E TR A (Po, = 1076 Pa) T
BIBL-DDOTHDH, 72, Fig 7, Fig 8ik, =1 %
11200 hour, 3000 hour D &R LRERFZ D TBCYH » 7w
DOWIHDSEMIETH 5, K Fa— b o PR b
oz TV & PRBRALE L O 2 T VI,
FZLLATGORESIHI SN L Z EPFER I N F 72,
Fig. 6 (b) IZ/R$8E Y, PHMEBICLIZ 1T 7240 > 7
DTCOD R I HHHMIZH -2 2y, khich
% Bk, %045 pm/hour TH - 720 W
A2 - 72 TGOD K K% 8L, TGOWEMNA 7 — L
DOdH L IFAIDHAEIC > TWH I L ERTEHE
Abb,

x = (kt)"”
(x : TGO thickness [pum], ¢ : Exposure time [hour])

—7, PHBILELOY I ViZonTid, BBt
1000 hour LB D TGO K # 13 Pk L 724~ 7 v
EIEIZFA L TH o 7288, BALFIICK & R TGOR & #
EERLTWS, ZhIE, 3 M TRLA L) ICHERE
ALOs (6-ALOs%S) OEHICLDbDEEZBNDL, D

(a) Sample A (Non pre-oxidatied)

(Au-Pd coating for observation)

ommﬁgT\”~h\L!#’E

1.2 ym

(b) Sample B (Pre-oxidated)

V0.4 um

Fig. 5 Cross-section SEM images of NiCoCrAlY surface
after in-situ XRD oxidation measurements, (2) Sample
A (Non pre-oxidated), (b) Sample B (Pre-oxidated)

T, ®ZEALOAIEIE LT B MIEK & 2l EHE
ZIRLTWD—F, #EEALOD O a-AlbOs NN
TET LCEBETTGODME#RER T Lz ELbh
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¥ 7V OTGOHERIX, Fig. 9OXRDM & D #E F IR 9758
D, a-ALOsHAME o TWD Z EAMR SN T2,
Brumm 513 ALOs A 7 — VB A & OBRLAERIZ B W T,
1100C LU F Tld 6 = a DFHEREIC X o TR LB & $as
REEAETICKECK TSI EZRLTENY &4
R 5 b ODOREBRTHER S N EHEEOZILD
FIROBME L EZ OND, 72721, FMEBRILEL oY~
TWIIBWT, ELEEALO EDRHETHRY LT
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N5 LIS HOBETH 5,
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F1 2019 @B AEREABR T (kW)

X% Size| /\#1  Small Unit | H1%  Medium Unit | A% Large Unit & W N
~735kW 736~22,064kW 22,065k W~ Total
H 7 =R =G R A B = & G B < By M I = G B s RS I B = v~ G I s B |
Application Code | Units | Output (kW) | Units | Output (kW) | Units | Output (kW) | Units | Output (kW)
N— 21— FIEEHN
Generator Drive for Base Load BL 4 972 11 29,583 15 | 3425775 30 | 3,456,330
¥—2ru— FEEH
Generator Drive for Peak Load PL 0 0 0 0 0 0 0 0
A Z% A

o e EM 57 22,961 114 250,230 0 0 171 273,191
Generator Drive for Emergency
[} i Jif|
Merchant Marine M 0 0 0 0 0 0 0 0
i HHE H
Military Marine MM 3 0 0 0 0 3
At 7o v AH
Oil Refinery and Chemical Process OR 0 0 0 0 0 0 0 0
Zofn7at 2 [
Miscellaneous Chemical Process PR 0 0 0 0 0 0 0 0
£ B A XP 1 300 | 0 o] o ol 1 309
Experimental
z= il H
Air Conditioning ACD 0 0 0 0 0 0 0 0
%. ? fte MC 7 2,320 2 3,046 0 0 9 5,366
Miscellaneous

PN =

" At 72 26562 | 127 | 282859 | 15 | 3425775 | 214 | 3735196

Total
XP
MC MC
MM _ , /T 01%

BL 14.0%

EM 79.9%

BL 92.5%

B2 20194 @R A A EEE A (%) B3 20194 &I JIEA (%)

— 61 —
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F2 2019 FERERAERE GBI (kW)

