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Fig. 1 Schematic overview and specifications of transonic linear cascade tunnel

Airfoil DCA
Chord length 45.15 [mm]
Span length 49.5 [mm]
blade -3 Pitch length 27.09 [mm)]
;’ idi .
2 Solidity 1.67
— Stagger angle 55.0 [deg]
blade-1 Tip clearance 0.5 [mm]
blade 0
== blade +1
Flow (M 1.2) —
blade +2
—
blade +3

Fig. 2 Test cascade

Laser Displacement Sensor

Fig. 3 Blade oscillation system

ST REDONEREE 2 /R o NEIRE O SR Z )
ZTHA FICERL, o raray FEALT
BRI TR 2 &, V=774 Filifto 2R
WRB ZRIZG R ENTE D, BUED L Z AR
JAPBRUT IRRI00HZAEEE TS 0, NHkEGRD /T — %2 KX
< AUR200HZALE £ CONHRD W RE & b 275, H
W7 595 —IZHERINT X =5 Th b BERICIRE) Eik
(k=cw/2U, c: I—FE&, o BAEMREGE U ALK
Iid) B O FEEHSR TIZI00HZzD & 10204 — ¥ —

T, FERTHEL 2 2 MIOCIRE L & D — MK BRI
1 70 MIARAEAS Tl KRB ORI ORETH D
SHREFINE R CTINRT 2 FEOTRPLETH b,
HOWRBEMIT L — =Mt TRl L T 5,
FACH) < B ELAT R EHNT 51213, BECFRHRICR
fFL72Er =PIk D EARII» 250 %2504 % 5k
&, BICRELEEREN Y v —IC XV IEN 54 &
WEL, CNERMCTHETT S I EIZL) KDL FHED
Hbo BA—IICLpEHNIEECRMTH Y, Bk
) < R E RN A EEEHT & 2%, R Bl4
DLW EET, LT TE NI LK E %
MTHbH, 2 THRIE EORFTNRZLAIIZFEL LR
LC7 7 vy —BREMHT 5I120&, EIi54 % 5Hll5
LIENLETE Lve LALARFLREOH WL Y
P—ZRET LT EAWL , HifRE BEOEEDTET]
PEHIICTE W LR, EHOY H— e FTRVLE
TEflize 2 L ENHETH 5o BEIEEHEII ORI
WZERER 2 S Kulitet v =25 K CHO SN TV D P
flicdy, TEIELVEFETEMATETL =1
Wi > Twa, 5%OERBEEPIFE NS,

LB AA TIEE Y — I X BRI EIT- TE
7oo ZBEINEOFR, BLIUMET2+ 1 HFROIMT
PRI %0 4R T L), BMROLHIICESr—Y

Leakage Block

Strain Gauge

i’
DC Amplifier

Fig. 4 Test blade equipped with strain gauge

Download service for the GTSJ member of ID , via 13.59.218.28, 2024/09/28.



218 THERICHTIERN -ZHEMESSUVZHEE-

BAS R 8 — ¥Rk

2, BAAAEEICL VR Z T 0y ZIZHEET 5o
2.3 REZHICLIIEETEEHEA

PREYFA O E KW BT 5 LTI O FEM 22 51N
BE 7Ty 5 —OBRMEINIEFICHRTH L0, Rk
OFFHTCRRMERICO 2L ETOFHNIAFETH 5,
22T, EFEEERRNE E Lk 2N T ORI
WHFIH ST B EIE®E (Pressure Sensitive Paint,
PSP) #FIHT 52 ENHFLTH 5%, PSPIE, ®F
OISR DOFOCREEDS, BER5T 2 & AIBIERIC
FoTELTHZLAFML, EHEENT 5, bt
FRIIFEOWEO TR S, FECIREE IR 2 BRI2H
T 2705, ERPEHOMEST L UET 5 L FtET
WCHEIREICR B0 D03 IZBHE S E IS L
TEALL, A ETHEHMMEE S NS 720, J
TCEREEIZ/N S K B0 BMO R & RIS
THDT, FWHEEECCDA A T CTHFETINT 2 2
LX) RM DG & KD D Z LHTE Do PSP
WX BIREE M OIFEFWILIIEHNE, INFETIILAL
fibN T\, xgilt, EUDFUTUREZY Ty 7 b®
MTAY 2 =7V EVTHRACIDVHAINTEHD
O, FERIZFEFEEL L TREE SR Tw vkl
Thbo

HAETEREORCERSHEINTEY, flzid
Pt b 7 v I = A& N4 v 5 & LT L 72PSP
(Anodized Aluminum PSP, AA-PSP) 7% it & PSP
ELCTHHWEETH 550, ZDOPSPIZEt st —4—
ORMIGEMNEZ LD, 22 TEZTWwA100HALE D
WREHE RIS LTI T TH 5. FBtaFITIE Y
7 = ¥ )7 =724 [Ruldpp)s]® [tris(4, 7-diphenyl-1,
10-phenanthrolin) ruthenium (IT) dichloride complex] %
Hv 2, BEmICEHEICLE L L TSI
R L, SttaZRrEnrLlzyruon Xy VITZET 5
Z L TR ENRRMIIREES I, PSPRAEDERK
Shb,

MIFFEE TR HEICEPSP 2 v, IRENFE RN OIEE
WHEIIFH 2 ATV B8, 52 Y A7 A %R
Fo XAFMNT A FHBEZEIEIGISH, /N F82R
7 4y —THEREERO RS 2 k3 % FEtmE%RIX

(a) blade 0 (S.S.), Re(Cp)

(b) blade 0 (S.S.), Im(Cp)

i i
s s f
]
as) an as)
! } } I
a a a f
[
wr
at > at at e
=1L 1 s
B/ -
" ' -1d
s a " i s 5 " 3 on ' s (5] w4 . [0 i s
ey oAl

(¢) blade +1 (P.S.), Re(Cp)

Cascade (PSP blade)

Flow =>
T _

Wind Tunnel

/zﬁ 7

7 KongPassEilter
%

Dirs uon Image Data

Fig. 5 PSP measurement system

EEES AT T L, LY AWIINA AT 4V E —
ZE\NTPSPOFEND A& Wi L7z, @R & )k o
WL, MEOHMEDEZHWTENZRKD %,
Bog W7 7 4 M b L, 3% FAE 72100250
pixelD BTN EMRT 5. T DHRZER /4 KO 72
DIZHLHPHDO M TEADEEM T 4 V7 =% 21T, &
¥ 2V CTHREZAT-> THGmERZHIT %5, PSPO
FEEERIE L & E 713Kk @D Stern-Volmer PRI TR
Johs,

I
=Co+C1 Tlef (1)

Pref
P, NIENZNET] &R, IR TFref 3 MHIN 2 £
Fo Co CHIBIEARELT, FHNEm L OFELTH -
7)) & B SLALE O F865R BE H A%(1)3X 0 BIAR % i 723
EHIRD B 5 NEIERE E (1R 2 HwCROE
K OFEIEHRIE I & E AT 5
eI Z0FRAMRL-EED0FEATRE, +1
TR L O IEEHIE 0 OFHIF R Z2 R, ik
JE W EIZ20HZ T, 20 & X DMK ICIREI K 120.0078T
Hb. IEBEWEIRECpDOFEHRe (Cp) B L OEHIm
(Cp) DHATDTRENT VS, FEEIZIRBEE DL
W3 25, BEIEEREICFAMT 280 %ET. Ko
+ 1 FERICIIEEH BRI RN S 2 IEe W E 25 HE 2
WoNLZENnnb, £, 0 FHEHOBEMIBIZH S

Re(Cp)
Im(Cp)

£

28
5 ]
LR

22
24
a

(d) blade +1 (P.S.), Im(Cp)

Fig. 6 Unsteady pressure distribution on blade measured with PSP

Download service for the GTSJ member of ID , via 13.59.218.28, 2024/09/28.



Vol.45 No.4 2017.7

ZHERICEATIERG -ZHEMESLUVZHEE- 219

2.4 psp s
£ A A blade-1 blade -1 |

2'0_ QO @ bhlade 0
1.6 O ™ blade 1

0.8f
0.4: "
0.0 & i = i -
2.4f i 4 ; { 4
i blade 0

1.6
1.2} 2
0.8} =
0.4:

Amplitude Coefficient C;
p
I
o)

24
2.0 -
1.6:

T[T
F
l
b

0.8!2 e T
0.4f = = d
0.0" i L L L -

0 0.02 0.04
Reduced Frequency k

(a) Amplitude

T T

[ m—
—h——E

180
120

»

e 2

&

J.
2 .28
i | |
|
]
| AL
I:’
Fad
: o ]
>

PSP SG
A A blade -1
Q @ bladeo

| W blade «1

-120
-180

120

ic Force Phase Shift [deal

-120

Theiiaz-To
Z2

0 0.02 0.04
Reduced Frequency k
(b) Phase shift

Fig. 7 Unsteady aerodynamic force measured by PSP and strain gauge

BEBEING T —F —REER IR T B & b b,
C O &) R OIEE TIN5 A AR IZFHIT & %
DOHPSPEHIOF SN TH %o

I LIS 20T 5 & BITH) < IEEH 225
NERDLZENTE L, M7 EIEGORKEE T
FEMT L, R 220 DN M FOR o5 & il U 7245 %
T, 3KOFHIFIZOWT, FEEF BRI ORI & A
ZMSICIRBEICH LT T ey P LTwb, PSPIZL %
FHEE RS TR ENTBY, ST r2E —VIick
LA R ER TR ENT WS, MEDORRIZI L —
HLTBY, PSPH T4 A5 E CTIEER 2251 oaHlC
FIHTX 2222905,

PSPOZRHMEEE X, ENZF TR MEICL > THE
1LL, EHFHINCE > TIIREDO RN E 7 S, REICE
LB INETIZIZEHONICENTEBY, BHEo
WA 2SI C E MXE N &2 WIE T 5 2 L 251
Thb, 2O, KiMEF (Temperature Sensitive
Paint, TSP) % PSP & [A/EE 12 CTH 504 & L 504
ZREIREIZEHII L, TR OFHIAEEE %2 55D 5 £l b B Fs &
T3,

T/, FHIBEIEROES R EOBEICL - T

WEINDL bbb, PSPRtill e —f#ib$ % 7201213,

CHOHHEEICH T B8 2 WA T 2 LED D %o
DLEDOF RS, EHISEPSPIC & A IREYE i F oIk
EHHENFHNOERTEDI S 2o 720 EREFHIIZIE
GRIGIT REBEY D B 705, BN T T v ¥ —FEHHE
DFEVER 2 BN 2 £120%, FRFFE T D) & Sl fER

TEDHDPBOTHEN G TBII 5 LHITFE N5,

3. THEEICET 2%

WAFZERICIE Y = v NEFTICH T A EBE 1T BEE
(BaAE) ARE SN TWS, EHEIZIRZHWTHE
FHY v MBS E~YA 70V 2y MEFIC X ) KRS
BEBRELT o TRALON, 22 TIZEREE L FHIF O
B EZ N %o
3.1 SKEREXE

X 8 IFMEEEDOFHXTH 5o MERIIK DAL
ENHM) 1I27m, ETFHMIZ5m, &337mOHE
2o THBY, HEZIZZ T A= VOSSN
TWwWb, BERICRRZELOTHERZ L2 TNE R ST
X 8 DA MOBEINFNIFILEN TN D, T D7z R
R 3ETHEZDN S, K IZIFEAEE I REINTW
%o IREBYFFNE & il D 7225 A 5 0.83MPad 22548
Eh, HREFTENIRESNTEEZNO Y = v b
I AN BE®EY =y b LTHERT S, T2, B
OEP,rEYA 70y 2y NHOZBRI GRS, M
L72HERZNLTI ANY v Thbw4 70y 2y b
ELTHEBIELEE > TWh,

BEENSHEN ZAHES THIE, FE2LD
GWAHEED 2 W B L CTHET B, HEETH

EHPEBRENLDERRDL 20, 7 VIO
IRRIE L2 A —h =D O EE O EEE L, &E
DB FE R D DT A — I —DHFETH B LR
EL, [MOEENIRETY S 70k %Y 2y Ml Lo

Download service for the GTSJ member of ID , via 13.59.218.28, 2024/09/28.



