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Study on Mixing Phenomena in T-Pipe Junction
- Temperature Measurement Test in Pipe by Liquid Crystal Sheet -

(Research Document)

Masaaki TANAKA*, Shigeyo KAWASHIMA**, Minoru IGARASHI*,
Kenji HAYASHI*, Akira TOBITA* and Hideki KAMIDE*

Abstract

Temperature fluctuation due to mixing of hot and cold fluids gives thermal fatigue to
the structure (thermal striping phenomena). Investigation of this phenomenon is
significant for the safety of a fast breeder reactor, which uses liquid metal as a coolant.

In Japan Nuclear Cycle Development Institute, experiments and numerical analyses
have been carried out to understand this phenomenon and also to construct the
evaluation rule, which can be applied to the design. A water experiment of fluid mixing
in Tpipe with long cycle fluctuation (WATLON), which notices thermal striping
phenomena in the T-pipe junction, is performed to investigate the key factor of mixing
phenomena by reason of long cycle fluctuation observed in a plant.

By the former visualization test, it was showed that the flow pattern of branch pipe jet
could be classified into (A) impinging jet, (B) deflecting jet (C) re-attachment jet and (D)
wall jet according to the inflow condition. It was confirmed that the each jet pattern
could be predicted by the momentum ratio of the each piping fluid.

In this study, a thermo-chromic liquid crystal sheet was put on the inner wall in the
main pipe, and temperature field on the wall surface was visualized. We established a
new method to convert the color image data to temperature data. And measurement
uncertainty of this method was evaluated=about 2.0 [°C], using by the typical picture
in the temperature calibration test.

From the temperature fluctuation visualization test by liquid crystal sheet, the cold
spot was formed in just downstream region from the outlet of the branch pipe in the cases
of the wall jet and impinging jet. Since this cold spot moved in time, high value of
temperature fluctuation intensity was shown around the cold spot. And the validity of
this method was shown from the comparison of the thermocouple data installed in a wall
surface with the temperature conversion result.

* New Technology Development Group, Advanced Technology Division,
O-arai Engineering Center

