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Heat Transfer in Channels with Convergent Walls and Cylin-
drical Fins (Entrance Fin Height to Diameter Ratio = 1)

Karel Balatka, Sadanari Mochizuki and Akira Murata
Dept. of Mechanical Systems Eng., Tokyo University of A & T, Koganei-shi, Tokyo 184

Detailed heat transfer measurements using an IR imaging system were conducted on channels equipped with
circular pin fins with the pin fin height to diameter ratio = 1. The Reynolds number based on the pin fin diameter and
mean velocity at the first pin fin row ranged from Re =1000 to 15000. Measurements were performed for three
different convergence angles a = 0° (parallel side walls), 2.5° and 5°. The results revealed that the best heat transfer
is obtained in the case of a = 5° where the flow acceleration greatly enhances the heat transfer, which is clearly
superior to the a = 0°, 2.56° channels. Only an insignificant difference in the overall heat transfer was found between
the a = 0°, 2.5° channels. All channels displayed an improved heat transfer towards their outlet as a result of
turbulence promotion and flow acceleration (only a = 2.5°, 5§°).

Key Words: Convergent Channels, Circular Fins, Heat transfer, Thermography

1. Introduction

One of the ways to increase the thermal efficiency of a jet engine is to increase the temperature at the inlet of a
gas turbine. Consequently gas turbine blades, which are exposed to extremely high temperature gases from the
combustion chamber, must be efficiently cooled to assure their reasonably long service life and reliability. It is of
no surprise that great efforts are being devoted to the development of turbine blade internal and external cooling
systems (Fig. 1), see Mochizuki et al. 1997 and Goldstein et al. 1999 for example. One of the most critical places
on a turbine blade that set limits to the maximum allowable temperature of the entering gas is the turbine blade
trailing edge. It is, therefore, of high priority to understand the flow phenomena and consequently heat transfer
that take place in the flow passage formed inside the blade trailing edge.

The trailing edge of a turbine blade forms a convergent channel which is usually equipped with pin fins to
enhance the heat transfer from the hot blade material to the cooling air passing over the pin fin arrays. The angle
between the convergent walls is typically set between 2° to 5° and the fin height (4) to diameter (d) ratio is on the
order of unity.

Heat transfer investigation on convergent channels with
pin-fins was performed, among others, by Metzger et al. Schematic of a Gas Turbine Rotor Blade
1?86: They performed an experimental study to measure a External structure Internal structure
pin-fin-row averaged heat transfer for various pin fin
geometries. His results show that the pin-fin-row averaged
Nusselt number increases downstream through the
convergent channel. In a more recent work Hwang et al.
1999 investigated overall heat transfer and pressure drop
characteristics of a convergent channel with straight and/
or lateral outlets. In the former case the flow flows across
the convergent channel and is not exposed to any
contraction while in the latter case the flow turns into the
direction of contraction and is accelerated towards the
outlet. Comparisons are made for in-line and staggered pin
fin arrangements and for different lateral to total flow ratios.
The results show that the averaged Nusselt number
increases with an increase in the lateral flow rate and for
higher values of the lateral to total flow ratios it is virtually
independent of the pin fin arrangement. The pressure drop
experiment results suggest that the overall pressure drop
coeficient i.s almost independent of thg Reynolds number. " Fig. 1 Schematic of internal and external
In the straight-flow case, staggered pin fin arrangement
suffered from higher pressure drop when compared to the
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in-line pin fin arrangement. For high values

of the lateral to total flow ratios, the pressure

drop appeared to be almost the same for sid=16
both arrangements. Although a lot of yj7=1.5
research has been done on the convergent  h /d=1
channels with pin fins the reported heat

transfer results mainly show only overall

heat transfer characteristics averaged in one _ 80
way or another. Not much work, however;

has so far been done to understand the local

heat transfer characteristics of such Re= £
channels. To start filling in this knowledge
gap, the present work experimentally ,
investigates a detailed heat transfer in three Y
channels with staggered pin fins and R R = | 'BEwmmasa b,
convergence angles set at o = 0° (parallel
side walls), 2.5° and 5°. The investigated
Reynolds number range was from Re = 1000
to 15000 and the h/d ratio was, for the
entrance (first) row of pin fins, always kept
at a value of one.

Transparent wall

Fig. 2 Test section geometry

2. Experimental procedure

To investigate the local heat transfer characteristics an IR camera (working in the 8 - 13 ym IR window) was
used. The IR camera was connected to a personal computer via a GPIB board. Interested reader is referred to
Carlomagno 1997 for details about using infrared thermography for thermo-fluid-dynamic applications.

The convergent channel test section and its geometric parameters are presented in Fig. 2. The pin fin diameter,
d, is 15 mm. To build the test section S mm thick Bakelite plates were used. A uniform heat flux was supplied
through a thin (20 pm) electrically conductive plastic sheet, which was attached to the exposed side of the back
wall of the test section. The pin fins were mounted on the heated wall by means of the double-sided tape and acted
only as turbulence promoters; the heat was not conducted from the heated wall into the pin fins to be released
from the pin fin surfaces into the air. The front wall was made of a 2.5 mm thick Germanium glass with the
transmissivity coefficient equal to or larger than 96% to assure the radiation transparency and allow the IR camera
to capture the thermal images. Both sides of the Germanium glass received an antireflective coating in order to
suppress the undesirable reflections that may adversely affect the accuracy of obtained thermal images. The whole
test section, except the transparent front wall, was covered with a thick layer of insulation to bring the heat loss to
a minimum. Calibration of the IR camera was performed by using four K-type thermocouples, which measured
the precise temperature of the heated surface. An inlet air temperature was measured by one thermocouple, while
the outlet air temperature was obtained as an average value from three thermocouples.

3. Data reduction

The Reynolds number, shown in Fig. 2, was based on the fin diameter and the maximum mean velocity at the
first pin fin row.

The wall heat flux was calculated from the energy balance as:

m-c .
1) q=—=%T,,-T,)
Aht

where T, and T, are the outlet and inlet temperatures, respectively and A,, is the heat transfer area. The bulk
temperature was obtalned from:

: ..
@ 77,(2) =T+~ (T -T,)

L

where L is the heated surface length and z is the axial distance from the test section inlet. Finally, the local heat
transfer coefficient and Nusselt number were obtained from:

3) h=—"_ Nu =
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a)a=0°

b) a = 2.5°

c)oa=5°

6 8 10 1z 14 16 18 Nu

Fig. 4 Local Nusselt number distribution obtained for Re = 1000

Here k denotes the thermal conductivity and T, is the local wall temperature obtained by the IR camera. The
probable uncertainty (Ugg o54,) Of the Nusselt number was estimated to be around 10% for Re = 15000.

4. Experimental results and discussion

Detailed heat transfer distributions on the wall of convergent channels were obtained for three different
convergence angles o = 0° (parallel side walls), 2.5° and 5° using the IR imaging system . The investigated Reynolds
number range was from Re = 1000 to 15000.

Figure 4 shows a comparison of the detailed Nusselt number distributions for the three tested channels (a = 0°,
2.5°, 5°) with the Reynolds number set at 1000. Examining the local heat transfer distribution, it can be observed
for all three convergence angles that the heat transfer peaks (high Nusselt number) are located around the front
part of the pin fins and also in between two adjacent pin fins. This is believed to be caused by the combined
effects of the Horse-shoe vortex, which is formed in front of and around a pin fin, and the local flow acceleration
caused by the contraction between the two adjacent pin fins. On the contrary, the heat transfer inefficient areas
(low Nusselt number) are clearly revealed behind the pin fins. The heat transfer deterioration occurs as a result of
the pin fin wake, which is formed behind each pin fin. Physically, the recirculation within the separation bubble
prevents fresh cool air from entering that area and thus lowers the heat transfer.

Let us now focus on the difference in the heat transfer distribution in channels with different convergence angles
when the Reynolds number is kept constant. As can be seen in Fig. 4a (a = 0°), the overall heat transfer slightly
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b) o =2.5°

16 30 44 58 72z 86 100 Nu

Fig.5 Local Nusselt number distribution obtained for Re = 5000

improves towards the outlet as the flow proceeds through the pin fins arrays. This is due to the promotion of the
turbulent like behavior of the flow, which is caused by the pin fins working as turbulence promoters. When the
channel walls are arranged with a certain convergence angle, the flow accelerates towards the outlet and a negative
pressure gradient is imposed on the flow. This suppresses the turbulence promoting phenomena and hinders the
heat transfer. On the contrary with the flow acceleration the local (row resolved) Reynolds number increases,
which works in favor of the local heat transfer. Comparing Fig. 4a and 4b it can be observed that the effects
working in favor of the heat transfer (flow acceleration) prevail over the heat transfer hindering effects (turbulence
suppression). This is indicated by the higher heat transfer in the downstream part of the convergent channel (o =
2.5°), Fig. 4b, as compared to the channel with parallel walls, Fig. 4a. The positive effect of flow acceleration on
the heat transfer is even more pronounced when the convergence angle is increased to a = 5° as can be observed
on the higher Nusselt number values in Fig. 4c.