220

ZHERICEATIERG -ZHEMESLUVZHEE-

BAH RS —EL¥aH

Branching Duct

Settling Chamber
Manifold

Jet Nozzle

=== Main Je1

Regulator \Flcmr Meter

Fig. 8 Anechoic chamber for jet noise experiment

A —=H =P o TITHFIC N I NN—=ALTHIE
WE L7z 9IS & LTI E20kHZ 0 35 3 o Hi
WEEZ RS . W EE L)L (Sound Pressure Level,
SPL) ®»F ¥ ~)v (dB) 5T, ABOBEEZBZE LA
FVE7 4 vy — %P TR LZ2HR (dB (A) TR
LTWwb, HEIAEHIR T, EMiTR/h o RiIc X
LB TH 5o KoK FITIHEMEROEE LR
R L7z LiRoa 2 Ao THEDRET 2% 5
X, Ao HEE o EUE Tk L, SPLIZE & 200 E #
ERBIITTHY, KIS ZoMEEIFITITNmMA-INT
Wb L LE B0 Cld i & 2 BEmE & 38k 2 1
235 1), I EBEREORRS, A - -0
WEHEOBRR R EOBERIE 2 SN b 720, HER
DAV VEEE B0 ZOFEBRTIEERITHH 2 U
#50kHzZLL Mz L L7z, Tz, —RMICHEERS L~V
WEHN 7 — % £ D 10dBLA LT - TWw 2 856 0 AL
BARETH L EEINTWEAS (B ZIL]IS Z8731), A
BT RT ORI SM TRE BT L NV 2330dBRE T
MoTH), BESNOFHIBREEDS 52tk E o T
W5 LRI NIz

3.2 T 1v MNEEOEAIS

MBENTBITH Y 2y FBEEOSf 270V 2y b
M X B IR DO EBR % AT > 720 IR A %
R, HHT A= ZUT, IE72mm, AT — kX
6mm, HMIEE74mmeE o> TWb, K@) TR
L7z ANVEBAMOBIY) v TEHIZERTERTHH, <
fruyzy hOEBMAEOFNEEETEL, 22T
&7 ZAVIILEEONENG 2 S EEICY 4 70V 2y b
T AGAERL TS, HART LI, <A
yuay oy MEGFTHIEAMNC L2 ORE X T
By, HOKZ0SMmTH %o EERTIIEF OB E
LE7,

BN EEZR S 2R, / AVHOZ L s L7z
£Z0.75mDEKI 2BV, KPR T L) ICAEG &
oxEFKL, 0 :0~90deg, ¢ : 0~ 120degDHpH T
P ZE T o720 HL~A 2 0k VR EROBEEZZT S
0 <30deg*2 ¢ <30degP HPH TIXFHA %2 1T > TV 7\,
HE FHNC 13 Briel&Kjeerth B o | & 5 811/44 >~ F

— 14 —
Download service for the GTSJ member of ID , via 13.59.218.28, 2024/09/28.

SPL [dB(A)]

200{mm] |

70

————  SPL=-20.3og(x}*51.3

aonssssnsloResenisalesininsialoniaianiy

i i P
B4 05 06 07

A

0.8

N

091
x[m]

Fig. 9 SPL reduction in jet axis direction

w

Nozzle Throat Height: 6.0{mm]
Nozzle Exit Height:  7.4{mm]

(a)Overall View of Nozzle

$0.8[mm]*22x

‘ ”3[mm| S

2

" {Every Three Holes Injciction)

92mm iE\m';_ Six llnl:sllrl\)nnimi
(¢)Close-up View of \, white hole = injected )
(b)2D-View of Nozzle Nozzle Exit (d)Schematic Microjet Holes

Fig. 10 Supersonic jet nozzle for microjet injection

r=0.75m

B §=00"

o | L

Fig. 11 Measurement positions of acoustic signal



Vol.45 No.4 2017.7

ZHERICEATIERG -ZHEMESLUVZHEE- 221

~ A 7 1k Typed939% H\ 7z,

K21 FH SR O—BITH 5, MO~ v NELATOR
REY =y baERNGEL, M 270Pcy PBEEL
TWif 2 DS CTHS L7612, MR
SNZEHIBATEM L 725D ARY PAATREN T
bo A0V y M ETEZNZN2MHOWESTD
I, 2OBEOIISEH L, ¥4 7Yy b
WS L 2 Wi, AKHA R % PO ICE B ISER 3 5
LN DERGEHFICAON, F72 8kHzHEIZA Y
) —FF EMFEN LY — 7 2 R0 HEE B s
bo BHBEBFIICA SN HBEOBHNE -2 1R s
J—FEOEHRHETHDL, TOFEY Yy MIHLTYA
ruadry MBS E, RIORENAED) KIFICE
FELANVDE TS, RiZidvf 72y y bOREF
Pu?30.20MPa t 051MPa® D DA DMERIRENT
BY, 470V bOEYV vy MINT SiEIL Y
FZENZEN024%B L P1.05%TH b, ZDXHIThTh
ZEOYI 7Yy PTOBERY = v MNEFE K
ELERTE D Z EWGholze T DOEEZM TN
WYX Ry 7573y 2 — L VEICKHULD
T&b, YN I7I75ENL, ¥4 70y MC
X EERPREER D EY 2y FORRERIER K X
I SN A RSB S, AL ICRE S 5
Vrvy MEGEKBRSECLIENTH S LRI,

130

!}“=;(J.5|N|Pa.tw=l 05%)
i I m='(] 20MPa(y=0.24%)
120 F wio microjet

B=020MPa | .-
R R microjet ; ;

y

h=0.51MPa

SPLIdB(A)]
&

80+

70+

60 = i S| i
100 100 10000
Frequency[Hz|

Fig. 12 Power spectra of jet noise
(Point A in Fig.11, every three holes injection)

4. B5HYIC

B 7 T v & —OWFFEIZ B L 72 IR B 34 0 B2 f8)
CEEFERNOFHN E, 22T HEBOM7EICBME L 7
Vv MEEOFERHNOBZ M Lz SEBER TREM
ZEHINC X ) BB OARE 2 i8R 5 95 A e ok
KTHoHH, —T TG OYHEZRE X RO THR
R B2 ET, WARBAEMAT R VA - R I BT
DT EERGEET Wi 252 2 BHRDEETHY, 4
b 22 - IREMI M HRE O i\ = ROTIY 2 EHINEE 2
WA EE o TITC D ERDbNR A,

B iE

Z TR L 722 BRI IRk S THIB L O =2 H AL
INT — Y AT W AR OB %2157, 22l
THELTET D,

& EZ X

(1) PR, /Y77 v & —I1ZB3 AR08, HARD A
¥ — ¥ r$45E, Vol 33, No. 2 (2005), pp. 92-98.

(2) Liu, T. and Sullivan, J.P., Pressure and Temperature
Sensitive Paint, Springer, (2005).

(3) FHEM, @HIENG, &HEN, REE ddbfz, Ik
EHFHN O 720 OWAEREIE T — T 1 > 7, HARBEMA:
S (Bfe), 68%669% (2002), pp. 1391-1399.

(4) Fransson, T. Project Final Report FTR-5-93, Flutter-
Free Turbomachinery Blades (FUTURE),
< http://www.transport-research.info/sites/default/files/
project/documents/8541/finall-ftr-5-93.pdf >, (2013)

(B H 201744 H30H).

(5) fHIEM, HIFHAZFE, PARuL, RS, ddfl
Z, WO, EIREA, BmERILT OV I = AR
I—F 4 ¥ 7T & B IR P AR R T D 0 iR
RN, HABEAES T SCE (B, 7167109 (2005),
pp. 2486-2493.

(6) Gregory, J. W., Sakaue, H., Liu T., Sullivan, J. P.,
Fast Pressure-Sensitive Paint for Flow and Acoustic
Diagnostics, Annual Review of Fluid Mechanics, Vol.
46 (2014), pp. 303-330.

(7)  Azuma, T. Watanabe, T., Himeno, T., Uzawa, S., Inoue,
C., Takahashi, Y., Shibata, T., Takeda, H., Unsteady
Pressure Measurement on Oscillating Blade with
Pressure-Sensitive Paint, Proc. IGTC 2015 Tokyo,
Paper ThPME.3, (2015).

(8) WP, VEILACAE, MREFRREE, R AW BN, K
JESRNC X 2 B8 G IR B RS o i Ik R ) 55
TGHl, B44m HART R ¥ — ¥ v g b Sl
4, (2016), pp. 1-6.

(9) FHPE—, BERBEEY =y brOAELLIEEDOYA 2
TP x oy MESHT X S, WRUREEC,  (2013).

(10) FIHFE—, WU BN, EERE A, <
fr7uTcy MEEERY = v FEEEOWRNIGIZRIT
TR, B3I AR R Y — ¥ Ay W A S R
X4, (2011), pp. 71-76.

Download service for the GTSJ member of ID , via 13.59.218.28, 2024/09/28.



222 BAHZX 2 —E 25

Vol.45 No.4 2017.7

it » B

TR B> U v - R T T ¥ b OHANHER & SR B i o A BE Rl

Development of Flow Measuring Instrumentation for Turbo
Machines - Design Aspects for the AM Based Manufacturing -

Herwart Honen™!

Key words : Pneumatic Probes, Development, Flow Measuring Technique, Manufacturing, Selective Laser Sintering

Symbols

o yaw direction

v pitch direction

add additional

AM additive manufacturing
FEA finite element analysis
Ma Mach number

p pressure at probe head
ref reference

SLM selective laser melting
SLS selective laser sintering
t total

0.4 number of pressure tap

1. Introduction

Measurements with probes or rakes in turbo machines
always create the dilemma between the demand for highly
accurate results and a non-avoidable disturbance of the flow
field by the probes and rakes themselves. Blockage effects
might influence the flow characteristic in the stages and
interactions with airfoil leading and trailing edges can result
in significant angle deviations. These issues will affect the
accuracy and value of the measuring results.

Especially measurements in turbomachines with small flow
passages and axial gaps between rotors and stators demand
small probe sizes in order to minimize these effects. However,
the potential for a reduction in size is quite limited because of
the necessary channels to be implemented for the connection
of the pressure taps and temperature measuring devices with
the regarding scanners and transducers. With increasing
number of measuring devices the demand for space for the
transmission lines increases. In order to avoid long measuring
times the channels should have a sufficient diameter so that
the resistance inside remains low. All these issues result in a

Efiszfr 201748 4 H30H
* 1 Institute of Jet Propulsion and Turbomachinery
RWTH Aachen University
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minimum size of the probe heads and rake stems.

In addition the requirement of mechanical integrity of the
probes and rakes can only be fulfilled by applying a suitable
geometry to the stems.

Even though the application of modern milling processes and
laser welding methods the probe sizes could be continuously
be reduced during the recent years with conventional
manufacturing techniques the potential for further size
reduction is limited. Therefore the requirement of reducing
the probe and rake sizes as well as the implementation of
higher number of temperature and pressure measuring devices
in the same probe size makes the development of new probe
types and the application of advanced manufacturing methods
necessary.

2. General Design Requirements
2.1 Probes

Figure 1 displays an example of a standard 5-hole probe with
spherical head. This probe type is applied for many measuring
tasks in turbomachines and wind tunnels. The numbering of
the pressure taps and the main components are marked in
the picture and will be used throughout the following text.
The angular measuring range is about +25° in yaw and pitch
direction. The design has to consider the potential influence of
the probe stem and the head support on the pressure reading
of pressure tap #4. Therefore the length of the probe head
(marked with I in fig. 1) is an important design parameter.

The geometry of the probe head has an important influence
on the applicability and the measuring result. Especially
measurements in 3D flow fields require a measuring
characteristic with a wide angle range. For these tasks usually
spherical or conical 5-hole probes or cylindrical 4-hole probes
are applied. In many cases also wedge type 4-hole probes are
suitable instruments.

Different influencing parameters like cone and wedge angles
or arrangement of the pressure taps on the 5-hole probe head
define the measuring behavior and sensitivity of the probe.
For high subsonic or for supersonic Mach numbers conical or
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stem

head
support

head

Fig. 1 L-shaped 5-hole probe with definitions of the components
and the pressure taps

wedge type probes with low cone / wedge angles are the best
choice.

Due to the high aerodynamic forces the dimensions of
the probe head and the head support have to be chosen to
withstand this stress. If the probes shall be applied between
rotor and stator also the vibrational behavior becomes an
issue. Especially the head support needs special attention. An
FEA analysis of the whole probe gives an impression of the
strength against failing dur to the forces or vibrations. The
design of the head support has always to consider upstream
effects which may influence the measuring behavior of
the upper pressure tap (#4 in fig. 1). This will distort the
calibartions maps so that in the worst case the operating range
of the probe has to be reduced.

The design parameters for probes for subsonic velocities
have a much greater variety and are often matter of design
philosophy and manufacturing capabilities. The example of
a spherical 5-hole probe shall shed some light on potential
design features.

One major option is the arrangement of the pressure taps at
the probe head. Two different strategies show that this design
parameter has a big influence on the sizing of the probe head
but also on the angle sensitivity (fig. 2). The layout with
all pressure taps facing in direction of the head axis (right
pictures in fig 2) allow for simple manufacturing methods.
The simplest construction is a probe head consisting of five
tubes soldered to each other. However, the angle sensitivity
especially close to the 0° is quite limited. This probe type
provides the advantage that it can easily be scaled down. By
reducing the diameter of the pressure lines probe diameters of
about 1 mm can be realized. As a disadvantage the measuring
behavior with respect to the reaction time is very poor so that
such a probe is only suitable for academic application where
experimental time is not an issue.

Probes with pressure taps perpendicular to the sphere surface
(left pictures in fig 2) demand a much higher manufacturing

Fig.2 Construction types of 5-hole probe heads
(left: pressure taps perpendicular to surface, right:
pressure taps facing in axis direction)

effort. In comparison to the arrangement describe above
the angular resolution especially at low flow velocities
is significantly better. A reduction in size is much more
complicated and minimum possible diameters are much
higher. The following discussion will only focus on this probe
type.