** NESI Incorporation

*** Thermal-Hydraulic Research Group, Advanced Technology Division,
O-arai Engineering Center
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£3-1 BEIERL— b ORERERHE
LRETEERYLESE SRS L E AR LS
- PEEEC] | SREEIC]
BRI =A% | gy 7w | P07 TR (Lgpiny 7 7 )
CS_LTo01 29.50 CS_LT30 29.65
CS_LT02 29.98 CS_LT31 30.03
CS_LTO03 30.50 CS_LT32 30.53
CS_LTo04 30.98 CS_LT33 31.01
CS_LTO05 31.48 CS LT34 31.43
CS_LTO06 32.01 CS_LT35 32.08
CS_LTo7 32.47 CS_LT36 32.56
CS_LTO08 32.92 CS_LT37 33.04
CS_LT09 33.43 CS_LT38 33.44
CS_LT10 33.98 CS_LT39 33.97
CS_LT11 34.38 CS_LT40 34.38
CS_ILT12 34.88 CS_LT41 34.94
CS_LT13 35.45 CS_LT42 35.47
CS 1LTi14 35.90 CS_LT43 35.81
CS_LT15 36.39 CS LT44 36.66
CS_LTi16 36.90 CS_LT45 36.94
CS_LT17 37.38 CS_LT46 37.38
CS_LT18 37.87 CS_LT47 37.84
CS_LT19 38.43 CS_LT48 38.47
CS_LT20 38.91 CS_LT49 38.94
CS_LT21 39.37 CS_LT50 39.44
CS_LT22 39.92 CS_LT51 39.91
CS_LT23 40.38 CS_LT52 40.32
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x3—2 BEKERR
(BRERB— MEETERERE LSS
O BERESHFOER?S
CASE | o SR HE[C] 5% (25.0<T<45.0) [C] | X
['C] Ratio*
Tave1 Cavel {dT1] Tave2 Cave2 |dTz|
CS_LT01| 29.50 29.49 4.31 0.01 29.52 0.40 0.02 0.002
CS_LT02] 29.98 29.90 1.57 0.08 29.96 0.38 0.02 0.002
CS_LT03| 30.50 30.47 3.19 0.03 30.53 0.42 0.03 0.003
CS_LT041 30.98 30.89 1.75 0.09 30.96 0.35 0.02 0.002
CS_LTO5| 31.48 31.26 18.72 0.22 31.39 0.94 0.09 0.009
CS_LTo6 | 32.01 32.40 23.61 0.39 32.07 1.84 0.06 0.043
CS_LTO7| 32.47 32.86 15.12 0.39 32.47 1.13 0.00 0.015
CS_LT08 | 32.92 32.77 9.06 0.15 32.88 0.94 0.04 0.010
CS_LT09| 33.43 33.32 9.53 0.11 33.40 0.92 0.03 0.010
CS_LT10}| 33.98 33.82 10.25 0.16 33.96 0.80 0.02 0.007
CS_LT11| 34.38 34.19 4.30 0.19 34.28 0.64 0.10 0.004
CS_LT12| 34.88 34.82 1.74 0.06 34.88 0.32 0.00 0.002
CS_LT13| 35.45 35.38 1.56 0.07 35.45 0.17 0.00 0.002
CS_LT14] 35.90 35.84 1.59 0.06 35.90 0.17 0.00 0.002
CS_LT15] 36.39 36.38 10.19 0.01 36.40 0.55 0.01 0.005
CS_LT16| 36.90 36.12 41.74 0.78 36.87 2.29 0.03 0.066
CS_LT17} 37.38 37.39 24.63 0.01 37.28 1.16 0.10 0.018
CS_LT18| 37.87 37.82 18.93 0.05 37.85 0.87 0.02 0.012
CS_LT19] 38.43 38.03 24.27 0.40 38.50 1.56 0.07 0.032
CS_LT20| 38.91 38.73 18.94 0.18 38.87 1.28 0.04 0.018
CS_LT21]| 39.37 39.33 11.62 0.04 39.53 0.97 0.16 0.010
CS_LT22| 39.92 39.83 11.59 0.09 39.99 0.96 0.07 0.010
CS_LT23| 40.38 40.23 11.57 0.15 40.31 0.99 0.07 0.009

Tavgi=2(Ti;) /N,

o1={=(Ti;— T2 /N2,

dT=T1— Tref,
Error ratio =(N—M)/N

N= i,

Tavgs= %(Ty;) /M
o2={=(T;;— T2 /M}V2

dTo=Tg—Trer

M= iXj (25.0<T};<45.0)

-+ +(25.0<T;;<45.0)

-+ +(25.0<T}<45.0)

-+ +(25.0<T;;<45.0)
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#3 -3 BEREER (L@
(BB Y — M 2EF LEICRE LGS