X% Size | /N8 Small Unit | 1% Medium Unit | A%! Large Unit & Woh
~735kW 736~22,064kW 22,065k W~ Total
PRFRERE el N = G I R B = G B < BN A = G B < s S I B = =G I« B |
Kind of Fuel Code | Units | Output (kW) | Units | Output (kW) | Units | Output (kW) | Units | Output (kW)
WALK IR A
Liquefied Natural Gas LNG 0 0 0 0 2 363,000 2 363,000
RISH A GNG 0 0 0 0 11 | 2524975 11 | 2524975
Natural Gas
WAL AT A LPG 0 0 0 0 0 0 0 0
-
}?)\é AMM7TS v b THA GOG 0 0 0] 0 0 0 0 0
H iR (FA k) A GCG 0 0 0 0 1 310,800 1 310,800
Gaseous | 1y 4, 2 772 GRF 0 0 0 0 0 0 0 0
Fuel
Akl 2 GTW | 4 o2 | 17| 41583 | 0 0| 21| 48555
Town Gas
R A A
Blast Furnace Gas BFG 0 0 0 0 1 227,000 1 227,000
RS 4 972 17 47583 15 | 3425775 36 | 3,474,330
Sub Total
E“m T 15 5100 | 13| 33224 0 0| 28| 38414
. erosene
B e
E
fﬁ Gas Oil K 10 2,000 15 45,400 0 0 25 47,400
| ma
Heavy Oil No.l H1 43 18,400 82 156,652 0 0 125 175,052
Liquid 5 oo =
AR NG
Fuel  Sub Total 68 25,590 110 235,276 0 0 178 260,866
fih CB 0 0 0 0 0 0 0 0
BEREREL /NG
Sub Total 0 0 0 0 0 0 0 0
DA
Miscellaneous Fuel MF 0 0 0 0 0 0 0 0
AN =
EITO taluf 72 26,562 127 282,859 15 | 3425775 214 | 3,735,196

77 A K 93.0%

WARREEL 83.2%

B4 20194 IEIBIEE B RS (%) B5 20194 A (%)

— 62 —
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#3 20194 BB ABGEL O T (kW)
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X45 Size | /M Small Unit | %! Medium Unit | X#¢ Large Unit |
~735kW 736~22,064k W 22,065k W~ Total
fbIs (= <G RN B = & ol B s S B A = G N i« B M B = & G I < s 3 |
Location Units | Output (kW) | Units | Output (kW) | Units | Output (kW) | Units | Output (kW)
v i &
Hokkaido 4 1,900 2 1,600 0 0 6 3,500
w®ode
Tohoku 5 1,530 3 6,600 0 0 8 8,130
o H 19 8,395 68 133,410 0 0 87 141,805
Kanto
% gjhubuﬁﬂ 9 2,778 14 23,620 1 160,000 24 186,398
[E] 2
- "
o = & 15 5,469 19 75,883 0 0 34 81,352
Kinki
i
Chugoku 2 1,200 7 11,140 0 0 9 12,340
|
Shikoku 3 1,110 0 0 0 0 3 1,110
Domestic| , Y
11 3,610 4 10,600 0 0 15 14,210
Use Kyushu
I bk
Okinawa 0 0 0 0 0 0 0 0
i fE
Military Marine 3 0 0 0 0 3
%. > i 1 570 1 2,206 0 0 2 2,776
Miscellaneous
AP A 72 26,562 118 265,059 1 160,000 191 451,621
Sub Total
= PN
North America 0 0 0 0 0 0 0 0
oE K
South Central America 0 0 0 0 0 0 0 0
7 .V 7 0 0 9 17,800 5 961,045 14 978,845
ity Asia
H .
If] KM
iF Oceania 0 0 0 0 0 0 0 0
174 P
For | Europe 0 0 0 0 0 0 0 0
Export| @37 - NISi4[E
Russia *+ NIS 0 0 0 0 0 0 0 0
N
Middle East 0 0 0 0 2 669,800 2 669,800
TI7IH
Africa 0 0 0 0 0 0 0 0
EISAE 0 0 0 0 7 1 1,634,930 7 1 1,634,930
A =
Htho iy /Gt 0 0 9 17,800 14 | 3,265,775 23 | 3,283,575
Sub Total
PN =
- Bt 72 26562 | 127 | 282859 15 | 3425775 | 214 | 3735196
Total
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4 20194 BBRBIBRMG A FE B BOL TN (kW)

X4 Size| /& Small Unit | 7% Medium Unit | K%  Large Unit & Hoh
~735kW 736~22,064kW 22,065 kW~ Total
B SR B AR e N G I R I =~ =G < s R R = G B < s B ) B B = < G B < s B
Driven Machinery Code | Units | Output (kW) | Units | Output (kW) | Units | Output (kW) | Units | Output (kW)
= R
% @ﬁ% G 63 24,242 126 282,019 15 3425775 | 204 | 3,732,036
Electric Generator
KKV T
Water Pump W 7 2,320 1 840 0 0 8 3,160
HEAERE F 7212 mlgR 3 PRR 2 - 0 0 0 0 2 -
LIPS DM 0 0 0 0 0 0 0 0
Z DM i b GC 0 0 0 0 0 0 0 0
& it
72 26,562 127 282,859 15 3425775 | 214 | 3,735,196
Total
PRR
W 0.1%
G 99.9%