Besides the blockage effect of the probe another issue opens
the wish for a minimization of the probe size. In flow fields
with high velocity and pressure gradients the distance between
the pressure taps at the probe head has a big influence on the
measuring accuracy. The measuring position of the probe
is defined by the center hole. However the other different
holes are located at different positions in the flow field and
so are facing different pressure levels. If no correction will
be performed the measuring results (flow vector) will contain
a failure which increases with increasing steepness of the
velocity gradient. This effect has been described in different
publications (1, 2, 3). A reduction of the distance between the
pressure taps can reduce this failure.

As described above the potential for a reduction of the head
diameter for the probe type with the holes perpendicular to the
sphere surface is limited which defines the smallest possible
distance between the pressure taps. Therefore some parameter
studies have been performed in order to check the possibility
to shift the taps on the probe head closer together retaining the
original size.

F——
-.a wWww <

a b c

Fig. 3 Options for reducing the distance between the pressure taps (a:
original arrangement; b: no 45° angle between center tap and outer
taps; c: pressure taps not perpendicular to the sphere surface)

Figure 3 demonstrates the different options. Due to the
curvature of the sphere this will end up with a lower angle of
the taps (option b in fig. 3, perpendicular to the surface). The
other possibility was to keep the 45° angle of the holes (option
c in fig. 3, no longer perpendicular to the surface). Parameter
studies with these geometries demonstrated that any of these
modifications resulted in a reduced measuring sensitivity and
accuracy and is not an option for a diameter reduction.
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2.2 Rakes

Pressure and temperature rakes are a suitable option to
resolve radial flow field distributions without the requirement
of traversing the measuring heads into different positions.
Most of the considerations which were discussed already for
the probes also apply for rakes. Here however the issue of
size becomes even more important. With increasing number
of measuring heads on the rake the necessary space for the
pressure lines inside the stem increases which will result in a
bigger diameter.

Therefore it is always a balance between desired radial
resolution and tolerable blockage when designing a probe
rake. The simplest set-up is the installation of several total
pressure or total temperature Kiel type measuring heads inline
on the stem. The number and arrangement of the measuring
heads is mainly limited by the minimum required distance to
avoid measuring failures due to interactions and influences
between each other. This type of measuring devices provides
a usable angle range of up to £30° or even higher, depending
on the design and the arrangement.

Figure 4 gives an example of a typical total pressure / total
temperature rake. Due to the elliptical shape of the stem the
front area could be limited to 7 mm. If the flow angle along
the passage height varies in a range more than the insensitivity
range of the measuring heads it becomes necessary to change
the design into a twisted shape so that the heads are aligned in
the different flow directions.

7

=

Fig. 4 Total pressure / total temperature rake with Kiel type heads

If in addition to the total pressures and temperatures
information about the flow angles shall be derived from the
measurements the Kiel heads have to be replaced by multi-
hole heads (3-hole or 5-hole). However such a design will
increase the problem to integrate all the pressure tubes in the
stem. That means that either the number of multi-hole heads
per rake has to be limited or the diameter or width of the
rake has to be increased significantly causing all blockage
and interaction effects which were already discussed for the
probes in the previous chapter.

An important challenge is the mounting of the multi-hole
heads by soldering or welding. In any case the stem has to be
massive enough to provide suitable possibilities for fixation.

When manufacturing a rake on a conventional way (milling,
soldering etc.) the number of capillary tubes to be integrated

in the probe head and the probe stem becomes an issue. A
usual manufacturing procedure is the milling of a slot into a
massive stem which is covered afterwards by a sheet metal
to provide the space for the mounting of the tubes. In order
to provide enough strength of the remaining material to
withstand the static and vibrational forces the stem has to be
designed with a minimum width. The other possibility is using
a bigger tube to implement the capillary tubes. The number
of pressure lines and the necessary wall thickness defines the
stem diameter.

Another problem is the distribution of the tubes inside a
rake. The connection of the different measuring heads to the
tubes requires additional space (i.e. for bending). This will
end up with an additional increase of the stem diameter.

In order to obtain more flexibility for future probe and rake
developments and designs new manufacturing methods have
been investigated and implemented. Additive manufacturing
techniques provide a lot of opportunities and flexibility so
that the designer has got a lot more options and does almost
have no restrictions because of manufacturing or assembly
limitations.

Figure 5 demonstrates the advantages for the design process
for a combined rake containing total temperature and total
pressure heads as well as two 3-hole heads. The view of the
total rake (left picture in fig. 5) shows the twisted arrangement
of the measuring heads and the integration of the two 3-hole
heads in the rake design. Even though 10 pressure and
temperature channels with a diameter of 0.6 mm each are
implemented in the stem the outer diameter could be limited
to about 5 mm. The right picture in fig. 5 displays the inner
structure (view from the bottom into the rake stem) and gives
an impression how the channels are arranged. This example
demonstrates imposingly the great opportunities opened by
applying AM for the manufacturing of flow measuring probes
and rakes.

P: 3-hole

Fig. 5 Design of a combined rake for additive manufacturing
(left: view of the rake, right: view of the inner structure)
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3. Additive Manufacturing

The generation of parts by selective laser melting (SLM) or
selective laser sintering (SLS) from a 3D CAD model allows
the generation of all kind of geometries even hollow bodies.
Detailed descriptions of these manufacturing techniques can
be found in various publications (4, 5). Since it is possible to
manufacture highly complex parts this method is perfectly
suited for the generation of different types of probe heads
and probe rakes. The inside pressure channels can directly be
integrated without any restrictions with respect to directions
and bends (fig. 6). On one side this opens opportunities for
the development of highly sophisticated probes and rakes,
on the other side it provides is a great potential for probe
miniaturization.

Fig. 6 Cut through a laser sintered probe head with integrated
pressure channels

However, several problems have to be taken into account
when selecting the appropriate method (SLS or SLM). It has
to be considered that the manufacturing tolerances can be in
the order of 0.2 mm. Also the straightness of the supporting
stem might become an issue. A major issue to be considered
is the surface roughness of the parts which is quite high. Since
this would influence the flow conditions around the probe
head a finishing at least of the surfaces around the measuring
taps becomes necessary.

In the case of wedge type or conical probes this can easily
be done by milling or turning because the “active” surfaces
have boundaries so that the machining area is defined. In case
of a spherical probe head it has to be questioned where the
machining area ends without generating steps so that finishing
becomes more complex.

Surface polishing or grinding could be an option. However,
as mentioned above, geometry deviations and asymmetries
have a significant impact on the measuring characteristic of
the probe. In the polishing or grinding processes the removal
of material is undefined and cannot be controlled. Therefore
the improvement of the surface quality has to be based on a
process with defined parameters.

In the case of a spherical probe head it was decided to
machine the whole raw part on a milling machine. Thus it
is possible to provide the demanded surface quality as well
as the exact geometry as defined in the design process. In
order to avoid damages of the integrated pressure channels
the design has to take into account the abovementioned
manufacturing tolerances.

Figure 7 demonstrates how the positioning of the pressure
channels inside the probe head can affect the re-machining
result. In the milling process the final head contour is
manufactured from an oversized raw part. In case of
deviations of the channel positions the remaining wall
thickness becomes too small so that the milling tool will break
the channel (b, bottom picture and ¢ in fig. 7).

Another problem is the correct positioning of the part on the
milling machine. Some reference surfaces have to be applied
with sufficient accuracy so that the orientation of the probe
head on the machine table can be measured and adjusted for
the machining.

Laser sintered parts often might have a quite high porosity
so that leakages between the pressure lines as well as from
the channels through the surface to the outside can occur.
By optimizing the manufacturing process this issue can be
reduced significantly so that the remaining porosity does not
have an impact on the tightness and the measuring behavior of
the probe.

=

a b c

Fig. 7 Insufficient accuracy of the position of the pressure channels
inside the probe head (a: raw part, b: re-machined part, c:
damage of a pressure channel due to asymmetric position in the
probe head)

Another option to avoid these leakages is a post treatment
of the sintered parts. Several post processes which can solve
this problem are known from the literature. The most common
one is the hot isostatic pressing which increases the density of
the material (6, 7). Another possibility is the infiltration of a
sealing liquid to fill the spaces between the metal particles (8).

The biggest challenge when manufacturing probes or rakes
with SLS and SLM is the small diameter of the pressure lines.
Remaining powder which cannot be removed may block
the tiny channels. In addition the high surface roughness
(see above) can cause the sidewalls of the pressure channels
growing together. In this case the remaining cross section
becomes very small. This will affect the resistance inside the
pressure lines which results in extremely long response times
of the final probe. In the worst case the pressure lines will be
even closed.

In order to produce probe heads of sufficient quality and
accuracy the problems arising from the abovementioned
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imperfectness of the raw parts had to be solved. Therefore
detailed parameter studies have been performed which should
shed some light on the influencing parameters and the options
for improvements.

These investigations included the manufacturing process
as well as the design process. Tests with various materials
showed that these do not have a big impact on the accuracy
of the parts. Nevertheless special attention has to be laid on
the process parameters for the different materials because
the surface roughness can vary significantly. This is not an
issue for the outside surfaces because the probe heads have
to be re-machined anyway (see above). However the inner
surfaces of the pressure lines might become a problem (see
the explanation above). The most important parameter for
influencing the quality of the parts turned out to be the set-
up of the manufacturing platform and the orientation of the
parts on the platform. Based on these tests it was possible to
optimize the manufacturing procedure so that reproducible
results with respect to the minimum possible wall thickness
and the minimum possible diameter of the pressure channels
could be obtained. Finally it has to be mentioned that
massive parts need other parameters than thin structures. The
combination of massive and thin structures, typical for the
raw probe heads, requires special treatment.

The above studies have been performed on different
sintering machines. The results demonstrated not all machine
types are suitable for the manufacturing of these extremely
thin structures and channels which are necessary for the
probes. The structure of the laser focal point has a significant
influence on the manufacturing results.

On the design side first of all the set-up and quality
of the CAD model is of significant relevance for the
abovementioned blockage of the pressure channels. Steps
due to abrupt diameter changes or sharp bends increase the
risk of remaining metal powder in the pressure channels.
Improper transition from the original CAD model can cause
such issues as well. Therefore special attention has to be given
to the transfer format (IGES, Step, STL etc.) and the correct
conversion.

In the design process two models have to be generated, one
for the manufacturing of SLS part, the other one containing
the final shape for the re-machining. As already described
above, the raw part has to be equipped with additional
functional surfaces for the alignment on the machining table.
Therefore the CAD model for the SLS part is not just an
oversized copy of the final part but has to contain additional
features.

A major issue is the definition of the material properties.
Because of the manufacturing process the values derived
from tables for casted metals are not applicable. The porosity

described above can have a significant impact on the material
parameters like elasticity constant or ultimate load. Therefore
it is necessary to perform tensile tests with samples which are
manufactured with the same arrangement (company, machine,
powder etc.) in order to be able to prove the stability of the
SLS parts.

4. Examples for SLS Manufactured Probes

The conventional manufacturing process of probes is quite
time consuming and imposes restrictions with respect to the
maximum application temperature. Therefore it was decided
to use the additive manufacturing even for the standard 5-hole
probes with a head diameter of 2.8 mm.

Figure 8 shows an example how the raw part looks like in
comparison to the final probe. As already described above the
positioning accuracy of the probe head on the machine table is
very important for the quality of the final result. The exactness
of the sampling surfaces on the raw part is essential.

The special feature with this specific probe is the reduced
diameter of the stem (from 7 mm to 6 mm). As already
pointed out in chapter 2 the stem diameter defines the
diameter of the penetration hole in the machine casing and by
this also the length of the probe head (marked with | in fig. 1).
In order to reduce the influence on the pressure reading of tap
#4 the head support had to become smaller in comparison to a
standard 5-hole probe. The possibility to integrate the pressure
channels in the SLS process gave enough space for reducing
the size of the head support.

Fig. 8 5-hole probe based on SLS (top: raw part, bottom: finished probe)

In a next development step the head diameter should be
reduced so that the blockage effects or interactions with
airfoils (see chapter 2.1) can be reduced. For this purpose the
original design was scaled down to 70% of its size (fig. 9).

Fig. 9 Scaled 5-hole probe manufactured by SLS
(head diameter 2.1 mm)
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Several problems occurred with this miniaturized probe
so that another way for reducing the size had to be found.
This experience showed that just a scaling of existing probe
designs is an unrewarding approach. On one side the pressure
channels inside the probe head were blocked because of
improper design due to space restrictions. On the other side
the asymmetric distribution of the pressure taps on the probe
head resulted in an insufficient measuring characteristic.
Finally the head support was bended due to the thin and
hollow structure. The last two issues could be avoided by
improving the design and manufacturing strategy (as already
discussed in chapter 3). However no solution could be found
for the blockage problem.