The pattern of the local Nusselt number distribution somewhat changes when the Reynolds number is increased,
see Fig. 5. The heat transfer is rather low at the first pin fin row and then, at the next pin fin row, it suddenly
improves. This change in the Nusselt number pattern is observed from the Reynolds number of about 2000. This
phenomena may be explained as follows: For low Reynolds numbers (Re = 1000) the transition of the flow into
turbulent-like behavior occurs in the downstream region of the channel, see Balatka et al. 1997. As the Reynolds
number is increased the origin of the vigorously mixing flow moves upstream until it stops at the first pin fin row.
The flow passing through the first array of pin fin is always smooth without mixing, which works against the heat
transfer and causes low Nusselt number values at the first pin fin row. After the flow passes the first pin fin row it
starts to mix vigorously and thus the heat transfer is improved in the rest of the flow passage.

An average Nusselt number was evaluated for each flow passage in relation to the Reynolds number. The mean
Nusselt number value was obtained based on the total heat flux and mean difference between the local wall
temperature and the bulk temperature. The result is shown in Fig 6. It can be observed that the average heat transfer
for all three tested flow passages does not differ much in the low Reynolds number range. In the higher Reynolds
number range (Re = 5000 ~ 15000) the heat transfer appeared to be always better for the channel with a = 5°;
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Fig. 6 Plot of the average Nusselt number against the Reynolds number for all tested cases

perhaps owing to the high acceleration rate. Not much difference in the average Nusselt number, however; was
found between the channels with a = 2.5° and 0°.

5. Summary

Detailed heat transfer measurements using an IR imaging system were conducted on channels equipped with
circular pin fins with the pin fin height to diameter ratio = 1. The Reynolds number based on the pin fin diameter
and mean velocity at the first pin fin row ranged from Re =1000 to 15000. Measurements were performed for
three different convergence angles o = 0° (parallel side walls), 2.5° and 5°. The results provided information
about the local Nusselt number peaks and the heat transfer inefficient areas. The best heat transfer was obtained in
the case of a = 5° where the flow acceleration greatly enhances the heat transfer, which is clearly superior to the
a = (0°, 2.5° channels. Only an insignificant difference in the overall heat transfer was found between the o = 0°,
2.5° channels. All channels displayed an improved heat transfer towards their outlet as a result of turbulence
promotion and flow acceleration (only a = 2.5°, 5°).

Acknowledgement
The authors would like to thank to Mr. H. Hiroki for his help in carrying out the experiments.

References

K. Balatka et al., Flow and Heat Transfer in a Channel with Convergent Walls and Circular Fins (Entrance Fin
Hight to Diameter Ratio = 1), Proc. 34th National Heat Transfer Symp. of Japan, Sendai, Vol.1, pp. 29-30, 1997.

G.M. Carlomagno, Thermo-Fluid-Dynamic Applications of Quantitative Infrared Thermography, Proc. of the
1st Pacific Symp. on Flow Visualization and Image Processing, Honolulu, Vol. 1, pp. 35-45, 1997 '

R. J. Goldstein et al., Film Cooling Effectiveness and Mass/Heat Transfer Coefficient Downstream of One Row
of Discrete Hole, ASME Journal of Turbomachinery, Vol. 121, pp. 225-232, 1999

J.-J. Hwang et al., Heat Transfer and Pressure Drop in Pin-Fin Trapezoidal Ducts, ASME Journal of
Turbomachinery, Vol. 121, pp. 264-271, 1999

D.E. Metzger et al., Row Resolved Heat Transfer Variations in Pin-Fin Arrays including Effects of Non-Uniform
Arrays and Flow Convergence, Intl. Gas Turbine Conference, Dusseldorf, Germany, June, 1986.

S. Mochizuki et al., Effects of Rib Arrangement on Pressure Drop and Heat Transfer in a Rib-roughened Channel
with a Sharp 180° Turn, ASME Journal of Turbomachinery, Vol. 119, pp. 610-616, 1997

Download service for the GTSJ] Via 216.73.216.124, 2025/08/23. —47—



A—10

BBARICELIRABMGEEXRSFRUEDNDSHEEAICHETIHAE
fRrigE— (BFXKI)

1 #®E

MBIV URRETST Y VETHBAENDLIT RS — U TIR, HHERRY A4 7 VHRE DD, -
Y AORE (TIT) OLADPELVOR, 2O L) 2@mBICEERALOR, ¥ - RARGHEMOERIZL S
EXANKEV, SBRIELRLTITOLAMEEENTWAON, BICHDER, SHZROMENLFHE, Lw
FBENS, TP LDY — ¥ VROGHFRFNIL, HEBOFHYBREEREICE TR TITRL, BFE 25
EESHICE CRELARIFLEICR L4, (RN ECEELRIHMFER SR TVS. BELIERKE
B LERFZE) BARKBEANTOREES A% L ) ERICTFRAT A0, EBREFIVICET CEMZEH
2 CFD GtERAENF) TOFMIVETH 5. 2, CFDOGHEANDLHANEELZES Y MRy, Fh%
EHT L0106, BRHMBORGESFEICHT ML ERIISHITITEERLFTOTL 5.

EEI, DHRERAREORENENLEZEHIL TAEERLTHETAHETEA - TR L, HEY 7 FRERR
ETNONMRBALERSMALERIL 20, ZoFHlE BELEE) T, 727V IVEOREBE T VAL R
FRRICBEINE U 7o, NEREREOREMNELZEREERICL VL, FERYEEE LICBIT2EEE—XK
THRZEFRBAOB L OMEP O RXREARGERLHET S, COBELEER, REERROBANTET, KAHD
BOELEBATE 2RI THNL, RBERPEIERETH > TORBRHEICRZERLHEETE D, )
FIEEELTWAS. #0710, XL LTH— Y EREDORL Y — ¥ L ENSREROTOREESHIICERH SN
Twa, LaL, 205HIEEICET2&R I THTOA TR LIREX 2WIKIRICH 5. BRERRZTAVEE
FEHRRERHNETORREE IC DWW T, 21T, Hippensteele %> Behle H®DHFFE CEEMICKRET EhTw
A5, BROTHRBE L BECEFEFAOMESORRIZGITITSBEOIEEED TV LENDH S,

FHRETIE, RRESEEACSIFEOEEICERDERWEICAL T, SHIEE ST 2EERETIIOWT
EENLRBERELT, SHIBEOMEICE T2 HRIZOVTRETT 5.

2 EHAIE
2.1 BEWLEE
BELEERIC L 2REERFHAEORE MR ICHAT 2. FERYE (BEp, L, BRER)) RUE
NIZET RN DBENFENENT, THLIRED L, NDRET, 2 A7 v 7RICETLER I ETH L, $E
PR AREOREIIRD & I ZREHEBHELERT.

T -T h?t Nt
=iw i q 6=1- — |erfi 2
) T ) exp(pca)e c[m) 2)
ZZT, T,-T. £RRE, T, RBRE, T, WEaiE A
B, h: BAGER,  BARE. EBOFMEITY, Hho i@ approximated
BEEAT 7 TRICEILSCL S LRRETHY, BE g | 77 T
EROBMOBNEFMT 2LENDH S, Duhamel D 3 ' e
BrEALH10L) CRAOBE LR MIEE o RN
LROMAER (T,;, j=1,.,N) TEBTHZET, £ A
FEEREOBEELICHET 5KX %850, P P
N 2 P : t + 1 1 1 actual
e §ofs),-7) o Bl AT
Jj=t I T T T S T T T B
h%t—%) ht—t; trn b e 0 Time
Ult—1;)=1-exp| ———2L |erfc L@ I T
, ! Elapsed Time (t)
wRE LAMBROTEHENPREEREOHREMBICEGR S >
BRIZELTIE, AREOMELFH S, 212X, R o _ _
RU@THE L REER (SRMEERCERTL Figure 1 Approximation of temperature rise by a series

of steps

B 1472 —t HEHhES
WA, 1999.8, (BBIL) 49—

Download service for the GTSJ] Via 216.73.216.124, 2025/08/23.



LTWa) 25 NIZLoTEDEHIZEIT S
PERARLFIERYT. TOBITIE, NI 2020
ETIRIZRRERDF—E Il o TV, fEA,
DREERETIS, N=4OERA L.

2.2 TWEH,IOFMKX

BEICEEC L BTEREMANICBIT 58
ZICELTE, BEEEPBICEZI oWy
DT, WEROBITFEOIMFEL 2\, T T,
Saabas LD FEFERFAWVE, FhlZr T, X
(W@ TEH SN A BRIEER ), OFE, L1, T
BORXTHET L LA TES,

28

Heat Transfer Coéfficient —

- 35
s L

[ L
N ,
e o

s X
| 3 &

i \
b=

c L

[=]
E -

25 '
10 20 30 40 50 60

. Division Number
Figure 2 Effect of divition number N upon the estimation

9O AT + PO AT 0O N 9O 5

M Oy T M PO T =Sy AT, + Sy AT, + Sy AT, +S,At + S, Ak &)

h - hae/ah =91, 84w T,“'g T, 24 T 9t k

2T, RODPEBBENBES, (f:T,, Ty, ..) & 0.3 ‘ . ' . .