P16 20194 BEEREBAR I A EE R 2RI (%) B7 20194 B ERENBEAR I 0 HI S (%)

#5 20195 MBI X G H A EABR )T (kW)

mo K 5 (kW) B o

Units Output Units | Output (kW)

0~146 5 165

AN 147~367 28 7,327
Small Unit

0TI 368~735 39 19,070

/NEF Sub Total 72 26,562

736~4,412 118 222,369

wom 4,413~10,296 8 40,490

Medium Unit 10,297~16,180 0 0

736~22,064k W 16,181~22,064 1 20,000

/NEF Sub Total 127 282,859

K om 22,065~44,129 3 96,780

Large Unit 44,130~ 12 3,328,995

22,065k W~ /NEF Sub Total 15 3425775

& 7 Total 214 3.735,196
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%6 201VERBHATA Y — v HRMATEGEL M (kW)
K4 Size /N Small Unit Fiftl Medium Unit KHY Large Unit 2 W)
~735kW 736~ 22,064k W 22,065k W~ Total
i & a—-F| B moh [EF o = B = i BS|

Application Code Units | Output(kW) | Units | Output(kW) | Units |Output(kW)| Units |Output(kW)
~N—2u— FREEN | BL 0 0 0 0 1| 160,000 1| 160,000
V—su— F5EH | PL 0 0 0 0 0 0 0 0
5w HREN EM 0 0 0 0 0 0 0 0
ﬁ SR XP 0 0 0 0 0 0 0 0
Zoft MC 0 0 0 0 0 0 0 0
D i 2 Sub Total 0 0 0 0 1| 160000 1| 160000
N—2Z2nu— FREEN | BL 4 972 11 29,583 0 0 15 30,555
V—zu— FEREM | PL 0 0 0 0 0 0 0 0
lg FwHREH EM 57 22961 105 232430 0 0 162 255391
x| A XP 0 0 0 0 0 0 0 0
gy MM 0 0 0 0 0 0 0 0
Zoft MC 0 0 0 0 0 0 0 0
D"Tf]tg%%vaﬁi“e “ Sub Total 61| 23933 116 262013 0 0 17| 285946
EN4 3 Domestic Use Total 61 23933 16| 262013 1| 160,000 178| 445946
~N—Au— FREM | BL 0 0 0 0 8| 2628665 8| 2628665

W |E—zu-—FREM | PL 0 0 0 0 0 0 0 0
%'3; FEwMREER EM 0 0 0 0 0 0 0 0
| e XP 0 0 0 0 0 0 0 0
A lewem MM 0 0 0 0 0 0 0 0
Zoft MC 0 0 0 0 0 0 0 0
B e U b Total 0 0 0 0 8| 2628665 8| 2628665
~N—Zuo— FREEMH | BL 0 0 0 0 2] 430,000 2] 430,000

g |Y—ZOo—FR@M | PL 0 0 0 0 0 0 0 0
téﬂ WM FEM EM 0 0 9 17.800 0 0 9 17.800
% | A XP 0 0 0 0 0 0 0 0
g MM 0 0 0 0 0 0 0 0
Zoft MC 0 0 0 0 0 0 0 0

O b e U ol 0 0 9| 17800 2| 430000 11| 447800
Wit & 3 For Export Total 0 0 9 17,800 10| 3058665 19| 3076465
~N—2n— FEEN | BL 0 0 0 0 9] 2788665 9] 2788665
V—zu— FEREH | PL 0 0 0 0 0 0 0 0
e EM 0 0 0 0 0 0 0 0
?§§ SRR XP 0 0 0 0 0 0 0 0
EE MM 0 0 0 0 0 0 0 0

Zoft MC 0 0 0 0 0 0 0 0

Public Use BEE & B Totl 0 0 0 0 9| 2788665 9| 2788665
~N—Z2u— FREEH | BL 4 972 11 29,583 2] 430,000 17| 460555
V—zu— FREH | PL 0 0 0 0 0 0 0 0

% e S EM 57| 22961 14| 250,230 0 0 171 273191
e 3] XP 0 0 0 0 0 0 0 0
HEEHE I MM 0 0 0 0 0 0 0 0

Zoft MC 0 0 0 0 0 0 0 0
Private Useﬁ%? W& 3 Total 61 23933 125| 279813 2| 430,000 188| 733746
i Grand Total 61 23933 125 279813 11| 3218665 197 3522411