Therefore it was decided to choose another approach for
the miniaturization of multi-hole probes. The development
target was to provide a probe which has similar measuring
characteristics and range like a standard 5-hole probe and
in addition provides the same response time. The only
possibility to fulfill these requirements was the reduction of
the number of pressure taps at the probe head from five to
three holes. Figure 10 shows the result of this development.
The three holes are arranged on a tetrahedron shaped probe
head with a diameter of 1.9 mm. A detailed description of the
development process can be found in (9).

|
T~ Paad

Fig. 10 Miniaturized 3.5-hole probe (head diameter 1.9 mm)

To guarantee the similitude of the calibration flow and the
examined flow in the turbomachine, it is suitable to define
dimensionless coefficients based on the pressure readings at
the probe head. If the coefficients are equal in both flows, the
data of the calibration can be used to approximate the flow
values in the test rig. For the new tetrahedron three-hole probe
new definitions of the coefficients ka, ky and kMa had to be
specified. For the five-hole probe the Mach coefficient kMa
is calculated by relating a reference pressure to the pressure
measured at the center hole. This pressure information is
missing for the case of the three-hole probe.

Therefore the probe had to be equipped with an additional
pressure tap at the bottom side of the probe head (see left
picture in fig. 9). Because of the additional pressure tap and
to indicate that this 3-hole probe has the same measuring

characteristic like a 5-hole probe this type is named 3.5-hole
probe. The definition of the calibration coefficients, based on
the pressure readings form the 3.5-hole probe are shown in the
following.

k, = P~ P (1)
pre/
P tp,
3
(-2 @
Py
k=22 ©)
Paaa
with
+p,
Py = W (4)

This example again demonstrates the potential for
miniaturization provided by SLS. The next step with this
probe type is a further reduction of the head diameter down
to 1.2 mm. This will be the smallest possible size maintaining
the diameters of the inside pressure lines.

The measurement of total pressure and total temperature at
the same location and with the same angle insensitivity in
all directions is challenge. Various design option have been
investigated and reported in the literature (10). When using
two heads side by side the influences between the pressure
and temperature measuring devices have to be considered
in the layout of the probe or rake. When positioning the
temperature and pressure measruement in one (oval) head the
angular characteristic will become asymmetric with a reduced
insensitivity range in pitch angle direction.

For the application in an industrial centrifugal compressor
a probe type was required which to be mounted at several
locations around the circumference at the discharge side
without significant blockage of the flow. In order to be able to
measure the total pressure and total temperature distribution
the two measurements had to be psoitioned as close together
as possible.

Therefore a double Kiel head probe was designed with both
heads integrated in each other (fig. 11). The distance between
the measuring devices is 1.6 mm and the width of the probe as
well. Because of the manufacturing by SLS is was possible to
reduce the size of the probe head significantly in comparison
to conventional manufacturing by soldering two tube together.

The angular behavior for both measuring heads is similar.
It could be proved that the two heads do not influence each
other so that a symmetrical measuring chracteristing in all
directions could be obtained.
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Fig. 11 Combined total pressure total temperature probe

5. Conclusion

Measurements in turbo machines always require an
instrumentation which is adapted to the specific application.
The main reasons for measuring failures are
o Blockage of the flow passage due to the size of the probes or
rakes
e Interactions between probes and airfoils, especially when
measuring in narrow axial gaps between rotor and stator

e Pressure differences across the probe head when measuring
in flows with strong velocity gradients

e Side wall effects which influence the measuring behavior
due to flow acceleration between probe and wall (nozzle
effect)
Such problems have to be considered when planning a
measurement. Choosing the adequate instrumentation should
always be based on the application and the mounting situation.
Flow structures and access possibilities in turbomachines
are often very complex so that in most cases probes or rakes
“out of the shelf” are not suitable. For optimum applicability
and measuring accuracy it is necessary to find a tailor made
solution for the specific measuring task.
Additive manufacturing has proven to be a perfect tool
for widening the design options for probes and rakes.
It provides the opportunity to manufacture even highly
complex structures with integrated channels so that a
further miniaturization of probes without changing the
measuring behavior becomes possible. Thus, the issues due
to insufficient probe size can be avoided. Furthermore this
technique allows the manufacturing of probes and rakes for
new applications (i.e. in small flow passages).
The advantages of this manufacturing method are:

o Standardization of the manufacturing process (reproducible
geometry)

e Possibility to manufacture probes for high temperatures
without changing the manufacturing process (only exchange
of material)

e Opportunity for probe miniaturization

However a few disadvantages like the additional effort for
designing the SLS and the final shape of the parts as well as a
testing phase when new probe geometries shall be generated
have to be taken into account.
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B %o RFDSEIRIC MBI L, R HEE D RO
TAREREEIZE L Ve AR L LMEICB VT, B
JEAUDSAU=ARIAt TR O 55

PL—HRTELT S THNETAI VI AN (R
FHZEL ~5um), WKTHNIET T AF v 7Bk
¥ (RFRRE pm ~Bt pym) PHHSNRBE, FL—
PHLT DN~ O BFEPEIZPIV Ol 52 JFE I 4R D 5 HE
BHRFTHY, NV FTy 7500z 5 Twb,
Bz, wAHEICRER T 2 0807679 ML —
KT O IZRRTEH 2 550,

Y A1 p w

u 18 v, r
22T, wldkTF oM EE, dIRLE pldk T
D, p ZWARDOTE, v XA OERARKTH 5,
F 11T, St LR OREN R EMHITBIT bvlu R,
RIETVlu=—55x107, I CTvp/u=—15x10°TH Y
WENI/NEI W DRG0 5o
KOO EATR Y, BFEPE IR E
BT B EDRMENTD Do M7 & DOMEORERIZ0.3

Table 1 Radial velocity of tracer particle induced by the
centrifugal force due to streamline curvature

Gaseous flows : » =100m/s, »=50mm, olive oil droplet
(d=1pm, p,=900kg/m’), p, =1.2kg/m’, v, =1.5x10"m’/s
— v, /u=-5.5x10"

Liquid flows : u =20m/s, »=150mm, dJ =10pm, nylon 12
particle ( p, =1020kg/m’, p,=1000kg/m’) , v, =1.0x10"m’/s

— v, /u=-1.5x10"
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ST A= FPET BT, N ERE LA AT
RIEAR Z NI A L CRiE T %,

22 BFETZ714vIPIV

MEZT 74—, W] BRT2HAF) v
i Dtomosx FER & T AW HM TH o HE I 1N
A OGS S N7 E MR D S WK O PR 3 & T
T DT LR ET D, WEIHREZEHM (computed
tomography : CT) & L CEHELGEZ L L fibih
TWwb, ZOHFgEEMZIGH LT, RY)2—2HBHxNh
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L — ki1 O Z2 MR A & P 9 5 2 LIS O F
FETomoPIVTd® %o X 11X TomoPIVIZEIT 5 Ik
MO—FITHY, 4HDOCCDH A T AR NI % [

Fig. 1 Camera arrangement for tomographic-stereo PIV

(TSPIV) measurement of a stirred tank
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RIS THDDTH b, H212, ZOJEH %AW
RS (B AT 2HRE2MTHHEAR) . FFEE (K
DRGT) P HME L 72BIRDRET K7 v (Ko
) \HEEE R L, HRAREE LR 7 B VITKE
GEAMITFTHLTNT) XL THb, KIITRLIED,
BRI L BAEE T 256 (KT BB LSBT 55
), EREROBIMASRZEL, BISOK T1%TH 2 ghost
particle S EHEE XN b, ThaZ b7, kT
BOBPBEZ R SR L), ML —HRTOEARE &K
WALT B UERD 5,

Fig. 2 Principle of tomographic reconstruction
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@ actual particle
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Fig. 3 Ghost particles in tomographic reconstruction
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+60°

Laser light sheet

Fig. 4 Axial-type pitched three-blade impeller

300mm

Fig. 5 Stirred tank equipped with the impeller
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B BRERY A X130 x 30W#E T, WHE TIZ1.5mm
X15mmTd %o AT L APIVOFHHE O Z Y1 %
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& o Electric motor & ",
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< g { _— Bar (¢ H
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CcCDh
Camera-1

Line of ]‘ o

Fig. 6 Setup for stereoPIV measurement
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Fig. 7 Mean velocity vector maps and turbulent kinetic energy
distributions at -30deg (upper), Odeg (middle) and +30deg (lower)
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Bottom interface of the cylinder

Fig. 8 Spiral structures associated with trailing vortices
identified by the local peak of turbulent kinetic energy
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Fig. 9 Setup for tomographic-stereo PIV measurement
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Fig. 10 Particle image obtained in TSPIV measurement

Fig. 11 Reconstructed particle distribution
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Fig. 12 Vorticity vector map and axial mean velocity
contour at 40deg
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Fig. 13 Vortical structures detected by Enhanced Swirling
Strength Criterion proposed by Chakraborty et al.’?
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Fig. 14 3-D relationship between vortical structures
and vorticities behind the impeller
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1. Introduction

Rotordynamics play a critical role in the reliable operation
of high-speed turbomachinery. Modern trends in the field
of rotating machinery all point to the same common goal:
users want to be able to do more with their machines. This
results in a push for a wide range of design modifications and
improvements including longer shafts to accommodate more
fluid stages, higher rotating speeds, higher fluid pressures, and
larger rotors for increased capacity. This evolution in machine
design poses a number of challenges from a rotordynamics
standpoint including more flexible rotors, larger bearing loads,
and higher levels of destabilizing forces which can lead to the
ultimate failure of the machine (1).

Understanding the rotordynamic performance of a machine
is essential to its final design and smooth operation. Keeping
overall vibration levels low and the stability of vibrational
modes that can be excited high ensures a reliable design,
however this performance is affected by nearly every major
component in the machine. Impeller blades and fluid seals
produce destabilizing cross-coupled stiffness forces which
reduce the stability of the machine while fluid film bearings
and magnetic bearings provide damping to the system and
control the machine vibration, hence the ability to predict the
performance of these components is also critical to ensuring
a proper design. However, much uncertainty still exists
in the accurate prediction of the forces generated by these
components (2). Therefore, experimental test rigs used to
validate theoretical and computational predictive models are
extremely important to eliminating the remaining sources of
uncertainty in this field as these limit how far boundaries can
be pushed in new machine designs.

Rt 20174 4 H21H

% 1 University of Virginia, 121 Engineer's Way, Charlottesville,
VA USA 22904

* 2 Toshiba Corporation, Visiting Scholar at ROMAC,
University of Virginia, 2-4, Suehiro-cho, Tsurumi-ku,
Yokohama 230-0045, JAPAN

* 3 Pioneer Motor Bearing Company, 129 Battleground Road,
King's Mountain, NC USA 28086

The Rotating Machinery and Controls Laboratory (ROMAC)
is an industrial consortium at the University of Virginia with
over 35 members from industry and academics who guide
and support the research performed by faculty, research staff,
students, and visiting scholars. As a laboratory with over
40 years of experience, ROMAC specializes in theoretical
and experimental research in the areas of turbomachinery
rotordynamics, structural dynamics, magnetic bearings, the
application of automatic controls to the dynamics of rotating
machinery, fluid film bearings, seals, internal incompressible
flows, and the coupling of internal flows to machinery
dynamics. The two primary results of this research are 1)
software with embedded computational models of system-
level and component-level performance, and 2) experimental
results produced by test rigs that are used to validate these
models, study various topics related to turbomachinery design
and performance, and develop and validate various methods
of dynamic control.

The following review provides an overview of the
experimental test program at ROMAC. This includes
a number of test rigs currently in use for studying
rotordynamics, fluid film bearings, magnetic bearings, seals,
and controls, as well as two test rigs in development for
studying important cutting edge topics in fluid film bearing
dynamic performance and damage. An overview of the design
and capabilities of each test rig will be provided and related
areas of theoretical and developmental research supported by
the test rigs will also be discussed.

2. Operational Test Rigs
2.1 Stability Test Rig

The ROMAC stability test rig was originally designed to
measure rotor stability of an industrial-like machine under
various operating conditions. The test rig, as depicted in
Figure 1, consists of a 1.55 m long flexible rotor with a
90 mm mid-span diameter and is capable of supercritical
operation up to 12,000 rpm. Three mid-span disks with a 152
mm outer diameter provide lumped mass and inertia effects
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similar to those produced by the blades of a compressor or
turbine stage. The test rig contains three magnetic actuators.
Two of the actuators, labeled AMB 1 and AMB 2, are located
between the supporting tilting-pad bearings and are used
to impart either static or dynamic loads on the rotor. The
third actuator, labeled Shaker, is used to perturb the shaft
for system characteristic identification purposes. A 7.5 kW,
three-phase induction motor drives the shaft and is controlled
through a variable frequency drive (VFD).

OUTBOARD TPB AMB 2 A..\EB 1 INBOARD TPB

b

CONCRETE

CONCRETE BASE BASE

Fig. 1 Stability test rig layout (4)

The rotor is supported by two tilting-pad bearings, illustrated
schematically in Figure 2, with an axial length of 52 mm, a
nominal diameter of 70 mm, and a between-bearing span of
1.22 m. Each bearing consists of five pads positioned on ball-
in-socket pivots within a vintage flooded, pressurized housing
with oil inlet nozzles - the operating principles of which
are described in detail by Nicholas (3). Two sets of pads of
preloads 0.1 and 0.3 are available for the bearings and can
be positioned either in a load-between-pad or load-on-pad
configuration. Bearing pad Babbitt temperatures are measured
using T-type thermocouples at various circumferential
locations. Shaft vibrations near the bearings are measured
in two orthogonal directions by Bently Nevada 7200 series
proximity sensors mounted on the bearing housings.