TRENORTFOLOBREIHT S RREXOME £ Tg - Ti = 55 [K] — - -8,

BERBIHELY 5. RQP 5, HERUDHEEL 3 To-Tw=30 @+ . s,

(=pcA) BT AEEREIT, TROXTHRITHIC & o2l —=-8
' S

HETES.
199/ 1
"“ho8jon 2t
< _106/k 1
kT hoejon 2k
COMOBREREIE, FIIE

_lagjor, 1
™ "h o8jon  T,-T;

DEIEEENE. L2rL, TORBICITEELER
ELTRELRIZERLME TN D -ORBHITIEET
MCTELN.FDO0, ETORERBEFMYT 255
B, REET, -T, REGRET, LEERM, 2 &
k52X Ch R ERTILEND S,

B 3123, 3EEDEELRN TORERBOLE
DERETRT. 2B, WHMEICET 2 BREREIIMBD
B L EAHREWVIZNEVWDTI I TIRL TV R
V. ZZTORBOMER, Bt TOZARBIE
WA AL, B URESG T CRAEERIBVEE),
RFRIERE I T 2 BRERBAMMOBERIL ) A
ZROBENMEERL TV S, HBEMITESSLE
biC, MECHEY 2 RERE, HICKREERET, DR
ZICET A RREREMFXEMICE T 5. £l
FER AR DR RIERZE 3, BTl 7O — 7 (&
BAAE) OBERLETOREHFEICEERZIL)CL
TERSMZAZ LRTETH 50°, REREE, &
BEVMRATHUREORVRERES TEHET 20
T, T3 EEFLETH L.

6

)]

/hae/ah ®

0 10 20 30 40
Time [s]
0.3 T T . T T
>
= Tg - Ti =55 [K] — - -8,
= Tg-Tw=25[KI ¢ .. S,
S .S
B 0.2 b e T
S'
0.1 i—‘ ________ S S
00 10 20 30 40
_ Time [s]
0.3 —— T . T
Z Tg - Ti =45 [K] = — - -8,
2 Tg-w=250K = ----- S
g : L STi
S 0.2 sTg b
‘'t
0.1 |- {\_ """"""" R S
00 10 20 30 40
Time [s]

Figuré 3 Sensitivities for three temperature conditions

Download service for the GTSJ]  Via 216.73.216.124, 2025/08/23.



3 Figr&NER |
LROBERBICHT BB LB IR, UT TR, HESNLREEROTED SIECEET SRTOVL

DOPIZDOVWTHREEMZ 5.

ZRTHEDOES .
BELEETIIREY S ORECEN—RTTHRITE
HRRUIZHED) T L 2R E LT A, EBRIIEEHI
BWIBE=ZRTRIRTH Y, /-, REORAGEE
LEAMET—HTIERW. 20k ) BFE—KTHEINE
D& LREEROFEC LD L S 2B BE 45T
PERELPICTAILIEETHS. UTICZDA%E
BRTH. B, BREE-LUTI 0L, KON
TOEHE TR ICERTIET 5.

3.1

6 =1-exp(Bi® Fo)erfc(Biv'Fo) ®

ZZT, Bi(= hfA) BEF—B, Fo(= Fo=ar/i?) ¥
7=V LE, a(= A/pc) FBILEEE, | IAERRETH
5. HREXT 7 I NETHLETH L, a =0.12
(mm?s)TdH 512,

3.1.1 RESBOBHRE
FE—RTTHLEAEEDOFL LT, ¥ - ¥ &HIK
B BT ELFHRERE EF A L FR L3RI
DWTRET 5. D0, ESTHEORREZ
Z, ZEROYyFRIEEFED10ELTSH. KT
EEHE BB, ZHEIC L AEHEa - F2EA
L7z, BRI A4 5 - OBRBiEE AW, 38
AW FOBRBBREEREHZR 4R ER
DT EHITERELUA TIE, 301 x 121 &, &=L
Tid31 x31 5TH 5.
HEHEROP RS IIRT. BAEER, ITERA
D&THE(AB,CD) T—EE (100(W/mXK]) 25z Tw»
5 (FREHE 2T 5 Bi BT 1.12). EEMOPR
BT AEREEOR (M) TORERIE, RX@)T
EZONBBERLEIFLEAL—FLTWAEI R
O, — R ZALEDRENFEON TSI LD
5. —F, BELTOREELIE, Fod%0.041ET
LZFHT, R ZBREELY?S & ) BVIREIRE
NEBELBDO TV, 20 XS RREELIZ, EED
W4 F (AC) ODRMANRRTH S LIIE
S ENEO L. ERICARUCHEZ WAL ICEER
L7258, —RITHBIZEDRE» GRBT 5 Fol
134501612 F CTIE, ZDHRDBEEES /M S NI LA
BhrHLRTWVS,
ERETORIEED, ¥ -V URHHIIZES LT
BY, 2 CORGELXIBBT LI LIIEETHS.
8T, X (6) DLHWBALED 1 RtEEIREL /-
FETOFUEAALHE, 1 RUESELL TS
BICRET AT 5 L) RIREBLE T 5 RREL T B

Download service for the GTSJ] Via 216.73.216.124, 2025/08/23.

Non dimensional temperature
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Figure 4 Grid system for heat conductin calculation
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Figure 5 Timewise temperature variations on the top of

the rib and the inter-rib point, with a snapshot of the
temperature distribution in the test model

0.05

0.04

0.03

0.02

0.01

. - |
0 1 2 3 4 5 6
Bi

Figure 6 ‘Relationship-between Fo5% and Bi number




ST LT, REHLTORLEROFMATRICZ  Bi=112

5. 2T, REZOZKTHREIRNL L TO 08—
BRE%, Bk xS e THEBLA. H612, 2R
HETORELK(6) TH5ZONHIREL DENK
BD5% BT TORM (7—) T8) Fosq, & %
KD Bi B EDBRERT. $72, FOBORER
TEREE L FLERM L TICK (6) P L REER L UE
L, BREKLLTHGAREERLOEDOHE
(dn/n) EH L. ZOKROE 6 FIZHELT 5.

-------------------- x/e=0.033
--------- x/e=02
=== «x/e=0.367
-+ ——x/e=0.533 -
cebe - xXle=07

S 3 ¥R

Non-dimensional temperature

Fosg,\3 Bi B DBEMIC & D oMy 545, 12 e xie= 1033
120,03~ 0.04 DR R LTV 3. BEEROHEEE T e Vaer T
i B B ECH A 6B BETH S, T0% JX 8 xie=15%
KECHMLTWD, BCHLORHEMA L S SRS PR A Sy

op == ) Jru— - i . 0.1 0.2 0.3 0.4 0.5
R, 2REBICIDHEEREL L BEICEDL: Fo

DI, BRI ST RERMICET 5 Fold0.033
&Ebﬂxéﬁ%#&é Lhibhol, COE
ZRIMEDFELVATER TR SN RETCEORIERTHY, %W&uﬁ&%&%bﬁTéF%fﬁ
&6#,ﬁm®%éﬁw XEREREBOR LARLT - TH 5.
FROFENALNBEEICS 2 5 BB OV TRANLEREEIORT. EEROREEOHRICLY, 2
BOZTGEEDRE EFIRE,OHENIALE (x/e=05) TORELRELDLERNTHS. /2, TOHMS,
REDEBVRAFRIZERSBETHLILEDPD

Flgufe 7 Temperature variations near the rib

3.1.2 BizERO_RxM

DTFCid, RAORZEESTAVZRITHICENRT ZEE4C, BRELAFLEOL H)ICERT I 2T/, K
8IZid, BRI EZEI KB CORBMNLBEERSFHAIOED BiEAHA () RUZODHEEBRERLE LTS
REBEORERE LAY, XEOTHEHHENIBESH L OB TRLTWS, ZO#ER, kTt L —%kTat
BIZLAERIZE, BROTOGEBEZBVTIIEN W LAHRETE /.

3.2 -7 TDEE _
BELEETCEIROREORBNE(LETS 20K ETHETALENS S, EWBESMOBRAEILE 2
RUEEHRE LTHE T 2HEE LT, RBERERARETAEERLRa—F 14 V7 23HEICEA T2 HikE, K
SHRES Z2HHTAFENZELONLY, ERELNVOMEAL LTI, IR M7+ —< VAL EDHEHTI—
T A Y TEREFBERTW S, DT, BRETORRN LB CTH S BRIBES L REFHAIERALLEED

------ @ Xp=0.2 (20;
- xp=02{1D
—a— xp =03 2D;
- 3--- Xp=03 (1D
1= e X/ = 0.4 (1D)
‘© ....0-»~)(/p=0.4 1D
5 —a— xp=05 ZDi
.é censfe-- X =05 (1D,
8, 0.8 e R
g L /G’/*
E 04 ’v L o
5 L4
5
2 02
‘ A O
% 2 4 6 8 10 0 : 02 03 04 ., 05
x/p : °

Figure 8 Effect of surface heat transfer distribution upon one-dimensionality of the heat conduction
(left : Biot number distribution on the test surface right : resultant temperature variations with time)

Download service for the GTSJ]  Via 216.73.216.124, 2025/08/23.