EXCEX SIS R EIR I OEIR %

Tret . B . Error
CASE C] [C] %% (25.0<T<45.0) ['C] Ratio*

Tave1 Gavel l dT: | Tave2 Cave2 | dT. l

CS_LT30 | 29.65 29.71 8.94 0.06 29.72 0.72 0.07 0.008

CS_LT31| 30.03 29.96 5.55 0.07 29.99 0.52 0.04 0.004

CS_LT32 | 30.53 30.47 6.20 0.06 30.54 0.47 0.01 0.003

CS_LT33| 31.01 30.91 10.48 0.10 31.01 0.76 0.00 0.007

CS_LT34 | 31.43 32.26 12.77 0.83 32.20 0.90 0.77 0.006

CS_LT35| 32.08 33.00 35.14 0.92 32.31 1.25 0.23 0.018

CS_LT36 | 32.56 32.71 34.24 0.15 32.59 1.11 0.03 0.016

CS_LT37| 33.04 33.16 39.06 0.12 32.96 1.08 0.08 0.015

CS_LT38 | 33.44 33.77 54.97 0.33 33.32 1.08 0.12 0.022

CS_LT39| 338.97 34.08 69.00 0.11 33.65 1.44 0.32 0.015

CS_LT40| 34.38 33.95 9.37 0.43 34.01 1.39 0.37 0.004

CS_LT41}| 34.94 34.89 2.88 0.05 34.94 0.36 0.00 0.002

CS_LT42 | 3547 35.45 2.02 0.02 356.51 0.31 0.04 0.002

CS_LT43| 35.81 35.72 1.52 0.09 35.78 0.23 0.03 0.002

CS_LT44 | 36.66 36.57 6.63 0.09 36.66 0.42 0.00 0.002

CS_LT45 | 36.94 36.78 8.52 0.16 36.82 0.41 0.12 0.003

CS_LT46 | 37.38 37.36 15.38 0.02 37.32 0.62 | 0.06 0.004

CS_LT47 | 37.84 37.86 19.89 0.02 37.80 0.87 0.04 0.007

CS_LT48 | 38.47 38.29 27.13 0.18 38.36 1.07 0.11 0.012

CS_LT49 | 38.94 39.09 36.32 0.15 38.77 1.41 0.17 0.026

CS_LT50 | 39.44 39.63 42.24 0.09 39.42 1.71 0.02 0.045

CS_LT51 | 39.91 39.80 49.04 0.11 39.71 2.01 0.20 0.067

CS_LT52 | 40.32 40.51 53.35 0.19 39.92 2.19 0.40 0.080

Tavg=Z(Ti; /N, Tavge= =(Ti;) M -+ +(25.0<T};<45.0)

o1={=(Ty;— T1)2 /N2, oo={(T;;— T2 /M}V2 - --(25.0<T};<45.0)
dT:=T1— Tres, dTe=Ts— Tref -+ - (25.0<Ty;<45.0)

Error ratio =(N—M)/N
N=ixj, Ms=ix] (25.0<T;;<45.0)
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29 30 31 32 33 34 35 36 37 38 39 40 #1

Temperature [°C]

(b) THEiim

3—6 HMBTOZR

(a) ERPD

120 —o—Red
-»—- Green
110 | —— Blue

100

90

80

60 |

50

40 Lo —
29 30 31 32 33 34 35 36 37 38 39 40 41
Temperature [°C]

(c) Ei&im

IRk B IEEE
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120

110
100

90

80

Luminance

70

60

50 FROEEEMHEESID
40 : l RE
29 30 31 3T3 34 35 36 37 38 39 40 41
Temperature [0C] TGreen:32.6[°C], 34.1 [°C]
Tred =31.2[°C], 32.6[°C]
Ttrue:32.6[°C] TBIue :326[°C]
A2 R G B AND
1 29.5~30.0 0 0 0 0
2 30.0~30.5 0 0 0 0
3 30.5~31.0 0 0 0 0
4 31.0~31.5 0 0
5 31.5~32.0 0 0
6 32.0~32.5 0 0
8 33.0~33.5 0 0
9 33.5~34.0 0 0 0
10 34.0~34.5 0 0 0
11 34.5~35.0 0 0 0 0
12 35.0~35.5 0) 0 0 0
13 35.5~36.0 (1)) 0 0 0
14 36.0~36.5 0 0 0 0
15 36.5~37.0 0 0 0 0
16 37.0~37.5 0 0 0 0
17 37.5~38.0 (V)] 0 0 0
18 38.0~38.5 (V)] 0 0 0
19 38.5~39.0 (1)) 0 0 0
20 39.0~39.5 0 0 0 0
21 39.5~40.0 0) 0 0 0
22 40.0~40.5 (V)] 0 0 0

3—7 RGBIREFHOHREE
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Tref
[oC]

B OIRREG (I Z HIER)

EOHE B 2% LB ORED A

29.98
(LT02)

32.01
(LT06)

33.98
(LT10)

35.90
(LT14)

37.87
(LT18)

39.92
(LT22)

M3 —8 EEREFRO—F EE THZRE
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Tre = 5/ N . Y
o) | ERORKEE (RELHIR) EDBS IR Lk ORENT
-40,0
30.08
(LT31) I
300
'40.0
32.08 ‘
(LT35) I
30.0
'40,0
33.97 '
(LT39) I
300
'40,0
35.81
(LT43) I
300
.40,0
37.84 ‘
(LT47) I
30.0
'40,0
39.91
(LT51) I
300