The stability test rig was initially used to measure damped
natural frequencies and damping ratios of the system as a
function of applied, destabilizing cross-coupled forces. The
main objectives of the study were to evaluate techniques for
accurately measuring a rotor system’s damped eigenvalues
and to provide data for comparison with stability predictions
from available analytical models. During these tests, the
two mid-span actuators were used to provide varying levels
of dynamic cross-coupled force. Steady-state bearing
performance indicators such as pad temperatures and shaft
centerline position were also measured. A time-domain,
multiple output, backward autoregression technique was
found to most accurately identify the modal parameters of
interest. After comparison with analytical stability models,
it was concluded that full bearing coefficients produce more
accurate results than synchronously reduced coefficients in
rotor systems supported by tilting-pad bearings. More details
on the experimental methods and results of this study, as well

OIL SUPPLY
NOZZLE (5)

SPHERICAL
PIVOT (5)

rcar— | \ \“1C 5L

Fig. 2 Stability test rig test bearing

as the test rig, can be found in Cloud (4).

Subsequent studies performed on the stability test rig looked
at the effects of reduced oil supply flow rate on both steady-
state bearing performance and system stability. Damped
natural frequencies and damping ratios were measured
under various speed and bearing specific load conditions
while systematically reducing the oil supply flow rate to the
supporting bearings. During these tests, the Shaker was used
to perform planar sine-sweep excitations of the rotor and
a single-input, multiple-output (SIMO) frequency domain
technique was used to identify the modal parameters. As
in the previous study, steady-state bearing performance
indicators were also measured. Experimental results were
compared to analytical models containing starved flow
bearing models. It was concluded that under the conditions
tested, one or more of the bearing pads experienced starvation
that was accurately captured by the starved bearing models.
Results of these studies as they pertain to an observed, severe
subsynchronous vibration peak, as shown by the waterfall plot
in Figure 3, can be found in Nichols (5).

2.2 Flexible Rotor AMB Test Rig

With an ever increasing demand for higher operating speeds
of rotating machinery under extreme operating conditions,
active magnetic bearings (AMBSs) have paved their way for
advancing from laboratory research to a wide horizon of
rotating machinery applications owing to their contactless
operation and very low maintenance costs. Applications such
as compressors, machine tool spindles, artificial heart pumps,
and energy storage flywheels have successfully utilized
AMBs to meet the challenges associated with conventional
bearings. Their ability to actively exert forces on the rotor
enables AMBs to directly control the rotordynamics and
to counteract the destabilizing forces acting on the rotor.
Aerodynamic cross-coupling forces are one of the most
notable destabilizing forces in compressors, which arise
near the locations of impellers and liquid or gas seals and
are caused by the fluid-structure interaction occurring in
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Fig. 3 Waterfall plot with subsynchronous vibration (5)

small rotor-stator clearances. Furthermore, typical industrial
centrifugal compressors operate at speeds above their first
bending mode, which entails to model the rotor as a flexible
structure and makes the rotor AMB control design even
more challenging. Additional complexity arises from the
speed dependent gyroscopic phenomenon inherent in these
applications, which contributes further to the uncertainties.
To meet these challenges, a flexible rotor AMB test rig
(Fig. 4) has been developed in ROMAC that emulates a
small industrial centrifugal compressor in the presence of
destabilizing forces and parametric uncertainties in order
to design and test robust control schemes that improve the
performance of AMB systems it emulates.

The ROMAC flexible rotor AMB test rig is an AMB
supported system designed for a maximum operating speed
of 15,000 rpm with a static load capacity of 2,900 N. It
consists of a flexible rotor with a length of 1.23 m and a mass
of 44.9 kg. The first bending mode of this rotor occurs at
approximately 13,440 rpm (224 Hz), which lies within the
operating range of this test rig. The rotor is levitated by two
radial support AMBSs located at the driven end and the non-
driven end. Two exciter AMBs are placed at the mid-span and
quarter-span locations and are used to excite the destabilizing
aerodynamic cross-coupled forces typical of impellers and
seals at these locations. Four laminated journals are mounted
on the support and exciter AMBs. Two discs are also located
on the rotor that impart gyroscopic characteristics to the
rotor by mimicking the inertia of an impeller arrangement.
Auxiliary bearings are mounted along with the support
AMBSs, which provide backup support to the rotor in case
of failure of the support magnetic bearings. Four power
amplifiers are installed, each for an AMB. The drive system
consists of a 3.7 kW variable frequency drive capable of
operating up to a maximum speed of 18,000 RPM. For control
and instrumentation, the test rig is equipped with a high
performance Tl C6713B DSP capable of executing advanced
control algorithms at rates up to 12 kHz. Eddy current sensors
are mounted along each AMB to measure the rotor radial

Fig. 4 A photograph of the flexible rotor AMB test rig: (A) Flexible rotor,
(B1 and B2) Gyroscopic discs, (C1) Radial support AMB at the
non-driven end, (C2) Radial support AMB at the driven end, (D1)
Exciter AMB at mid-span location, (D2) Exciter AMB at quarter-
span location, (E) VFD motor drive, (F) Signal conditioning and
amplifiers rack, and (G) DSP and Control PC

displacements. Sixteen channel 16-bit resolution ADCs and
DAC:s are interfaced with the DSP for data acquisition from
the sensors and for generating control signals for the AMBs.

The rotor is modeled by using the finite element modeling
technique and model validation has been performed
experimentally as shown in Figure 5. Modern control
techniques such as p-synthesis (6) and adaptive control (7)
have been successfully implemented on this rig, which are
able to meet the industry performance specifications. It has
also been used to emulate the operation of an energy storage
flywheel system (8). The flexible rotor AMB test rig serves
as an excellent platform for more advance control research
directed towards improving the performance of rotor AMB
systems.
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Fig. 5 Bode plot of one of the control DOFs of the flexible rotor AMB
test rig: FEM model versus experimental data

Download service for the GTSJ member of ID , via 13.59.218.28, 2024/09/28.



238 Experimental Measurements of Turbomachinery Rotordynamics, Component Performance, and Dynamic Control at ROMAC - A Review

BEAHR 2 —E ¥R

2.3 Compressor Surge Control Test Rig

Compressor surge is an undesirable phenomenon inherent
in centrifugal compressors which is caused by the flow
instabilities occurring at low flow rates. This deleterious
effect has the potential to destabilize the compression system
and cause permanent damage to the system. Conventional
methods, such as flow recycling, prevent this phenomenon
from occurring by shifting the operating point of the
compression system away from the surge region. These
preventive methods, although effective, are not very efficient
as they limit the operating range of the compressor. An
interesting application of AMBs in compressors, besides
controlling the rotordynamics, is to actively control the surge
phenomenon. The idea behind AMB-based surge control is
to use the thrust active magnetic bearing to control the flow
instabilities by modulating the impeller tip clearance in the
centrifugal compressor. This technique enables one to reliably
and efficiently operate the compressor in a wider operating
range as compared to existing surge control methods. In
order to realize these ideas, an industrial size compressor
surge control test rig has been developed in ROMAC with the
support of ROMAC industrial partners.

The compressor surge control test rig is equipped with a
single-stage, unshrouded centrifugal compressor rated at
55 kW power with a maximum operating speed of 23,000
rpm, designed for an inlet flowrate of 41,060 L/min and a
pressure ratio of 1.7. The rotor of this system is designed as
a rigid body with a length of 0.517 m and a mass of 27 kg.
Two radial support AMBS, installed at the motor end and the
compressor end, levitate the rotor. An essential part of this
test rig is the thrust or axial AMB that serves as an actuator
for controlling the impeller tip clearance. The resulting
control system is a 5-DOF system with two control axes for
each radial AMB and one control axis for the thrust AMB.
Auxiliary AMBs are also installed to provide backup support
in case of failure of these AMBs. The compressor is driven
by a 125 kW induction motor drive with a rated maximum
speed of 30,000 rpm. The instrumentation part of this test rig
is comparable to that found in a typical industrial compressor
setup with a variety of sensors that are installed to measure
pressure, mass flow rate, and temperature of the gas flow
throughout the compression system. Two pairs of differential
variable reluctance displacement sensors are installed along
each radial AMB to measure the radial displacement, while
two Eddy current-type displacement sensors are mounted
with the thrust AMB to measure the axial displacement. Ten
power amplifiers are used that provide sufficient currents
to drive the radial and thrust AMBs. A network of modular
ducting system with inlet and exhaust piping is installed along
with throttle valves to control the flow rate throughout the

compression system. The control algorithm is implemented
on a real-time RT Linux based PC with an execution rate of
5 kHz. The real-time measurements of the rotor displacement
and plenum pressure rise are acquired using an eight channel
16-bit ADC board installed in the control PC. A sixteen
channel 12-bit DAC board is used to generate control signals
for AMBs driven by the power amplifiers. An additional
LabVIEW monitoring PC is installed that provides sensor
measurements at different locations of the piping system.

The assembly of the test rig is shown in Figure 6. Finite
element modeling techniques were employed to model
the rotor and experimental validation was performed. An
H-infinity control algorithm (9) has been successfully
implemented on this test rig for the control of surge, and
very good results have been obtained as shown in Figure 7.
Upgrades to the control and data acquisition hardware of this
test rig are currently being considered to investigate more
advanced control techniques for improving the performance
of AMB-based compressor systems.

2.4 Seal Test Rig

Understanding the performance of fluid seals in
turbomachinery is critical to the design of these machines
as seals are a significant source of destabilizing forces in the
system. The seal test rig (Fig. 8) was designed to perform
experimental measurements of annular fluid seal performance
for a wide range of seal designs, fluid pressures, rotating
speeds, and fluid environments including gases, liquids,
and multi-phase mixtures. A ball bearing-supported rotor
of 50.8 cm in length and 5.08 cm in diameter is driven by
a 13.4 kW spindle motor with rotating speeds up to 15,000
rpm controlled by a variable frequency drive. Two annular
seals of various design (ex. straight seals, hole pattern seals,
labyrinth seals, etc.) are bolted axially onto a central housing
which serves as the fluid inlet to the two seals. After the
leaking fluid passes through the low-clearance seals it is then
collected in large-clearance expansion chambers and routed
through outlet tubing back to the fluid supply system, or out
to the atmosphere in the case of gas seal experiments. Gas
seal leakage rates are measured with an Omega Engineering
mass flow meter. System power loss is measured with an
Interface rotary torque transducer. Pressures and temperatures
are measured at the seal inlets, outlets, and at multiple points
across the seal faces using Omega Engineering PX309
pressure transducers and K-type thermocouples. Supply gas
for gas seal experiments will be supplied from air dewars
from Praxair with inlet pressures controlled by a McMaster-
Carr high pressure regulator.

The single- and multi-phase fluid supply system from
American Design & Manufacturing shown in Figure 9 will
also be employed for liquid and multi-phase seal experiments.
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Fig. 7 Experimental data of plenum pressure rise under surge at 13,950
rpm with and without AMB surge control

This system consists of a two-stage gear pump design (Sauer
aluminum gear pumps), allowing for both single and multi-
phase lubricants to be delivered to the test section at pressures
up to 10.3 MPa and flow rates of 7.6 L/min. The first stage
pump flow and pressure are controlled by a variable frequency
drive and an adjustable relief valve providing return flow
to the lubricant reservoir. The reservoir holds 75.7 Liters of
polyol ester lubricant with an initial viscosity of 53 mPa:s
at 40°C. A separate gas phase is fed into the lubricant flow
between the two gear pumps after passing through a pressure
regulator and a mass flow controller (Brooks SLA Series).
The second stage gear pump then provides pumping and
mixing of the mixture as it is delivered to the test section.

Fluid system pressures and temperatures are measured along
with total and seal leakage flow rates using PX309 pressure
transducers (Omega Engineering), thermocouples (TTEC
8006 Series RTD), pressure and temperature gauges, and
flow meters (Hedland H600 Series). Seal inlet pressures
are controlled using a series of adjustable cartridge relief
valves (Sun Hydraulics). These will allow for inlet pressures
ranging from 0.3 MPa to the test section design pressure of
10.3 MPa. Circulating flow also passes through a 7,565 kcal
brazed plate heat exchanger (ITT) for temperature control, a
custom degasser for removing gases from the fluid following
depressurization, and a 10 micron oil filter (Schroeder). All
data acquisition and control of the test rig is performed with a
National Instruments cDAQ system and a computer equipped
with LabView.