Configuration (b)

s |_iquid Crystal Layer
s Black Coating Layer

Configuration (a)

Figure 9 Coating layers and the substrate
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.1 Substrate (Acrylic-Resin Plate)

Table 1 Thermal Properties

AIW/mK]| plkg/m*]| c(ki/kgK][ x(mm®/s]

Liquid Crystal 0.223 900 9.910 0.025

Black Paint 0.443 1000 8.920 0.050

" Substrate (Acrylic) 0.21 1190 1.400 0.126

‘Coating Layer Thickness = 25 um
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Figure 10 Effect of coating layers upon temperature rise
(Coating thickness : 25 um)
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‘ Figtire 11 Effect of coating layers upon temperature rise
(Coating thickness : 10 um)
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Fig.1 Effect of nitrogen injection on NOx emission Fig.2 Effect of nitrogen injection on CO emission
characteristics in two-staged combustion, using a characteristics in two-staged combustion, using a
small diffusion burner® , small diffusion burner® .

| Secondary air holes | Dilution air holes]

a)Tested burner rbustion licneyr

. | E "
Fig.3 Tested 1300 °C -class combustor
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K3, 20MPa FTHE SN H. IEOENFTRELTAW NS, R BB EZERITZ. Th
ZNTFERICLOVEOCRE L TME I, BESIMBRINS, /o, ARBETIIRERICEE
HHAT BT DITN DR S 4 BRI SN T3,

MRBERRSEBR T, BEOREEN RIIRFZER Uictk. MY 7 MITH A4S & RBEGE
BEND, BEEH ZRMHIBBH X HEHI L >T. NO, NO:, CO, CO. O:RUTHC
DEBADEG A IND, BEESHOA RBESGIX. 5HF 7 MZBAUKC3SKDORB Y -
BEMNILDEFHIING, IS5, BRI ONBEE IZIZH 40 KD ¥ — Z AR 1mm O KEIBE X
MATVUVRABIZEDEE IO, RIS

GENEHIZN S, Table 2 Standard test condition

2% 2 13 1300 CRRBESR DEHEHH 2 D KBRS Tair : 330 °C
HETRT, EBDTS T FTid. N:/Fuel . Tfuel : 310 C
*HRE L.15kg/kg THBE®KBRDTF Vb NﬂFueESpply ratio”:: 0'?8 l:g:/kg
THERINEH A0 Y —REOEEIMEER Tex : 1400 C
FHZ B U C/NE O Z & E 2N O RE v | 490107 Wi Pa)

MNESLS L POBE50~330C)E D HIK

Table 1 Typical compositions of the oxygen-blown coal gasified fuels

Gasifier type Fixed Entrained

Fuel feed Dry Dry Slurry

Developer BGL® Shell™™ Hycol® Texaco

Composition , :
60) 564% ~ 652-67.8% 55.2-59.4% 40.9%
H2 25.6% 28.8-31.0% 31.1-33.7% 29.9%
CH4 6.6% 0.01% 1.0- 2.0% 0.1%
CO2 2.8% 1.0- 2.8% 7.6~-10.4% 9.5%
H20 - - (Dry base) - 12.3%
NH3 unknown 100- 600ppm  unknown unknown
H28+COS 2ngm - - -
Others(N2 etc) 8.6% - : - 1.3%

CO/H2 mole ratio 22 22-23 1.8 14

HHV[MJ/nr*] 13.0 12.2-12.3 11.3-12.6 9.0
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W ENDL N—FIRETOKREEBE L ER Table 3 Typical composition of the test fuel

&Iﬁ]%&?—él EXHBMELT, RERTI Composition  CO 314 %
N 2 /Fuel #t#4 l3 % 0.70kg/kg TEHHE 2 &4 E‘im 22;3 Zj
EUTRHE Lico & 7oy SEAUMRBHELEGIZ DU oz 20%
T3, R 3ITRT &L D IZ HHV A% 88MI/m ° _ Eﬁo 50 %

(CO+CH)/HEIVHA 1.2 28R L LT, p— st/m (2100kca1/m3)

LHV 8.1 MJ/m3 (1940 kcal/m?)

4. ERERRUER

AELch Ao ) —HREA 12 *r%méskowc\tﬁ#%ﬁ 2R 2 BT B E R EBRIC & D BE T
BESHRORES L IRB LU BERE IGCCHAN RS — B VIR E LTOHREESERT 5,
4-1 BRI B I BEAS 1 _

B4 H Ry - EVHYAREER I EBEOREREMEESHT LR T, ERTIIMREERA
FE/1% 1.16MPa. N:/Fuel 448 % 0.7kgkg T—E & T A RH4T T, BB ZEE LUON HE
ZRALIBBIEICIDH R —EVAMEERI R, ¥RI—EVAFRNLERT S &, BREER
BHEREZ ERTAERERTA. BEEEENR OB U LA EREYUEHITE T, BHEE
(348542 800 CLIF E MBI D INEAGFAREE (850 CILIF TH D . T4 7S BREESBR B S A HEENE Sh
TR EBDINS, T, WTHOHRY — EVAROBAIC S —RBEEFESOBEREEIL 700
~ 800 CERT I LN N—FHIOIZRE
L7icKEDEREIN TN B ZENEEI NS,

IO EDD. WANHY E TRIBRERE

HelRd B EMTEIEELB, 1000 T narue0 ko | JC THAR
K5 dpkges i O X 18E % 1400°C. N2/ 5:. 800 . P L1oMPa S ;g:

Fuel {44 lL3 % 0.70kg/kg T—FE & L. BRHEZE £ e \/\ %
MESEEAS SrmeommasmaEs £ |/ -~ ]/

BERT. CThORBBREAIEN T, 5 ) el

MEBRERE IR0 CYUTTHY B & 4l | B— =

HERES+2THB - Edibh B, £, —

BT, RERAES O EFICEL, BEEEE 200

BERT S EBRMSNTOS, Bk o .20 400 600 800

Axial Distance from Burner mm

23 TIEN 2%%]3%%5?‘.[@!%@% ICHEH U R Fig.4 Combustor wall temperature distribution using
ﬁZﬁE%{&Té’ﬁ‘TL\é c‘:i)‘b\ EHO the gas turbine load as a parameter.
HENEETE» 7D EEZ B,

75 v MRRIN ORHASAEE T RLE SR '?W“ “ [
BYS UV MNOERBOSTIIHRY —EV D& 1000°=:
BERHICK > TEMT S, K6 IZMBEIR~IK o
95 N A BEEI B/ IBEDOMRBERREE g’. 800
HiRESHEERT . ETRERICLBZAKE k]
%H T TOXRER @ LRRIC. N—FD25 3 600 R s o
BT BN BERMMSEHI LT D—RBR 3
PR OBRHRESRIBIIETT 52 &% 5 400 =Gk Tectao0t
B, Thid. NeEN—FDOEHIEZT , e YT = L
EIZ& Y. —RBRBEFIR D BRBEA X IR B DMK 200, 200 200 600 800
TTabEEIONS, cOLHIZ. No% Axial Distance from Burner mm

Fig.5 Effect of pressure in the combustor on the com-

NWN—F5ERERZ—RIRBERBICEES bustor wall temperature distribution.
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10 : : : : 100

Na/Fuel] NOx | CO || p=1.2MPa
145 | O | O || HHv=8.8MJm®
1000 e 80
£ & c
g 800 -~ 6 a
§ § | g
= =
E 600 e 4 40 8
— X O @) F
g ] o— —0
HENC8 BVm i —g=—0—
- 200 f 0 — — ' — 0
0 200 400 - 600 800 0 20 40 60 80 100
Axial Distance from Burner mm Gas turbine load %
Fig.6 Effect of nitrogen injection flow rate from the Fig.7 Effect of the gas turbine load on combustion
burner on the combustor wall temperature distribution, emission characteristics.
M B AHRITED H—<IVNOXDAEFIE & 40 —— e 20
725 RS BB A 2B ROITHRD X e | e
B, REREFRELERTE 5, —H. = E ol T
RBBEFIK B L PREH TR, —RBREFBD & | g A £
A LRI Na/Fuel f4a ADRIINIC 3 e &
WEEEREII DTN ERT S 50D, Na/ 3 e A - LA B L
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BRI 100 CUTTH Y +AmRE © 10t S
BEXBON TN B ENDbHB, - k_’»!/"'”
Fhoo C RS UL - DS, BRIEBA LS S i e RO
EAREBE RS0 BIGRRTH 3R HR 62 04 o8 o wpa | 21418
ZBIE T HRY —E AT 25 %4 Fig.8 Effect of pressure in the combustor on combus-