X3—9

BEREZRO—F (R LEE2&RE
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®AE BESTTELRER
4. 1 BB

HEANT A — T, FEEFCERED (1) RERBEZ. (2) BEFEHmELT
b5, BEOREE (FEEANE 150mm]) / (EEEEPE 50mm]) =3I2E
EENTWS, & 1 HRBITIE, b2 HEER NNy 7 7 ITEAL Ar L—FE—4 (H
HE 1W]) 23— MRIZETEZ D (L—¥F——1F) 2XRE LTHRVOBEZ
28| RS OREEFRMER Lz, BEEERFIGARROBEE, 1 -
2ITTRT L ICE/BHEEDEIREKIZLY, (A) HEFERSERE L2 BB
LRSI DBEE &R LT Fiicih T < EZEmEfR, (B) KEEEMS T
FULER R BTN B RAER., (C) BEEFERIIEREOFLHETREET D2,
ZFOTHTERIIAE L THRNBEMNEER. (D) BEREAOZREEmmICH>T
PN D BEEER, L4 ORBTBICHETE DI LERLNITLE, Tio, B
EERIIAREFE CRELREZH LR L, BEERETRELE/F LS REITRE
TRRBZEEHALMPICLE,

%4 — 1 CRREGEERT, RBRIIEESHE 0.5[n/s]. 1m/s]l. 2[m/slizxd LT
FREHRIES 0.08[m/s] B 2.05[m/s]F TEL S B TEM Uiz, BESHIIEEER
AJEEE 40[°Cl. BEE AR 30[°Cl1E Le s, a— /W RARy hOMNEZHAREIZL,
BEZOEEPRNL O, KETHABESL 25[Cl & UTRRRSE Y —  OFHE
SEE FRAEEE 15[CIE LERROERE L, BRBRFON A TR I VURASOMA
BIIE 3ETRALEY T, BERERR - RABEOFETARAERZERE Lz, &
ERERIIN 2O QPR30 7L—a  BE-BELTRIIZOOH 1 oEZER)
L L7z, BREESEER OB ESERREOFMIZIT. EET —F10RET —HIC
T LT REEN, REEREOCSEE THS 29.5[Cl0 5 40.5[Clo&HENICH D D%
BT —&E L, FRUNDOS DITEFEE L UM OHER L,

4. 2 RREKEY— MCIXIEESHAERER

M4—125684 - 4 ICEREREEY— ML HRICEGRZEET —FICE#RL
T OB TSR ES R NBELBRENHICOVTRY ., BRTFHRESR IR
ELHHEIL, UTOERICHE > CTERE L KEE OREE TR L TRLTY
Do

* T"T
T — T I;t:nch (4)

main branch
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\/Z(T,- -1,,.)’

T, = (5)
rms N
N T
T rms —_— (6)
T main T branch

Z ZC., Thain : Eﬁa%&?ﬁ-g\ Tbranch . ﬁﬁa%:(ﬂ%g%\ Tave : E#Fﬁﬁﬁi@?ﬁg‘ N: %‘l‘?ﬁ”
RE (1800 & (60[sD)) %27R¥, RRCIEREOMELEEL T, IREOWES
NS v, KEEEROKEF T, TEEHEOEIMCI K- T, BieEr (K1
— 2 A) POBEERER (K1 — 245 D) ~L8{T7T5,

4—1 (1) b4 —1 (3) ICHKEEFHED 1.00m/s], RESE 15[CloEL
WZOWTRY, FEERES BN 2EIC, BB — 2413 LC_23—LC_24—LC 25
—LC_01—-LC_02—LC_03—LC_04—LC_05—LC 06 L 75,