This test rig serves as a unique tool for studying complex
fluid environments such as gas-expanded lubricants (10)
as well as a validation tool for ROMAC’s extensive seal
modeling capabilities including codes for labyrinth seals,
straight seals, honeycomb seals, hole pattern seals, brush
seals, and helical seals (11-16). Data from this test rig can
also be used to validate more complex computational fluid
dynamics models developed for studying various types of
seals and unique seal modifications such as the inclusion of

18 HP, 15,000 RPM Torque —» Power Loss

Pressures and
Temperatures

Fig. 8 Seal test rig layout and measurements

Fig. 9 Oil-gas mixture supply system for the seal test rig
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swirl brakes (17-20). This validation provides confidence
for industrial users of these models in performing their own
research and development activities.

3. Test Rigs in Development
3.1 Advanced Fluid Film Bearing Test Rig

Fluid-film bearings such as tilting-pad journal bearings are
utilized in increasingly demanding applications. Systems
undergoing high-frequency excitation due to higher rotating
speeds and increased loading rely on the dynamic properties
of bearings to ensure stable rotordynamic operation. Recent
analysis suggests that existing test rigs for fluid-film bearings
can result in high uncertainties in estimated bearing dynamic
properties due to measurement errors, especially at higher
frequencies (>200 Hz) (21). The analysis indicates that
typically accepted assumptions - such as a short, relatively
large-diameter shaft being approximated as rigid - can
further increase uncertainty. Uncertainty in estimated bearing
dynamic properties from test rigs reduces the ability to predict
the overall dynamic performance of high-speed rotor-bearing
systems. This high level of uncertainty can in turn lead to
overly conservative designs, systems that fail to meet their
performance specifications, or in the worst case, system field
issues and failures.

A next-generation fluid film bearing test rig is under
development, the design of which is being driven by a
comprehensive uncertainty analysis. This analysis aims to
fully characterize the system’s uncertainty in estimated fluid
film bearing dynamic coefficients. The test rig design consists
of a motor-driven rotor suspended on a set of radial active
magnetic bearings (AMBs). At the center of the test section
rotor, a fluid film test bearing (FFB) will be installed. The
radial AMBs apply a static force representing the nominal
load applied to the fluid film bearing. An additional pair
of electromagnetic actuators apply a dynamic excitation at
defined test frequencies. Capacitive displacement sensors will
measure the relative displacement between the rotor and fluid
film bearing housing.

Based on the detailed uncertainty analysis, the type of force
measurement and associated errors in the measurement were
determined to be a dominant source of uncertainty in bearing
property estimation. Therefore, a novel active load cell force

Fig. 10 Preliminary concept of the advanced fluid film bearing test rig.

measurement system has been conceived and is presently
undergoing system development and validation. The resulting
precision force measurements will be used in conjunction with
the measurement of displacement to compute the dynamic
coefficients of the test bearing. The final result is a test rig
design that minimizes uncertainty over the frequency range of
interest (up to 600 Hz). When fully completed, the test rig will
be able to provide very accurate fluid film bearing dynamic
coefficients; in addition, maximum estimated uncertainty
levels will be defined over the full range of frequencies.

3.2 Bearing Surface Geometry Test Rig

In operation, fluid film bearings inevitably develop damage
over time. Foreign particles in the oil supply can cause
scratches in the surface of the bearing (22). Depending on
the severity of the damage, the load capacity of the bearing
can be significantly reduced. Theoretical approaches have
estimated the effect of complete circumferential scratches on
load capacity but there is little empirical data for validation
(23-26). By developing a specialized test rig, the reduction in
load capacity of a scratched journal bearing will be quantified
by temperature, pressure, and film thickness measurements. A
combination of artificial scratches of varying depth and width
will be tested at various loads and speeds. The damaged and
undamaged bearing temperatures, film pressures, and film
thicknesses will be compared and a reduction in load capacity
will be calculated based on an accepted criterion of bearing
operation. The test section can also be modified to include
the effects of hydrostatic lift pockets and other non-plain bore
geometries. This data will provide end users and original
equipment manufacturers with a better understanding of the
load capacity of scratched/modified journal bearings and will
be used by ROMAC to enhance the capabilities of existing
bearing codes.

The test rig design (Figs. 11-12) consists of a 76.2mm
diameter shaft located in a fluid film journal bearing (L/D=0.5
to L/D=1). The load is applied by means of a pneumatic
cylinder and the shaft is driven by a 3.7 kW motor. The test
rig is designed for unit loads up to 2.4 MPa and speeds up to

Fig. 11 Bearing damage test rig layout
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Fig. 12 Cross-section view of the test section

5,400 rpm.

This test rig will be of great use in validating an ongoing
study into the influence of scratches and other surface
irregularities on journal bearing performance. The main
purpose of this study is to develop a thermoelasto-
hydrodynamic (TEHD) model of the bearings which can
properly capture the relative physics that occur in the vicinity
of the surface irregularities. Obtaining experimental results
will be vital for validating the resulting model.

4. Conclusions

Understanding system and component-level dynamics is
critical to the design and reliable operation of turbomachinery.
While a range of analysis tools are available for predicting
these dynamics, significant uncertainties remain in both
the accuracy of these tools as well as in the experimental
techniques used to validate them. The ROMAC
experimental test program reviewed in this paper provides
the turbomachinery industry with unique capabilities that
can be used to validate analysis tools accurately, study
emerging topics in rotordynamics and component-level
performance, and develop new methods of dynamic control.
These capabilities keep ROMAC on the cutting edge of both
theoretical and experimental turbomachinery research and
development.

Note:
Product names mentioned herein may be trademarks of their
respective companies.
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Fig. 1 The compressor test facility of KHI
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Fig. 3 The 14 stages rig compressor
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Table 1 Compressor test instrumentation
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Casing Metal Temperature Thermocouple
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Fig. 5 Example of static pressure measurement
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1. Introduction

With the increasing share of volatile renewable energy,
the need for flexible back up facilities become crucial for
electrical grid stability. Stationary gas turbines have a
potential providing this service due to their inherent capability
of fast load gradients, wide part load characteristics and high
power density. Facing the global challenges of a carbon
free electricity production, hydrogen is a promising fuel for
next generations of gas turbines since it can be produced
by renewable energies, stored in large quantities and re-
electrified on demand.

Burning hydrogen or hydrogen containing fuels in
gas turbines will affect the thermodynamic process and
component performance significantly. Dry Low NOx
combustors (DLN) originally developed for natural gas
are not directly applicable for hydrogen flames due to the
higher reactivity of hydrogen. A higher stoichiometric
flame temperature, a higher burning velocity and a shorter
ignition delay time lead to higher risk of flashback and auto-
ignition. Higher flame temperatures result in higher NOx
generation. The strategy of NOx abatement affects the entire
thermodynamic process of the engine. Present NOXx reduction
measures, as fuel dilution with nitrogen or steam and water
injection have a significantly higher combustor outlet volume
flow compared to dry fuel combustion. Those measures
further require dedicated equipment to supply the diluent.
For this reason, developments are aiming at dry hydrogen
combustion with reduced flame temperature or with reduced
flame size for NOx abatement. [1].

At the Institute of Power Plant Technology, Steam and Gas
Turbines (IKDG) of RWTH Aachen University, high pressure
combustion tests with gas turbine combustors are conducted.
Main focus is on the evaluation of combustor performance
and stability range, on part load performance and on emission
performance, particularly including NOx emissions, see e.g.

[2].

ERsAT 2017455 H23H
* 1 Institute of Power Plant Technology, Steam and Gas Turbine,
RWTH Aachen University, Germany
Email: office@ikdg.rwth-aachen.de

The organization of this article is as follows: Chapter 2
describes the current state of the high pressure combustor
test rig in detail. Thereafter technical achievements regarding
to pure hydrogen combustion developments are reviewed in
Chapter 3. Exemplary test results of the test rig are given in
Chapter 4, with focus on main factors which determine NOx
emissions. Chapter 5 gives an outlook about future gas turbine
development and respective test rig improvements envisaged.

2. Technology achievements

Hydrogen has a higher reactivity compared to natural
gas, which limits the use of gas turbine combustors that
were designed for natural gas. Combustors capable for H.
admixtures have been developed by all heavy duty gas
turbine manufacturers [3-7] for IGCC processes using
syngas with hydrogen fractions up to 45 vol.%. Tab. 1 gives
an overview of some gas turbines that are capable to burn
hydrogen admixtures. Hereby, non-premixed flames represent
the prevailing technology, where the NOx generation is
suppressed by flame cooling (water and steam injection) and
fuel dilution with nitrogen (reactivity reduction). Up to now,
no commercial gas turbine with pure hydrogen fuelling is in
operation.

Table 1 State of the art gas turbine technology for hydrogen

P H.
[MW]  [vol.%]

GEAlstom [3] 2002 200 45
GE [4] 2008 10-280 45
Siemens [5] 2006 10-250 41

Name Year NOX reduction

N dilution (55 vol. %)
N, and steam dilution

Steam (22 vol.%) or
N2 (30 vol.%) dilution

Steam dilution
(50 vol.%)

N dilution

Ansaldo E. [6] 2007 170 45

MHPS* [7] 2002 250 20

*Muitsubishi Hitachi Power Systems

Worldwide research and development is being carried out
by academia and gas turbine manufacturers, aiming at dry and
undiluted hydrogen combustion. Some of the approaches are
mentioned below and can be classified into premixed, lean
direct injection, flame miniaturization, flameless oxidation,
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catalytic and staged combustion.

Lean premixed combustion features reduced flame
temperature and less hot spots in the reaction zone. This
technology is state of the art for natural gas applications. GE
developed a premixed multi tube mixer [8]. Their concept
faces the high risk of flashback and auto-ignition by small-
scale jet-in-crossflow mixing in multiple tubes. Another lean
premixed combustor has been developed by Siemens [9] that
verified stable combustion at hydrogen contents up to 70
vol.%. It is a modified fuel injection system based on an NG
premixed burner design. Siemens also developed a triple fuel
syngas burner capable for H. with premixed configuration [10].
Hereby, the generation of NOx is suppressed by dilutions
(H20 and Nz). Flashback resistance has been demonstrated. A
low swirl injector has been developed by Lawrence Berkley
National Laboratory [11]. Here, the flame stabilization
method for lean premixed combustion is low swirl annular
flow centered on a non-swirled inner flow. This approach is
capable for hydrogen contents of up to 90 vol.% H..

Lean direct injection aims to combine the low NOx
emissions of premixed flames by lean combustion and the
stability and flashback resistance of non-premixed flames.
A lean direct injection burner has been developed by a
cooperation of NASA, Parker Hannifin, and NETL [12].
This burner is characterized by multiple injection points and
quick jet-in-crossflow mixing inside air guiding tubes. This
approach has similarity to the flame miniaturization because
of multiple fuel injection. Here, however, no individual flames
develop.

Flame miniaturization aims to reduce the residence time
inside the hot flame region by decreasing the flame size and
increasing the number of flames. The flames are typically
diffusion type flames for stability reasons and flashback
resistance. Kawasaki Heavy Industries is developing a
micromix combustor [13], Mitsubishi Hitachi Power systems
is developing a cluster burner [14] and Parker Hannifin and
UCI are developing a combustor of micro-mixing cups [15].

The principle of flames oxidation lies in strong recirculation
and dilution of reaction zone with flue gas to significantly
reduce the reaction temperature and therefore no visual flame
appears. Recently, the flameless oxidation approach that
has originally been developed for industrial application is
developed for gas turbine conditions [16, 17].

The advantage of catalytic combustion is the low reaction
temperature and stable reaction and thereby significantly
reducing the necessary amount of diluent compared to non-
premixed approaches. Precision Combustion developed a
rich catalytic hydrogen injector for low NOx emissions in
cooperation with Solar Turbines [18].

Staged combustion offers the combination of different flame

characters in order to achieve stability and emission targets. A
rich/lean staged combustion approach is developed by FHNW
with the Paul Scherrer Institute [19] featuring a rich first stage
with laminar flow and thereafter a non-premixed flame lean
burnout zone.

3. Test facility

The test rig at the Institute of Power Plant Technology,
Steam and Gas Turbines (IKDG) is capable for testing of can-
type combustors of medium sized industrial gas turbines. The
subsystems of the rig are the air supply unit, the fuel supply
unit, the water supply unit for combustor water injection
and quench cooling, the combustion system, the exhaust gas
analysis section and the exhaust gas path. Fig. 1 shows a
simplified component and flow diagram of the test rig. In the
following part of the article, details for each subsystem are
given. Details about the test rig can also be also found in [20-
22].

3.1 Air supply

The air supply unit, cf. Fig. 1 (1)-(8), provides pressurized
air to the combustion system. The 6-stage radial compressor
(2) is driven by an electric motor at constant rotational speed.
It features intermediate cooling behind the first four stages.
The compressor mass flow is controlled by variable inlet
guide vanes (1) at the first three stages. The air mass flow
rate to the combustion system can additionally be adjusted by
venting part of the compressed air through a bypass valve (3)
behind the compressor.

Control valve I (4), which is located between the compressor
and the air heater, is used to adjust the air pressure to the
combustor requirements. This is necessary because the air
compressor must be operated between choke and surge
and therefore the end pressure of the compressor may be
significantly above the pressure requirement of the combustor.

The air is discharged after the 6th stage of the compressor
with a temperature of around 200 °C. In order to reach typical
combustor inlet temperatures, the air temperature is further
increased in a 10 MW, natural gas fired air preheater (5)-(7).