LI E D& T 0.05kgf/cm LT & FEEENT tion emission characteristics.
btz 0
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16 WHMEDLUTICHHAITEX 3 &b 3, Zhid. K6IiTRTESIC. N2 N—F0 o4t
T5IEICE D —RBIEFESICE T 2 R SRS ENRITER U. N OXEREMHITE
HEEZONDB, —FH. COBFHBEIZODWLWTIH. WTFhOAFIZHE T H 10ppm LI T LKL
BRIEN R T 99.99 L L EBERTX I,

BREERSNE T, BRIBRBICHELRITT I ENS. EAOHEII >V THREIT L, B8, B
Begs i O4 RIEE % 1400 CT—E &5 %M T T BEESSNET & B4 DBA% % N 2 /Fuel %
RS RA=F ELTFRT o WTFNON:/Fuel 8 HRIZEOT S N OxPEH EBE IRBEBRNES D
ERIZEOBEINT AR ER Lic, §Hb B, ﬁtﬁ#&iﬁ%ﬁﬂi{&ﬁ oy —RERREESE © DA
ERBEIZ. NOxPEHEBEIXEI O 02 FICHA L THN Uiz, I ZTIERBESSD N 2 /Fuel it
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Fig.9 Some retrieved fragments after burst test
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SiC/TiRBRA 1L, SiCHRMEZ —HMIZERR LiR{E L72UDM CTH Y . BHESHERIINZ% TH D,

2. RBAF OEHE

1), (B)IZ5IRABR TRV _EHEORBRA
R&2TT, (AIZHIPRFEOTIEE SPIO)RILEBR L (A & oa
REBR A (CARTI-HIPRER A & Foil§ ) R CHIPRRIZ DSiC (S ____”fﬁl_/ o
CS-6) HHETRILTiA 4 (SPT00) A BT EHR H> HERER L 7o 38R ! ] h
Fr (UESIC/TIRBR A & 58 8) Th B, (B)IXEER *x &L =

DTiE 4 (SPT00) A HEE U= R (A2 Ti-Rol11BRBR Ti-HIP and SiC/Ti Specimen
LEERT ) THB. (A)ORBITIL, HIPRPBHZ Y TH %
B Lz, BIMEERFEMEEOEEER LY SHEEL

TERWED, DOBEHOEERKEL Lz, B, Tidd | -
(SP700) DAAFRIITi-4. 5A1-3V-2Mo-2Fe Tdh 5, —/mLT"

20

R s e e
USiC/TiRRBRH OB H L% T%, Ti-HIPRERK KR USiC/ Ti-Roll Specimen
TiStER K13 HE120mm, 45120mmDHIPELTEAR A & ERER Uiz, 1 HERAOMBRK
Ti-Rol13XBR H 13#E120mm, 45120mm, B X lmmDFLERRTE
AR B RK IS K MASELH B2 B & DRI LT, ik T Tae

N | -1 IO sicks
R 1 HIPREOBERHE ottme 0 g
— Tig&
B B 775 °C £=0.12mm
3 V3] 118 MPa : Ti-HIP SiC/Ti
R 120 min 2 Ti-HIPRERF$ LUSIC/Ti
HAMBRBRAOHEBA®

E14EHI RS - HEHIES
PR OO, 1999.8, (RRIL) —117—
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BIIERECH LI S RBA OM RS OME S U TIORT, M3 I34RBRAOFIRBS
ThD, HEIIRBRAOEE, MEIIEHTH D, RRA DLW, SIC/TIEAMRRA DEF
4 DPHASIC/TINBRERA & L, FEEEAH b2 BFT CIINGRBRA & LTz, SIC/Ti-NBRER T 13t
DSIC/TiBRBR A 1T b =B 383 & AMET Uce SiC/TiNABRER A i, ﬁﬁﬁﬁﬁémﬂ#wmﬁumlf%‘&
B RECHMESEH L, SIEMREMET Laoix, #

20008 1

HECHEDN L UGBS R TE R\ EX DD, —— TENSION‘ TEST_:
B 4 i SHREORENRBHF O3 FRIEE CORN—0F ¢ "0 EEoE
KR ETRT, TiHIPNIRBRA OHE. BRI S7131040M ~ 1000 FER —— u——
PaTH b, ZDLEDVTHIF0.98%THD, BRRZ g ;

BB LRSAIE1000MPat TET T 5, ZDHOTHOH & see 0 s/
MEFTEABHEML, OFH10. 7% D & X 5IRMS o : A Ti-Rol

1 2 3 4 S
( Specimen No. )

3 HERBRAOSIRME

1069MPalZ 72 o 72, FEEFBONI15. 1% T&H D, Ti-RollN1
HRERA DBE. Ti-HIPNIFRBRA D & 5 2B R A% OBER

RISTHE T34 Uiz, BRIE/113932MPaTH D, 5IIR 2000 ,
B & 11982MPaTH U, TiHIPREBRK OBIRIME (LA 5o [ A
8 %5, SiC/TIBA DHE. EROWRSRRZDR & ooall | 5 TR
NEAY ORBIER L, R2IEMEORRAOBIR @
BB T8 b IV Tc B B R O T 2R T &

e 5 18 15 20

Stratn ( X))

4 EERBROEA-UVTHHE

Load
cell

3. ABH®

51 3REREA I INSTRON-1185%! J7 BE AR BRAEE (LA44 5 | 3R
B L o9 B) A L, K 5IC5RABROH
ROMEZTT, SIRRBREBOo—FRere sV y
FH-COT o SEEOHEMEIZ. SIRRBREO
FIEHZ DA/DEMEBRERBE L TTF — F EFEB O

INSTRON
Controller

]

Wjﬂ

e VF NI e (PR Ty LRI B) I Specimen
. Strainf—
ASILle, RBAOOTHEZMOE Y FOTHY Gauge 21| Gaige k?::

— Y (PBOTHS -V LRRBRT R RTI V v LT Computer
—UTREL, X, 7uazx~y FBBEZ XA Y

N —DTRE Lic, OFTHRS =D L F A X~ —
VOREMIL. A/DEBRBERB L TRY aXZAT Converter

Dial

L7z, BIRRBROBEBBEBIXV T ALF A LT/ =2 Load Gauge

/EELL%T Lv’to B, ZJuix~y FAE—F 5 SIERBEBOHAROEE
% 2 %ﬁsﬁﬁwglaﬁsﬁf“ﬁﬁbxvﬁﬁ
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: SRS HiEE | K7yl | MERY | B B

Ti-HIP 1071 MPa | 127 GPa 0.27 15.1 9% | 4.46 g/cme

Ti*Roll 972 MPa | 110 GPa 0.33 15.1 9% | 4.49 g/cm

SiC/Ti 1770 MPa | 203 GPa 0.24 1.3 % | 4.09 g/cme
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130. 5mm/minTdH B, BIRMBERORBRA X, HFER 2000

e AV CHEBRRIROBIE, EERNETEREGL ¢ 150 L T
HSEME B3k 3) 2 AWV CRE DB R % 1Fo 72, § - ——— Ti-HIP-N3
g 500 , ,/
4. Ti-HIPERERF DOF|HRMER ° A
BB OBEIISIRARA & A CEBEOM120mn, e 8.5 1.8 1.5 2.0
5120mm, JE X 1 mmoD 4 K OBERABRFARER S 2 AV Strain ( % )

CHEWI L4, 46g/on° DEHEL BT, EoicTinpy B O THHPRBRAOES 0¥ 28R

~NSRBF DOTH 2% E TR~ OTHERE - 300

FF. OFHIY Y v P S —COMUBLRDE, < 9 i
THHIPNL, NZRBUTILEER CEBTH BN, oy 3 -
FORRBNRBFITOCE O MMER L RoTe, B . —

B, OTH2%ETORA—-OTHBEL, o 5

BORBT & BT BT, MOBBRK LFALAYS ° e e isa  2e0
= TR LT, BT NIRRT ORSATHIIMC £ 5 B Sirese (e

B 7 Ti-HIP-N1EER B DR 1 — 2t
MERORBERT, IR, SIS N T ' R FT DI 71 — AL AR

%, EMERIRRIFIZHRE LSRR COTHROANT—F P HHE Lz, A0 HT50
MPafeift & CHMERIT125 GPaTIIIE—E TH D, 800 MPall L TIIRIET L7z,

X 8 1 YA EEE TBIEE L7oTi -HIPRER A D5 | BB 7R3, BEWTERAT i B A
DF v %L THRETTLORTND, HEHRILIINL, N2RB A O—8 % RV TRES BB E HH
WA DIT R AMTREEE Ue, Z i, BIROTi-Rol1RERF DB BN £ D108 ABHREE L 72 RIR
LBi2D, TIHIPRBRA OBA. BEEFMICHDICRANBEE L0, Tid&EoEB L
WKIBELENRT, TRYBECHVWEHEEL DI,

