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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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algorithm
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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. 2 Cross-sectional view of a single-shaft turbopump'’

Fig. 3 Turbopump layout of Space Shuttle Main Engine'
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7 — RBEWICBWT, RO, WAROME, K
Moz Ex2 e LTy —vhAHws L5, il
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
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T T
1 i

NORMAL FORCE, F,

3

:
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/
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Fig. 9 Typical RD forces of a closed impeller
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LIZENEZETEELEANTEDLY)HELHNL0ERD,
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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
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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

£
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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)
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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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(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)
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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)
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(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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Fig. 1 One-sided FCD with its geometrical parameters
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Table 1 Parameters of device geometry and configuration
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Fig. 2 Tested one-sided 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
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Suppression of Thermally Grown Oxide by Pre-oxidation Treatment and
Durability Improvement of Thermal Barrier Coatings
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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

1. [FC&IC

FEERMHTAS —C v HBHIcBWTIE, EELY —E
ORFEM EHRKDHLNTEY, F—E YA OH Al
J& (Turbine Inlet Temperature, TIT) @ @& ik 2%
DOHENTWVD, 72, HIOBRBET AP LR#ET 57
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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, ¥
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20k 1° ICEEL, 20xHh% A% ¥ ~ L Tin plane’y
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L B FHERIE R 233000 hourlZiE$ % F TRERZ 1T 5 726
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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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)V (Sample A) »1100C F ToOHif, B £ UF1100T £
FEi ONiCoCrAlY 21 D &AL 25 8) % in-situ XRD Tl &
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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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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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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
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DOWIHDSEMIETH 5, K Fa— b o PR b
oz TV & PRBRALE L O 2 T VI,
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x = (kt)"”
(x : TGO thickness [pum], ¢ : Exposure time [hour])

—7, PHBILELOY I ViZonTid, BBt
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(Au-Pd coating for observation)

ommﬁgT\”~h\L!#’E
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(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)
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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 (%)
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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 (%)
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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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