The combustor inlet air mass flow is measured via an orifice
(8) in the hot section just before feeding the combustion
system.

3.2 Fuel supply

The fuel supply unit, cf. Fig. 1 (9)-(14), provides hydrogen,
natural gas or any mixture of both components to the
combustion system and enables to control the fuel flow. The
fuel mixing system has been designed for up to 12 MW, fuel
flow of each component. The maximum hydrogen flow rate is
4000 Nm®/h (360 kg/h) and the maximum natural gas volume
flow rate is 1200 Nm?/h (970 kg/h).

Natural gas is stored in a 200 bar / 16 m? storage tank (9)
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Fig. 1 Flow diagram of the test rig. (1) Inlet guide vanes, (2) Intercooled compressor (3) Compressor bypass valve, (4) Control valve I, (5) Blower,
(6) Gas combustor, (7) Air preheater, (8) Measuring orifice, (9) Natural gas tanks, (10) Hydrogen trailers, (11) Pressure reduction valves, (12)
Mixing system, (13) Mixture pressure reduction valve , (14) Fuel control valves, (15) Water tank, (16) Pump, (17) Water control valve, (18) Flow
measurement, (19) Air plenum, (20) Test combustor, (21) Temperature sensor, Gas analyzer, Camera, (22) Pump, (23) Quench cooler, (24) Control

valve I, (25) Silencer , (26) Stack.

and is taken from the local grid and compressed. Hydrogen
is delivered by an external supplier. The docking station
is capable to connect two hydrogen storage trailers (10).
Pressure reduction valves (11) allow to adjust the natural gas
injection pressure and the pressure of the hydrogen/natural
gas mixture according to the requirement of the fuel control
valves at the combustor unit.

The mixing system is capable of supplying fuel mixtures
from O up to 100 vol.% H,. The mixture is controlled by a
cascaded volume flow measurement, each featuring a control
valve. The accuracy of the fuel mixture composition is kept
within a range of +0.5 vol.% H; for the entire mixing range.
The system controls the mixing facility outlet pressure by a
mixture pressure control valve (13).

The mixture pressure control valve (13) and the natural gas
pressure control valve (11) deliver fuel pressures up to 50 bar
and 40 bar, respectively. Fuel control valves (14) allow for
the continuous adjustment of the fuel inlet mass flows. Four
individual fuel lines for each path (natural gas and mixture)
access up to four individually controllable injection positions
of a combustor for each fuel type (natural gas or mixture)
featuring mass flow measurement and control system.

3.3 Water injection system

The water supply system, cf. Fig. 1 (15)-(18), enables a

water injection directly into the combustor, as flame cooling

measure for NOx suppression. The system is capable to
deliver a water mass flow of up to 1000 kg/h at a maximum
pressure of 40 bar. The injected water is produced with the in-
house water demineralizing plant and stored within a 100 m?
water tank (15). The water is pumped towards the combustor
(16) while the water mass flow is adjusted by a water control
valve (17) and measured with an impeller measuring device
(18).
3.4 Combustion system

The combustion system, cf. Fig. 1 (19)-(20), consist of an
air plenum and the test combustor itself. The air plenum (19)
features three major functions. First, it decelerates the air to
establish a uniform combustor inlet flow. Second, it is set up
as heat exchanger featuring the cooling of an inner flame tube
that separates the flows of the combustion air and the exhaust
gas inside the air plenum. The inlet air enters the air plenum
and thereby cools the flame tube inside the plenum. Third, it
offers the connection to the test combustor (20). Due to the
current air plenum design the test rig is capable for tests with
can-type reverse air inlet flow combustors.
3.5 Measurement devices

The exhaust gas analysis duct, cf. Fig. 1 (21), is connected
to the air plenum. The hot combustion air flows from the
combustor through the inner flame tube of the exhaust gas
analysis duct. The exhaust gas analysis duct is equipped with
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measurement sensors, which provide information about the
exhaust gas temperature and the exhaust gas composition and
features an optical access to the combustor.

The exhaust gas temperature is measured by a water
cooled probe made by Yamari Industries Ltd. It comprises
five R-type thermocouples placed along the diameter of the
exhaust duct. The temperature referred to as “combustor
outlet temperature” within this paper is the arithmetic mean
temperature of all five temperature measuring points of
this probe. For the purpose of determination of the exhaust
gas temperature at the temperature sensor, the influence
of the heat exchanger (19) is considered by estimating the
temperature differences based on heat transfer calculations.
The accuracy of the hot gas temperature measurement is
about £10 K. The temperature is not corrected for heat loss in
the transition duct from the combustor to the probe since the
resulting correction is very small (below 10 K).

For an analysis of the exhaust gas, a sample gas stream is
extracted by a water cooled exhaust gas sampling probe.
The exhaust gas sample is collected through five ports
which are radially distributed along the flow stream. The gas
sampling line is a heated flexible tube (kept at a temperature
of about 200°C) to prevent condensation and loss of NO»
by absorption in water. The composition of the dry exhaust
gas is measured with the MEXA ONE gas analysis system
manufactured by HORIBA. This system is capable to measure
the concentration of CO, COz, O, Total Hydrocarbons (THC)
and NO/NO; within the flue gas.

The flame inside the combustor can be observed and
investigated by cameras through an optical access point
downstream of the combustor.

3.6 Exhaust gas handling

A quench cooler (23), cf. Fig. 1, located downstream of the
exhaust gas analysis duct is used to decrease the exhaust gas
temperature to the permissible temperature of the control
valve 1l (24) and the exhaust gas path. Demineralized water
from the tank (15) is pumped (22) towards the quench cooler
and injected into the hot flue stream via multiple nozzles.

The control valve 1l (24) is multi-stage steam valve which is
located downstream of the quench cooler (23). Its function is
to adjust the combustor pressure and to control this pressure
level independent from the combustor mass flow rate.

The exhaust gas path ensures the controlled and safe
discharge of the expanded flue gas into the atmosphere
through the stack (26). A perforated cone silencer (25) is
positioned inside the exhaust duct for acoustical damping in
order to prevent noise emissions.

3.7 Control features

The air mass flow rate and pressure level is controlled by

an interacting adjustment of the compressor inlet guide vane

control, control valve | (4) in the air main line and control
valve 1l (24) in the exhaust tract. Although the compressor
bypass valve (3) is primarily used for the compressor start, it
can also be used as a control device for part load operation.
The advantage in using a back-pressure control valve is the
possibility to adjust the combustor pressure independent from
the exhaust gas mass flow and exhaust gas temperature.

The air preheating set up offers a flexible combustor air inlet
temperature, which is independent from the air pressure. This
allows for simulating gas turbine compressors with varying
polytropic efficiencies as well as gas turbine processes
featuring intercooling or recuperation.

4. Influence of hydrogen in fuel on NOx-emissions
of a diffusion flame burner

This section presents test results of high pressure combustion
tests results for 10 MW gas turbine combustor, by courtesy
of Kawasaki Heavy Industries, Ltd. The underlying
combustor is a can-type combustor with a non-premixed
swirler-stabilized flame, see Fig. 2. The combustor consist of
a pressure casing, a flame tube with liner and dilution holes,
an air guiding plate and the air inlet swirler. The fuel nozzle
has been designed for high hydrogen contents in the fuel gas.
As mentioned earlier, a NOx reduction measure is necessary
to keep the emission below a certain limit. In this case, water
injection is used for NOx abatement. In the following, at
first dry NOx emissions experimental data are presented
regarding to a variation of hydrogen content, air velocity and
air inlet temperature. Thereafter, the effect of water injection
is explained on basis of experimental data. In general, in
the case of a parameter variation, all other inlet conditions
are kept constant. The relevant combustion conditions, their
parameter ranges and their reference conditions are given in
Tab. 2.

The variation of hydrogen fraction is given in Fig. 3.

Fig. 2 Non-premixed test combustor by courtesy of Kawasaki Heavy
Industries Ltd
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Table 2 Investigated parameters, range and ref. conditions

Name Range Ref.
p Pressure 3 - 24 bar 16 bar
T Combustor outlet temp. 900 - 1300 °C 1300 °C
X Hydrogen fraction of fuel 0 - 100 vol.% H; 0%
v Relative air inlet velocity 06-1.2 1
Tair Air inlet temperature 400 - 500 °C 500 °C
WFR  Water fuel ratio 0-4 0

In general, the higher the hydrogen fraction, the higher
are the NOx emissions. This is due to the increase of the
stoichiometric flame temperature and thus promoting the
generation of thermal NOx according to the Zeldovich
mechanism. Note that the variation of the pressure and
the combustor outlet temperature are implicitly given in
the diagrams of Fig. 3. The pressure influence on the NOx
emissions follows a root function and the combustor outlet
temperature influence on NOx emissions has an exponential
characteristic.

The variation of the air inlet velocity can be regarded as a
residence time variation. According to Lefebvre’s approach
[23], the NOx emissions are depending on the mixing rate, the

p =8 bar, vy, Toiy =500°C

p =16 bar, v, T =500°C

reaction rate and residence time. Thus, with increasing speed,
the residence time within the hot flame temperature decreases
and consecutively, the NOx emissions decrease, see Fig. 4.

The variation of air inlet temperature is displayed in Fig. 5.
The typical uncooled compressor outlet temperature is around
500 °C at a compressor outlet pressure of 24 bar. An air
inlet temperature reduction leads to reduced NOx emissions,
because the stoichiometric air temperature decreases as well.

The NOx emissions can significantly be reduced by
water injection. Fig. 6 shows the characteristic of this NOx
reduction measure for multiple fuel compositions at different
pressure levels, combustor outlet temperatures and air inlet
temperatures. The each water injection curve is done at a
constant combustor outlet temperature. Thus the fuel mass
flow is increasing at increasing injection water mass flow.
Since hydrogen has a higher specific lower heating value
(LHV), the WFR is higher for high hydrogen fuels although
the maximum injected water mass flow is similar for all
curves.

5. Outlook
Upcoming gas turbines need to fulfill advanced requirements

p =24 bar, vy, T =500°C
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Fig. 3 NOXx characteristic of Hydrogen content in the fuel for a set of combustor outlet temperatures
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Fig. 4 NOXx characteristic of relative air inlet velocity for a set of fuel compositions
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Fig. 5 NOx characteristic of air inlet temperature for a set of fuel compositions and pressures
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Fig. 6 NOXx characteristic of water injection for a set of fuel compositions, air inlet temperatures, and pressures

to ensure stable power generation next to renewable sources.
These topics focus on lower emissions, increasing the
efficiency of power plants and of the gas turbine itself as well
as higher flexibility to match the volatile power output of
renewable power sources [24]. Especially flexible operation
to maintain the grid stability requires higher load gradients
in combination with quick start up and shut down procedures
[25]. For an economical operation of a gas turbine facility,
topics like reduction of maintenance efforts and higher
lifespan are of importance. Relevant subjects concerning
the combustor focus on an increased combustor outlet
temperature and flexible fuel compatibility while retaining
low NOx emissions. Higher fuel flexibility is required
for enabling usage of power to gas storage strategies for
integration of renewable energy sources [26].

To maintain a state of the art test rig for combustors, the test
facility is an object of modifications, which are targeted on
fitting future developments on gas turbines and combustors in
particular. In the following, modifications of test rig, cf. Fig. 1
(19)-(24), and modifications of the supply infrastructure will
be distinguished.

Modifications of the test rig aim to increase the operational

range with regard to the thermodynamic state of the exhaust
gas. These are needed to further increase e.g. the combustor
outlet temperature and the pressure. However, the maximum
pressure level and air mass flow is also limited by the air
compressor. As one part of the test rig, the design of the air
plenum (19) in the present setup supports the use of reverse
flow combustors. Nevertheless, a redesign of this section
enable tests with unidirectional combustors. As the air plenum
is so far the limiting component regarding to the pressure
and air inlet temperature, a modification of this section may
extend the operation range of the combustor inlet conditions.
A redesign of the exhaust gas section (21) enables to increase
the combustor outlet temperature for future requirements.
Hence, a modification of both the air plenum and the analyzer
section opens the possibility to design a transition duct
that represents the real flow path between combustor and
turbine including a cascade of first guide vanes for testing of
cooling concepts and thermal coatings. This, however, would
consequently reduce the variance of the test rig as turbine
guide vanes are operated with choked flow.