Note : Code Explanation BL : for Base Load PL

: for Peak Load EM : for Emergency
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2. MERAHRZ—E>

(.
[
|

e « z
2 & = 2 4273
=8 =[P (2
&lg @|e 4o “5.
Bl S
3000 120 F 3500 F 3,359
2500 100 F 3000 1
2583
2500 |-
2000+  80F
2,000 |- 1,906
1500F 60 630 L1694
1148 1148 1500 1
1000 40
861 1000 -
con L | 517 20 20 19
500 20 ut 15 s00
. 6
0" 0 2014 2015 2016 2017 2018 2019 0 2014 2015 2016 2017 2018 2019
4E Year 4 Year
M8 ¥—KVzy bV v/ F—FK77 20T 10 RE#ZELY YV HEY 22—V
KT 019EF—KRVzy by IV I —K772 -V
[] I EREARBEL AT A &R (KN)
SEr R 10 A5 A i _
I8 |5 Number of Units Thrust
G|y als T —
=\ S M1 g EEEFE AT A b
Hlx Normal Thrust at Sea Level Static Condition
120F 120+
#8 219%ES—Kyx 7Ty Y Y/ F—KTay T -V
100F 100+ EEREK O (kW)
X ~
" 0~73kW | T36kW~ | 4l
80 I 80 %2 %2 ] %2
Mo || | 7| gy | )
Application | Units utput Units utput Units utput
(kW) (kW) (kW)
T R 0 ol o ol o 0
Fixed Wing Aircraft
L L ~AYas
w0f 10 e AL I T A ol 10| -
30 elicopter
26 -
23 il B 150 s
20
0f  wf - 16 Aux. Drive Units | © 0 0 0 0 0
12 ; 10 pa—
S Totn 10 -1 0 0/ 10 -
ol 0 - otal

2014 2015 2016 2017 2018 2019
4E Year
K9 F—Kvx7bvrIr/ ¥—RTuy s Iv

¥ 2 gLk
Normal Output at Sea Level Static Condition
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3. EiarE
#£9 7 I AROEMAERE #10 27 I AP oML
X Vi Size X o Size
e & (mm TR /%
Clase %ﬁﬁ%ﬁ;ﬁr 03 201445 [ 20154 | 201642 | 20174 | 20184 | 20194 Clase gﬂiﬁﬁfﬁglgf) 201445 [ 20154 | 201642 | 20174 | 20184 | 20194
Compressor Impeller Compressor Impeller
Class 1| O~ 100 |A13J3 | #15 | $L5 | $046275 | 5183 | 5835 Class 1| 0O~ 100 55| 55| 50| 48| 48] 49
Class 2| 101~ 200 |35294 35810 | 34041 39,008 |37.067 | 17,867 Class 2| 101~ 200 29 29| 20| 25| 21| 21
Class 3| 201~ 300 641| 668| 951| 897| 1,005] 1154 Class 3| 201~ 300 18] 18| 15| 16| 15| 15
Class 4| 301~ 400 30| 183| 196| 164] 172| 165 Class 4| 301~ 400 18] 18| 12| 13| 10| 11
Class 5 | 401~ 500 61| 214| 209| 239] 181| 216 Class 5| 401~ 500 6] 16| 13| 13| 12| 11
Class 6 | 501~ 600 255| 241| 233| 173] 19| 213 Class 6| 501~ 600 6] 16| 14| 12| 9| 9
Class 7| 601~ 700 32| 184| 148 88| 85| 100 Class 7| 601~ 700 7| 17| 7] 8| 6| 5
Class 8| 701~ 800 6] | 22| 38| 47| Class 8 | 701~ 800 5| 5| 5| 3| 4| 4
Class 9| 801~ 900 81| 11| 25| 44| 10| 36 Class 9| 801~ 900 o 9| 4| 5| 2| 2
Class 10| 901~1000 ol ol o] o] o o Class 10| 901~1000 ol o] ol o o o
Class 11| 1001~ ol ol o] o o o Class 11] 1001~ ol o] o] o o o
2t Total™ 37,020 |37,346 | 35915 | 40,651 | 38763 19,795 &l Total™ 128] 128] 90| 95| 79| 78

Class 1 DHBEEHZ 728, Class 2 ~ 11O Z R,
As the Production number of Class] is too many, Total number only
includes Class2 to Classll.

iR
No. of Models

w

a1l

=1
T

300F

250

2001

100

L]

3 BRIV ITNIPXA I - TH D,
Every model is an exhaust turbine type supercharger.

¥4 AR, JERMEREAMELI00mmZ BT 5 &R T,
The figure shows total number of superchargers over 100mm in
impeller diameter.

P11 20194 e A e 5 B O 8
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