NIRRT O 5 RAEERILE RS, (A)IXRI8 (1) D LT

& B R O

) Ti-HIP N - S T IP-N3,§~;€$"
8 Ti-HIPHER /i DS ISREIRIKIR
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HTHD, (A)ITid, EBHMEFITICHIVEROT RV ESEENR XD, B)iX(A) 0—#Eik
KU, (B) DREE DRI, WINEROBRE L EBETELDT 4 VI NBETHDH, —H
EHUNERBER S I BAM OB X o> CTREBIZTSENT TR EoMIRETE 5,

2000

5. TiRolIBKERK DB AR PR B
R A OBEIT 4 KOERRBARRBRE 2BVT = o ra-ao..!-m
KR L4 49 g/on’ DT E R, KI0WZTi-ROIINL <o L e
~NSRBRA DVTH 2% E TORH—OFHERE & . T TR
RY, OFTHIII UV o —UTHIILEZHBUND ) 8.5 1.0 1.5 2.0
R7c, IEH—OFTHEBRIIERBRA & bIIEEE Strain ( %)
PR BB AR LTz, 10 Ti-RollFABRF D 1 — U9 A Hh#R
RIILZNIBABR T DG THEINCfE D B RDOEEE - 54 |
RF. BHERIIAW O HIBMPanBIHET & 25 Ti-Rol M1
1106PaTHEIE—E TH 2%, 350 MPa X 5 & % 00
BPERITIE T LI, B e :
B2k EF B TIRE LT RO A 03 F T
RERIE T, SRR OWBTEALIIER v ) se8  leg8  1se@ 2000
FUITNRELTLURTWS, §REERRE B Stress ( MPa )

B &N, Nzﬁ%ﬁompgj;m@qag%ﬁﬁm B4 B 11 TiRol N1EER DI — Eﬁ'ﬁzﬂﬁa’fi

SEHF I LB AR IR 525, R R S L IEH R A BT LT,
K130 (A). (B) IZSEMEBIEE L7-NIRRBR DB RREERILZ T (A) 1120 (1) 1257 LI 3REBR
FOTRKETH S, RBRAOESHIICT Y @IHSELCTHD, MEORRIL. (B) IR
T EIICKEIBT 4V INBEETH DN, T4 FVEEEBEEFHOTY EoMSREL
T35, 286, TIHIPRBRA O§FNYEL, TIGEEOHBEIC LD RBECTESFMICE DL, 3

(3) Ti-Roll-N35:E

(1) Ti-Roll- Nritsﬁﬁr (2)‘ Ti‘ Roll-N25LER |

B 13 Ti-Rou-m%itEﬁ}#a)ﬁ&ﬁseﬁﬂ%i
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VERIOEE FRR RS ROEWNT, BUELFEOERICI DB TALLLEBZLND,

6. SiC/TiABRA DFIFRMAR
SiC/TiRRBR A 1. HIPERTEARIZ 5| ﬁﬁ%fﬁ&oﬁﬁmwman%:m) T DEFMRE Ui,
REBEAOBEIX, AKOEERRBRARBRR ZHWTER L4.09 g/cn® DEHEEZFT-,
K14iZSiC/Ti-N1I~N4RER i DR E TOIE A —OTH MR ERT, SiC/TiREBRA DIEF1— O
FTHHEMBRITIT, ERBPFTNHI Dknee RBE LT, kneemMBE LB DIk~ MY v 7 XPSEHIRIC
ELEHA, XX, EEMEIOBBRNIRLBESBE T HA08B X bhvd, Bt Tk
LIEEEMBIORE, < ) v/ ROBMEREE CLEMIRE CER L & & TRKRRRT X
SICHMREI R D, v MY v 7 APEMEREE CTOHRE, BUEFAICSIRABEBN L ED
M M OMMREEIX, E=EfVf+En (1—-Vf) TE&HEN5, X, v Y v 2338
BMETER LIZE XOMMRKEIX, E=EfVf+ (don/dem) VaCTEZEENIS @, XPD
VIIBEEFARTHD. BRFO | midEN T, <~ ) v 7 XERT, 2B, KI4RT
SiC/TiHAME DkneesliE. K 6IRT~ bV v 7 X6 TH B Ti-HIPRER F OMEMEIRIZET D
RNCAE U, HIPFZBREMBHIRIBETHRESH S, FIRBRISHP < b v 7 ZRTAE T
5, 20D M) v REMOGE LV /NIROTHTEEEENRELD LVWOIRENRH DY,
K146 . 2 TORBRA I knee RD> DAEEE TEBRNI D, ZHELIZITHE LWEEIZTRT
ZEh, kneeidv MY v 7 APEMHIRICE LA LCLEEILND,
RISIZ R AT D Bt RO ZEE 2R T, BIEROZEEIIEV AT H650MPaE TII it R
207GPaTIEIE—ETH Y, knee/L & T2 1000~1350MPa TRAMIZIET T 5, 1400MPa%#B 2 % L 58
HR1126PaTRE L, 1ZE Y MY v 7 AMOBMER L FEOEIZR o7,
X161t F KB TR U 7SiC/TiRBR A OB IREERIL 2R 9, N4BRBR A IIHIPRRIZRE DT
BISHOEB TRV IZ L DB Y O OEEROREICSICHHENSTEH Lz, SRR ORMTER
WX, ZEOSICIEBMENS| X RITTEH L TWD, MEERII3MOBBRF ZNENER > TV,
BAMP OB OREEE & BB L, v~ Y v oz @ﬁ&ﬁﬁmmmﬁm&ﬁ%&k%@
ENBes, SHEREMEIC X o CEERBERN 2008
KizolttBEX LD, RITITHDH5SEMBE LT 1500 | e /;“(
NIRRT OB IRER IS T, () ESEOSE. € o0 |

% Vo — sic/Ti-Nt
(B) IASICHRMED | & 3RV DL CAEME DIKTEMIE  § gop |7 - so/mme
ThB. WOv R vy AW, Eromss © | f = Sormme
D, Zhit. HIPRERICK O BB, REEFE ) 8.5 1.8 1.5 2.0
EEOEIBIMLERCAE Uz, e~ Y v 27 2D , Strain (%)

14 SiC/TiEHERA DK H—U§ AR

308

SECGHEEL TR Y., 5] EHKIT BN 5| X

Ti-HIP-N1

EONTCRDBH D, Wl L BHEOM B4 T &

B —HAT TR, (B) RBET 5 LSICHMOH £ 200 el

i, BAEAPEHEE OBHER % L b3l § s , \\/
AMETHLB~EPIETHD, v F ) v 7 RORE g 100 ==
BT 4 > PGB KRES Th B, SIC/TiRERE %, seo leoo 1508 zeee
DT 4 FEEE, TIe@&RBRA OF 4 > TV Stress ( MPa )

B, MEOES B VSR HS, “hid, B 15 SiC/TEERF O 71—t R
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1) SIC/Ti-N1SAER B~ 2) SiC/Ti-N2GER v

ﬂ163@ﬁﬁ§ﬁ®ﬂﬁﬁﬁ&ﬁ

s

»

1 ’ sI Fr——
1 mm 50um

B 17 SiC/Ti-N1GtER A DM ESEMETES
U D2VREETREMT L7c7e e B X b, SiCHBMREORKIBFBEL T\ 5, BEREIX
WBONTHDN, RIS LS NeMMNBROND, SiCE#EOREIZIIT Y v
RLEDBILHEEZRDB D a—T 4 TREHY . FIBEL-RRIISICERERE D=2 —F 4
TRLEZXDND, BBHEOTEMNI B RV BHEDS X HRITH L H ORI OHET D &,
SiC/TiHAEMRBRA OMMEREIIHORBE LZLEX OIS,

7. HLnx
SiC/TiE EMBID< Y v 7 XK TH BTiH IOV THIPEIE R OEIER I S R/E S LD
BRRATiEE&0O5HRRER., 77 VEBIROMEE LCEASHREN TV BSIC/TIEEMEI D5’
RERZITV. UTOMERERMEELEL, B, BEZERBRFOEHETH D,
1. HIPERIETIA&RBR A D5 |3EMR X 1X1070MPa, M ERIT127GPa, BEEIT4. 46g/cn® TH B,
2. FEMRFTIAEHREBRA DO3IEMR & 13972MPa, HMHRII1106Pa, FEIX4. 49g/c*TH B,
3. HIPRFEROEZERFTIE SRR OB R UNIAE & bN15% TE LY, BRIRBROREH
—OTHRREL, FIFIISSBMET T34, BEIISHOETE R BAR2EHERLE,
4. SiC/TiEAMBRBRA D5 |3EMR & 1X1770MPaTHIPERFETiA &~ b U v 7 FFEHT 1. 6558
VY, BEMEERII203GPaTw b Y v 7 ABBHILEARL 65 EV, BEIX4.09g/cn® T FU w7 X
MEIDR2% TH D, MM HBONIL 4% T Y v 7 ZMEDI. 5% TH B,
SiC/TiEEMBRBRAITIX, HIPRRER OB RZE IS R OMMEL S| DE NG OB THA Y B3 4E
Ui, BEISOBER OB OERFISHR T NS LOMBEREH D Z L idbhol,
BE IR
() BRN : ERRVERBILOHEESHBOBRE LS HOEM,. BRERESVVRI VA, (1997), P.13--16
@) BAM, fh: FF U EEESHBOMBET L O BB ~OBERHEIOTE, JIBETHS, 1295, (1997), P.8-13
(3) BAHWMESE. HIRER., SRS OMERK
(4) WFER, b : SiCEFBMMEIRL Ti-24A1-11Nb B ASE ORTE X TREBE. HK 1, Vold6é, No.7, P.787-794, July1997
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Tid&R VU SiCITiHAHOMRARBRLEERR [