Modifications of the supply infrastructure have the main goal
to extend the versatility of tested applications with regard to
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the fuel system and supply facilities for NOx reduction. The
fuel mixing system is currently capable of providing fuel
mixtures of hydrogen and natural gas. An extension with
further additives like N2, CO, or CO; is within the design
of the fuel system and can be added in a modular way. This
enables investigations on combustor fueled with flexible
syngas compositions and nitrogen dilution as NOx reduction
measure. Furthermore, the water demineralization plant can
be extended by a steam generator for further NOx reduction
measure evaluation. With prospect of using liquid fuels to
increase fuel flexibility, the fuel system can be extended by a
fuel storage tank and suitable supply line including fuel pump
and control valve.
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Table 1 Specification table of calibration wind tunnel

Type Free Jet

Nozzle Diameter for | ¢40mm or ¢70mm
Subsonic Flow

Mach Number MAX 14

Traverse System F-200iB (FANUC Corporation 6
Axis Robot)

Flow Capacity 0.65kg/sec or 2.0kg/sec
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Table 2 Pilot Plant Specification
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CO; Capture Ratio | 90%
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Impurities SOx, NOx, Soot Dust
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Gas Flow Rate
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Fig. 14 Configuration of Post Combustion CO2 Capture Pilot Plant
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Fig. 8 Air cooled condenser
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Suppression of Noise Generated from Supersonic Rectangular Jet with Microjet
—Partl Noise Reduction and Change in Flow Field—
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ABSTRACT
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INOUE Chihiro OISHI Tsutomu

Jet noise reduction is required for the realization of environmentally-friendly and highly-efficient supersonic jet
propulsion system. In the present study, experimental investigations are performed in order to clarify the effects of
microjet injection on supersonic jet noise. The experiments are focused on supersonic jets with Mach number of 1.4,
issued from a rectangular nozzle with high aspect ratio. Far field acoustic measurements are executed and the spectra
and sound pressure data of jet noise are obtained. In the acoustic data, 13dB(A) reduction at the maximum is achieved
with microjet of 1.5% mass flow ratio in the case of under-expanded main jet. When the microjet condition is proper,
it is observed that the broadband noise and screech tone noise are greatly reduced.
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Key Words : Supersonic Jet Noise, Rectangular Nozzle, Active Control, Microjet Injection
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Suppression of Noise Generated from Supersonic Rectangular Jet with Microjet
—Part 2 Influence of Main Jet Condition—
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OKADA Ryuichi
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HIMENO Takehiro

ABSTRACT
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WATANABE Toshinori UZAWA Seiji
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INOUE Chihiro OISHI Tsutomu

Jet noise reduction is essential for next-generation environmentally-friendly supersonic transport. In the previous
study, 13dB(A) reduction at the maximum is achieved with microjet of 1.5% mass flow ratio in the case of under-
expanded jet. In the present study, experimental and numerical investigations are conducted to clarify the influence

of main jet condition on noise reduction. The experiments varied several parameters including main nozzle pressure

ratio, total pressure of microjet, number of microjets and microjet injection angle. To investigate the effect of
microjets on the 3-dimensional flow field, steady RANS analysis of the flow field is performed under various

conditions of the main jet and the microjets.
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Key Words : Supersonic Jet Noise, Rectangular Nozzle, Active Control, Microjet Injection
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In the experiment,

walls were installed on both sides.

Fig. 3 Schematic of side wall for static pressure measurement
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(Type2 every three holes injection, Pum/p.=5.0)

|||||||||||||||||||||||||||||||||||| TTTTTTTrrT

L 1 1 T ]
I Measured at (6,¢)=(0deg,60deg) .

100 Main Jet + Microjet -
= [ 1
< \ ]
E 4
= L e e L .
- [ ..,r“"f = ‘h‘\""v.-l-. ]
% If-‘-.rm.«-""’ \ b ""‘Hu‘\-\%—\-ﬁ‘{“d-wh-_,‘;

50¢ 1
[ Microjet Only ]
WA IEEEA RN NN EES F NN AN Lo oot ee ]

100F Main Jtit + Microjet ]

75 Microjet Only

50 i‘_"-i-l-....,‘\,c..mmr'w-'*:‘-

SPL[dB(A)]

10000 300 50000
Frequency[Hz]

Fig. 11 Power spectra of the noise generated from microjet
(NPR=31, Type2 every three holes injection)
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Fig. 13 Spectrum of color value
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Table 2 Summary of effect of microjet on acoustic field and flow field
Mk Tet Microjet Acoustic Field Flow Field
Low frequency | High frequency | Screech | Flapping | Shock cell
NPR=2.7 Typel | every 3 holes O X X X X
(Over-expanded) | Type2 | every 3 holes O x O O X
NPR=3.1 Typel | every 3 holes O x x x X
(Fully-expanded) | Type2 | every 3 holes @] X O O x
all holes & - - O X
_ Typel | every 3 holes o] O o ®) o
el every 6 holes O - x X O
(Under-expanded) all holes - X x X X
Typel every 3 holes @) X ®) -
M) FYzy PRUBOERLHFONTATY) v 7 RS ZEXM
FAL DR, A7)—FEFET v VEABBOT T (1) Greska, B. and Krothapalli, A: The Effects of Microjet
Vo 7B HERRD LN T2, VLY A Injection on an F404 Jet Engine, AIAA Paper 2005-
OBEEYEATR < 7 2 FAN I3 B RS DA T 5 3047, (2005). . . o
AT X L7 (2) Zaman, K., B.i M, Q. Jet Noise Reduction by Microjets
- A Parametric Study, AIAA paper 2009-3129, (2009).
_ (3) Cuppoletti, D., R, T., Perrino, M. and Gutmark, E.:
At Fluid Injection Effects on Acoustics of a Supersonic
AR 58S V3 B BF S8 B DR BEAE SEB (R AR Jet at Various Mach Numbers, AIAA Paper 2011-2900,
20360381) DB =2 120 72, FEHO— NIICHF (2011).
FHRGCOETU s I L [BWIY AT A - A /) R—=a v (4) FHBE—, LM FBUEE, EEREE, R
EBES | X227, TR LTHEELZR KAMW : BEFERY v v oRETIRED<YA Y
T 5o Yy MIX B —8— BE KRR &g
DEAb—, HAHN A ¥ — ¥ V245K BRTE
(5) MEHERE, Sz WRIE: BFHI BT 5 BT O FHIC O W
T —R IR R & 2 OMGEE, M T i BB gE TRl
YR2TE, F12DM R R AR E Y YR T T AN
%, pp. 255-260 (1994).
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Suppression of Noise Generated from Supersonic Rectangular Jet with Microjet
—Part 3 Discussion on the Reason of Noise Reduction—

R R i S FEIR B3R

OKADA Ryuichi WATANABE Toshinori UZAWA Seiji

LT WE B2 ol L K f™?
HIMENO Takehiro INOUE Chihiro OISHI Tsutomu

ABSTRACT

Jet noise reduction is one of essential issues to realize environmentally-friendly and highly-efficient supersonic
jet propulsion system. In the present study, experimental and numerical investigations were conducted in order to
clarify the effect of microjet injection on supersonic jet noise. The experiments were focused on supersonic jet with
Mach number of 1.4, generated from a rectangular nozzle with high aspect ratio. Far field acoustic measurements
were conducted for the jet noise in the cases with and without microjet injection, and the noise reduction up to 13.0
dB(A) was obtained. Flow field visualization and CFD analysis were also performed to study the mechanism of noise
reduction from aerodynamic point of view.

XF—TJ—F:BEHEY oy MBS, R XV, REHE, v 470 d oy MG
Key Words : Supersonic Jet Noise, Rectangular Nozzle, Active Control, Microjet Injection
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Fig. 1 2-D main nozzle with microjet injection holes

Table 1 Experimental condition

Microjet
Main jet Layout (s/d) ¥1%]
P ol o (Number of noles]| (Type1)
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50| (B79)[44] 42
?\55 l= i?? ig every two holes 01814
M=128 [50 (7.5) [22] 22
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5.0 (22.5) [6] 0.65
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2 (3.75) [44] 37
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Fig. 4 Instantaneous Schlieren image of the upper shear layer
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Fig. 9 Mach number contours on the planes perpendicular
to the main jet axis (CFD)
Upper: Typel-every-three-hole injection
Lower: NPR=39, w/0 microjet

Fig. 10 Mach number contours on the planes

perpendicular to the main jet axis (CFD)
Upper: Typel-every-six-hole injection
Lower: NPR=39, w/0 microjet
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Fig. 11 Power spectra in the case of Type2 injection
(NPR=3.9, Pn/p:=50)
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Extending the operating range of ultra-low NOx emissions by enhancing the reactions
of the secondary lean mixtures injected into the reverse-jet stabilized primary stage
combustion products
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NAKASU Takafumi

ABSTRACT
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HAYASHI Shigeru
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YAMADA Hideshi

The lean-lean two stage combustion, characterized by the enhancement of the reactions of ultra-lean to lean
mixtures injected into the hot combustion products of the lean-burn primary stage, was investigated to show its
potential in achieving low NOx emissions while maintaining complete combustion over a wide range of power of gas

turbines. For single-digit NOx emissions, the stagnation reverse flow combustion was employed as a means of flame
stabilization for the primary stage because of its robust flame holding capability at very lean conditions. Methane
was used as fuel and emissions measurements and direct flame imaging were conducted at T; = 373 and 573 K and at
atmospheric pressure. NOx emissions less than 5 ppm (15% O2) were achieved for a primary equivalence ratio of 0.5
with combustion efficiency greater than 99.9% over a range of gas temperatures ranging from 1400 to 1900 K.

Key words : Lean-lean two stage combustion, Stagnation reverse flow combustion, Robust flame holding, Ultra-low
NOXx emissions, Perfectly premixed methane-air mixtures
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Fig. 1 Photographs and drawings of injectors used.

Table 1 Dimensions of primary injector.

Outer tube and wall thickness, mm 32 ID*-1

Inner tube and wall thickness, mm 25 OD*%1
Cross-sectional area of mixture passage, mm? 313

Number and diameter, mm of holes 4x ¢ 10
Total opening area of holes, mm?® 314

*Tnnlnner diameter, **OutOuter diameterer

Table 2 Dimensions of secondary injector.

Inner diameter and wall thickness, mm 19.7-1
Cross-sectional area of mixture passage, mm? 305
14X 3
Number and diameter of holes®, mm 4x¢3
(From top to bottom rows) 4% ¢4
414X 8
Total opening area of holes, mm? 308

*10mm interval
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Fig. 2 Photographs of flames showing effects of primary mixture P2 WHEBITMAE ING Z L TRIDHIMRAESI NG Z &8
injection position, Zi, on flame structure for Zi,»=55 mm RENTWS,

and ¢1=0.7.
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Fig. 3 NOx emissions and combustion efficiency vs.
overall equivalence ratio, ¢, for different primary
mixture injection positions, Zi1.
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Fig. 4 Photographs of flames showing effects of secondary

mixture injection position, Zi2, on flame structure for
Zm1=10 mm and ¢1=0.7.

4.2 FRESEESLV1ERBUEROEE
TFTREJIBEDOREZMNRD 2O ICHIHiICi L7z
T=373 KTOEBRIZIMZ, Ti=573 KIZBWTNOx% &
LIRS 572012 1 BEHO YA L DKV ¢ =
05 06Tl EHOYBEBHOMEIIOWTHAE L. &8,
1 BEH PRASESEZ01310 mm, 2EBHTFERAR
PGSO Zin20 X 15 mm,  F A BRI Z,13300 mm & L 7z
2B HMEI 200507 LS EDKRE
B 612, NOxigE L MBI EE2 K L9 72K
712, NOx #EED15%0H 5% M 8 1IaR” T 1B
B (g2 =0) 121X, ¢1 = 05THARZWOT2KEDE
WEI, =062 S5 & 1 B HPRBESH I o i E
BEL b, 2EBEHICHBEZMGTSL, ¢:=011I8
WTIE, 2BEHOBRBEFIRIC BT, BEETIIMETE
ZUWVHBHIRTHRD THEHWREIEAE L ZONT WD, ¢
= 0.3 TIXHFARDD o 72 U FEIRAWIREIC FL 2, A7 94
WEEZIT D X ) ISR WKREDEE E NS, ¢2=05LL
Lo, nHEBIZ2EEDA Y27 ¥ =8

Theoretical Gas Temperature Ty, K

1000 1500 2000
T 100
*
CE &
16 ¥+ H
Qo
£ Q
g . &
< 10 =
Q NOx - § 7
o
5T 5
A 35 o
L -

0 Lt 96
0.2 0.4 0.6 0.8
Overall Eq. Ratio, ¢,

L L L L 1

0 04 0.8

Secondary Mixture Eq. Ratio, ¢,

(a) Z,=300 mm
Theoretical Gas Temperature Ty, K
1000 1500 2000
- 10
T, = 373K -
J 9;=07 =
Z,- Z,,= 245 =
15 [ cE i ey 99 3
a ]
a L =
$10 ] 98 i
N

=z Ox !_ 5
5 | mos o738

A 35
¢ 55 g
0 e 96 ©

0.2 0.4 0.6 0.8

Overall Eq. Ratio, ¢,

0 . 04 . 08
Secondary Mixture Eq. Ratio, ¢,
(b) Zp'Zin2=245 mm

Fig. 5 NOx emissions and combustion efficiency vs. overall
equivalence ratio, ¢, for different secondary mixture
injection positions, Zina.
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Fig. 9 CO and HC emissions along the combustor axis for
secondary mixture of different primary equivalence
ratios for ¢ of 0.5 and 0.6.
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Fig. 10 Concentration of NO and NO; along the combustor axis for secondary mixture of different primary

equivalence ratios for ¢ of 0.5 and 0.6.
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