* & BE f@F BIE, AT % /NT R
(W22 5 5 B IRTRIF )

1. I ICHIC

RALEESR (SiC) Efekiel L V(L L= T &% = v AEBEEH (SiC/MY) X8 BEHE &4 (MMC)
O—REEE LT, HEvE, LBENE WD, TRAZ—EY UV P UCERT I ENPRFT ST
5, BELIXIZNETSICMIZOWT, ik (EE) mAEE) (V) L, MElomsss, &
AL OEAERIZ T BMELZFICERL 2 3, ZhETHEHEBERICLY, SiCMiH O
BRI, RS AERBMT S LIETL ; £, MEREROBBGFKESLV X (HIP)
BB EE 900°C & 950°C T3 L BWIRED T NERMENE T T2ESHALNT o,

A TIE, BlEREE SiCMi MEOMEREEEME L, 7 HIP JE@B A LS~ Y 2
ZWEALBRREZER T 2 BRERHEZRET 572, HIP RIBREZ 7TI5°CIETTE 5 Ti-
4.5A1-3V-2Mo -2Fe (a+B%, BV v FEE)F ¥ =v 544 (NKK : SP700™) % v iz SiCMTi B4
MOERABRF Z8ELZ, £ LT, BB I L THORMFAMTERERBREITV. HEOMAT
HWEMBERFME Lz, REBIC, MHBEOMEWRVIAL (FOD) FEEfE27®, RBAICLT
B ERRR Y EE L. F L EN LM OREFRMEZ ML, S0 L i L, R
BIER LY. SiC/ITi HAMBMEBROEIZE bRV, FEHFIARE DAL & MBI DTSR IREE D
Bliz—B L., SHESARIEVERETL, £k, AUHESERTHURT S L, ZBEOHBD
AR I IATRESH LV N+ 5 Z L BSEERR S hi,

2. XA —————— 000000000000000
SP700 foil (t=0.12mm) SCS-6 SiC (=0.14mm)
AMEICER SNORBRA IR 4T S, S—
ZDW 3 BEOMEHT CVD-SIC #ikk CODCO00000O oy
(Textron SCS-6™) &L SP700 &&E4& e R e

11 BB L. HIP LT 120X120
X1mm DEFERICESLLEZBDTSH
%, 11 @D, SiCFBHBEILI TN EH 0,
2. 4 THY ., BEIhEAMOBMGRE .
BiX 0%.16% & 32%I12 %725 (K1), i @ LREIC. BMEHERE OSMEERIIR—Fm <, 84
HERTIE—HT (UD) ML E SN, HIP BIERHEITEE 775°C, £ 118MPa. &%
K] 2hrs THD, BHESARL o OREBRA L HIP HTHE L12¥3— SP700 MicfEY L, LI
HIP-Ti ¢ RFEET 5, T—F &3 57%H, RAL-HETEERFED SP700 F % =7 ASEHRA
(Roll-Ti) HHEL. HIP i CHUE L 7obrbl & —HEICEREIT o 72,

Zero Ply Two Plies Four Plies

B1 SiCTi#ESHEOEEFR (3 EE)

1 4WH RS- A RFHEHES

iR, 1999.8, (B
Doﬁ@ﬂf-v%’fm the GTSI (\ﬁz[l) E[fg.n 216.124, 2025/08/23. —123—



3. HARBR

ZHE TIT o I B O TR BRI IOV T O T
ix, BB IS L—EOMRE Vi THARRN L. R
ZITRW-BROBHROBREEE Vr 2HAILE, S8R
26725 Vi-Ve BERIZ & 9 MEHOTHETRIEEE 2 519 5,
ZORBRFECTIIBMARB —KT (Vi W) EBER
F—R LOELNRNED, HEVEYTIEARY, FE,
BAMBHCRT 2 AR ESER L S ARBERY It
BB L ERRERNBELND Z LRI TS 4
5, ABFFETIL, ERRABRER L BT 520, £EE
ORBF I T AEEEREITO £ LICHARR LT
o

K 2a i3HARBROMEL R, RBRAX LT KD
RFUVVAMT L—ATRE L, TVIovrisdils
By ZICEETS, 7oy idHRERBEOS 0 2y
FOEEESN, Imm/min OEETELRSES, X
TV VARET (plug) X LOFEEICES S, BRR
FHRLEICR LA NS, FARBRSBED, HANE
P RUBBA P LD I AERES TN TN R
Du— eV RBRFEBICREBEINTZZ ) v 75—
X VEEEh B,

BROBRER L F CIZ, RBA (120X 120 mm)ix 7
L— AEEERS Z R < AREIRIT 96X96mm TH 3B,
FRAEFEIRITER 12.6mm O¥HRTH B, EBEOE
BRIEF %2 2b IR LTz, 800

B2 #ARBROEER ()& BE(b)

ﬁ'ﬁﬁ&*ﬁ'@ﬁﬁ%&?_ 700

& (P-owhiR) % 31T T,

8

B2 PSR CIk, FEBRBAKS
5 AR RO RIZHE,

g

-
——
—k—
—f—

Ti-Alloy-Rol !l
Ti-Alloy-Hip
SiC/Ti-2Ply
Sic/Ti~4Ply

FELHEML, 2V ()

v —71E (P1) \ZHEY 5, P1
RIS EmICARISRET
BRFRICHIST 5, REEEASBASA

Plugging Force (Kgf)
i

TAHE, WMEIXW-7ZAPL &

DELBNEEE, OBTE 100 ®

—v—71E (P2) \[CBET S,

ZHIIEFBRBRAICTY - B o 5

53 R RREE U723 BRTE ~ELil

Plug Displacement (mm)

0o 15

K3 HHEOMATE - TR R
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BIZHIET 5, & 25 HIP-Ti #3465 ©, BB ORIIEERRKEDOGE TIIRL . BEN—
RUTET D, BT, PLRE P2ZRAVERY, Y FHEIX Roll-Ti M OITEL 12725, #FIARIE

. 5/ )
BEOFEFNVX—EBUTORTHESNS : E = [Pd6 ()
0

3: ITMABRBR ORIz OAIIRIE L, AFFED$12.3mm DOBAEEE DRSS, 20mm (= 5FH
Llco BBITRY 4ARD PSHRN L, FHMEO E 2R L, FARRT —F L —#cR 11077
H1OTFT—INLUTOEMNREND : 1. FLL SiC/Ti MMC # T, #i#aBmRITE T Y,
BOMAREIES . RBAOEBFRETRNAF—HIE ; 2. Roll-Ti & HIP-Ti i3 &,
BRHAREIIRE S B3R, BBERICEET I = IVX—RIRLEETHS,

_R1 BEHEORAT—F

% Pl RizbH | PlEME |P2AbA | P2 AHE EiEE OHE
(mm) Kegf) |  (mm) Kegh) TRVF—(Nm)
Roll-Ti Alloy 5.244 409.4 7.263 413.3 43.0
HIP-Ti Alloy 7.275 781.5 — — 400
SiC/Ti MMC (2Ply) 4.626 370.7 6.331 345.1 34.3
SiC/Ti MMC (4Ply) 4.109 225.1 7.531 311.6 27.2
Strala Gage on Specimen Surface

Fsfeaved LED Campreased Ny

4. EEARR

MROBERBICE S EBOT T Y 7B jmyouioe |
XK da, EFINRBFOFEEIIE 4b 12
T, BEZREN AFHET12.3mm DAF—
WVEHER (EE7.6g) 2FHL. AR PO
T BB S5, BALDOAKEE Vi
CREEE Vr i3 e EhARARIFICEN
=07+ b — BRI EF 2 RE
TEEES AT TRHET D, RBRAFOKE X
KON ORI CER[3] & 6] U, BAREE
EOAIXLRIOBmET — 7K ET A I AT
DRI, BET VFINETEIAZ
(Kodak Ektapro Motion Analyzer HS4540)
AW, BB, WAFORIHT—F
BICE—EOT 4 MV —OMAE
BFERWE, a

BEEN AT TRELZHAOE
BRESHHO—FI 2K 5 1T~ T (&
B K : 4Ply-SiC/Ti, Test No.3, e
V=108.6m/s), BALOBBIREREL B AT Yy
5L T3H, BEOREFOERITHK Tl m—

High§ ymi
Viden Camers

Memory 1| CRT || Video Priater

4 FERABROBMER L 5K
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FHERZ#O IR Z BV, K50
BEETRLNZ LT, BBRAZHEE

VAVARD'S

Y.EPSd

U7 LSRR Il L 7= Bl b b B, 4 v

7 Va7
EMBEDRIOEE (1-3#%KE) TF% 48V ////
B ¢, BADONE x TRV | x-¢ HiR pd . e |

7 d i A W2 dour)
(EE—H) CESEREEEOT 1AV e

BEEHE LR, V, =46m/s DIE o gl I
2B, FUHECEIRRR (K T |
THHE) OBREEEELHELL (B | '

6 ) ° 0.004 rlll-ﬂl“ 0,008 0.007 0.008 0.000 o0

TIREND DIXEE e B 6 REHEOHK
BRBR TR Vi-WrTF—FT 007 |5m/

ST 28 He 10 s T | - TPO (Vor=115m/s) :

HB, BEEBPELRN>TZR 180—:- . TP (lor=103w/s) //
ROFER VA0 L5%:. B 01l . w2 Gor=t03ws) .
ED-d, B 7 IZiXETE[3] 11 - w4 (vor=sin/s) ’ ////
TH/EF— & bFT. TP, gm? . T4 (Vor=bin/s) y /4{
TP1, TP4EHE., EhE 5,120-:— I Present (Ti-Alloy-Roll) / ~
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SOC (FEH) »_ERR[%] : SOCBmax 85 85 85
SOC (FEM) DO THR[%] : SOCBmin 75 75 75
SOC (754 A —)\) OFHME%] 100
SOC (75 A 54 —n) O ER[%] : SOCFWmax 100
SOC (754 A —N) DO TFR[%] : SOCFWmin ' 16
FESRE (BEM, BFEEF) : ab 0.6 0.6
FEERE (BEM, Z1E) : yB 1.0 1.0
BRI (T4 KA —, ERERF) : aFw 0.6
RERE (FF7AKA—, BILE) . yFw 1.0
BESRE (EEh) : B 0.4 0.4
4.4 MREFHGH T

REIVEAEEOEELTMEEETH S, L L, HEV O R RFITRE L BETH B0,
T ORBITERIEEICH L <. H— I EEED 2V, HEV TIIETREIC L > TERNL D
FHHLEBEIBRSZWGEAIIREIZT LR, ¥OBRAIIEI 2D, 2 CEITE— REZHEEREY
BUTEFREOEISGEL 2B L E 45, £ TEENIV AT AOMEEFMEIZ 50 VA 7 VI TERD
EEAVWSZ LT L,

45 HEHRERUEBLZE

% 3 ICHEMRREEZTRT, TR 7ICEBHD SOC DEEIEILEZ TR, 774 KA —NVEERERE
® SOC 132 D FRRICET B = & #372h o D TEMT 5, ON-OFF #i# (ON-OFF) Tix CGT
LB RIIF A BRIGEVVEEZ R LTSN, BREEBHINEREE—F 2B ST 541X
10% 5 &ERITIRV, —F, ARHBRHEIE (LT1. LT2) Tk COGT FH#hIT 30% ol & 1%
OTHAINEEBRH NIV EET—FEEHIEHEIEIT T0%~0% LBV, ZhbiXFRZEnD
HIEFEORHETH B,
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LIHT, HEH
HAONBEEE—F % 10 MODE
BB S ¥ A FIAIXLTL ' :
kv LT2 DENRKX
v\, LT1 Ti& CGT 2%
BiE L ¥ 5 EEEHKIC
RAHETIRHADT
_RTikEEHERA
AT .
DO ETIZTEMH
HTITH. BElERE
TEMICLRET S
BaEnh b0, B
SEob ol
iz, SOC MEd : 5 5 ‘ ‘ _ . | 5
L N T BE ‘: i¥ L —C & 700 ;5 1I0 1|5‘ 210 2;5 310 1;5 4I0 4‘5 50

BIEBRLICKET S ovcles

1}&%753‘%7%07‘:7*:&)}: X 7: SOC DRFEIZE1L

KL 2ot Fio. NAE—FOLT2 TIX SOC B EF LTS, ZhiZ 10 E—F&E D H82E
— FOFREET I VERZN D TH S,

HIREBEICL Y EEM CEEINDFHEREN% ON-OFF & LT1 Ttb~_5 & 10— FTIXLT1
DFBPIRNH, NAFE— FTIE LT1 BEL 2oTW5, AFHBRERIE CIXE4ARX CGT 27
A4 FY 7 REBIZLT CGT DR RN F2REHTRINL, BEXE5, ZOBK. BHIZITE
— 2L OEEBH L RERNPODOENNRKEENELI LT3, bL, ZhHOBEHNNEOR
KARETEEHZBLTNVELE0 1 BOBENNERS NS, AFEREEHHE CIRERDBEIC
WTZDXIRZ EMNEI D, ON-OFF TH ON RiE FEERE) TEHAPMTLILTONIEREE
EHVERES N D NN S B35, OFF RiE GERERRE) TIXEABHOH TRERH L2
VW, Lo T, EbOAERES N B EHNEVDNTETE— R ON-OFF 1872 ¥ OflEREIC b5
BINHZOTHICIEEXZ, AAE— FCERBS 2 BABSVOREIAEEARKE S,
BOELEVD L EE L bRS, LT2 TIFAFOETE— N CREBEHBREBHICEL LT3,
ZAUT LT2 TIHEAT RV F R COT Bl = RN ¥ 2 @AM T T A A — NV TRIR L 727,
BRI HE ) KEARHSF, EBSHAEN S KIBICHDY LEn S Th B,

RICER[B) DT 4 — B NEDOMEET —# AT HEV &5 4 —ELEOMRELLET S, #
BTCITRTONLTY v FYAFATTF 4 —¥/LE%x LRV LT2, LT1, ON-OFF OIETE,
Lo THRBIIE CGT EHBIR Y 0 bREMH A NEET— 5 BB SEHHENAE < Bl
XiEZL, ON-OFF #lf & v bATBREHEIENTHD WA D, i, $hEBUMEL 774 KA
—NEBEBOHRRED THIZ LAEND LN, NOx HHHEIZTXTONATY v KX
TALATT 4 —ENELYEFNIEN TS Z EBbMd, EZ2AT, NOx HEHEIZLT1L & v b
LT2 &\, CGT @ NO x HEHHEiIZZ OFME 2 & Y AW TEVZ L A3bH 5, LT1 TIX LT2
L9 SOC A TIRE FRERIZEENREZ=HEDS CGT HARERM L2 ETREBICL > TiX
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NO x BEHEMB D2V FE b H D, LA L. AHATIZ SOC A TR%Z TE-ZREIIFHHEICE
BETII L ZEERTH> THRERITOE TS, T4 FABED NO x HiH I3RS O
BIZHATIIADTEN 0, RAMITIZ LT2 Ak DSV MEE 2257, LT1 & LT2 & NOx ki
BOEPARE—RT 10 T— FEY b REVDIIEEREO 5D HBIE B NRE— FTIXLED
51%. 10 FB— KTiX 27% & "R E— RDOFRLV )5 THh D, ON-OFF HlIfz >N TixFESIT
BRRHARETHHOTHHEIRLS . BB, BEDFICBRT SO TETE— FITKEFET
LEZLND, | |

#&3 FHERER
ON-OFF LT1 LT2 F4—EL

10 INA 10 INA 10 INA 10 PAYS
CGT 83 [%] 39.6 39.6 34.9 33.9 34.8 33.7
HEBH AP EREE—| 181 18.1 81.7 72.6 89.0 90.8
& % BREN X H B EIA[%] ' o ‘
EEMCRIBEIND K 1.26 | 4.76 0.848 6.62 0.013 | 0.426
ERESkWh]
WRE [km/] 2.92 2.00 3.39 2.33 3.55 2.64 2.3 1.8
NO x Bkt & [g/km] 0.211 | 0.301 | 0.221 | 0.294 | 0.210 | 0.252 14.0 19.5
5

¥FI v I HAE—EVEAVEEBERAN 7Y v R A5 AIRE. NOx HEHEIZHW\T
FA—ELELVERTNDZ LD ok, i, CGT EEHEIT ON-OFF 4l % ) bATE
RIS ENTBY 774?4-»*%%@%&%?5 Lk 0 FicHEERRET A D L b
733’9 T\—o

BE R

[ MBEEREMALE > ¥ — BBEA CGT N 7V v R AT ACET 2 RS E 1993

RIFEEM/INEET Iy I TR 2RAWZEBERNSA 7Y v FVAT LAOMPRE 12 BT
A G — U KERIRRBIRRIE, pp.199—204,1997

BIEERESEBER/NY, KHH. BEEGT FA BA =T R F— /XTAUJI%E% ¥RE 10
FBIF E%ﬁﬂ%ﬁmé@kmﬂ% pp.33—36,1998

[A1AMEEEE I > 22— CGT N1 7 Uy FEREHEOHREMEREE, 1996

BIEAFEET Iy 7 AR S ORARME, B AN R & — b %45 Vol25 No.98,pp57—
60,1997
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