REFHIRESORERN B, LC_23 (HREW) OF — R T Ii% LEic
BN DIRBWEIC L2 a— L N ARy FRERENLTWEZ Ehbhs, B
EEHBRERZIZIOa—ALF - 2Ry NOFEITEVEEZRLTWS, LC 24 (Ezens
i/ RERER) O — R T LC_23 (HZ2MER) X 0 EEETENELS RoTWA T
DIZ, BEE»DOERAEEE FEICEHRTAIMNEN FTHRAICBEH LTS, Ui
L. LC_24 (HEWEWH MEMER) OFr—ATiEa—aA N 28y F3HE3 - &
BTERV, LC 25 R LC_01 (RMMEH) 0 —2ix. RA—0kKE&tETcrhe
NEEPORE LIS — AL TRAPOBE Ly —XTh 5, REEHE TR, KRS
0> 6 OIERBFREITFICEREOHFLES 2 5 48, LC_25 (E&E 7 Hi8%) & LC 01
(TE»OHRE) ORMATEHUEEMMELETS L, LC_01 (FTEHLEE) 2Bt
DIBMEDFPMES 2o TRV, BELEHRESMELTILLC 01 (TELHB)
DHEPEBRETIRELS Z2oTWE, ZOREE LTid, BEEERDO%S (Fria)
WCELLSRIMMORELEZ DI, RAER CIIERED L OREREAI IS TE
(KEEHERR) 2 OFLEICHTTHEND bDEE L B3, LC 02 (RHWEyE,/
BEER) O —ATik, LC_01 (RAMEMW) DOFr—R L) RS TH COEES
MAARICEN TR FEENOOREREN L VBEEMEEZHL TS 2 Lish
15, e, BEXEMEIX, LC_01 12k~ T, LC_02 T, LT (MToht
B) TEHDPHE, PLETEHEN LV hBHRESHRL Y HEEICR>TV5,
LC_03 (BfIEHEIf) DOFr—RA Tk, BEEOREEICRBHATRNTRY . Kiies
OB 2 itiy, BELEEE & Tl & CRIVHRIC Bk & 728 B AR 25 4
CTWDZEhonDd, SHIEREEMELEMSETW &, LC 04 (B
JEEEPEYR) D7 — AT, REBHAHEEICENTRBY, a—L K- 28y FOFAK
BEZbID, LC_05 BLU LC_06 (BEEFEF) Tit, BEED b OEREREIZ X
DI—)V R ARy FBFRINT WD, RELERREIL, BEEHAE: REIC 2
—/VRZARy FORETEVEEZ R LTS, FUEEEHETH > CTRE st
@ﬁﬁéLQﬁ5EMUM®%%%m%?5k\iﬁ%@%ﬁﬁﬁ<&of%:—w
N« 2Ry bOZHBRBLCZOLERY (T BERELAAN, IEEOR
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WAEIT U, RERE» L ORERENR X Y EEE TEICH L2 65 DIz,
HEZORENRA L ThHE, RBROEE (2—V K- ARy ) BTHRFT MR
TWL Z ENFREENS, LA L, BEFBENLOIXZOI I RERIZALNT, 22—
VR 2By NOXFROBILIIR bNiehoTc, RRREMFOHE T, FEE
FEEOEMIZ X - THREED b ORBRIRAEIRFEF TEICH Lo 6 d 2, R
K EE R OEESENERE OEGHEITH AN/ S <2 Y | BOEREHRAC
Yo TEEREL OBAMNMEESH, MAEDHREBAT VA LTRHERE LTHMmER
DOELBRBNRPoTe b EZBND,

EZEE T4t (LC_23) LEEEMEHSAM (LC_05 BILULC_06) THERIND =
— VR 2Ry ME, FORTUTRELEHRENEL R TND I &nb, 2= -
2Ry NOMBAEH L TWDZ L RELZLND, BRERRY— FOEBEERNP G,
a—)L K- 28y FAER &R BRANcmAFRICERIC (BTIETIR) Bl
TWBZ L AR L, Zhit. y—< VAR TA LV TRBITHRELE & LT
M LEL LN TWEESEEMREFROLE TIXR L, EBEBEMRES M 2TE
By M ETAERERNEEORELEFZERLRTIEIRORVWI L ZRLT
W3,

M4—2 (1) »bH4—2 (3) 1T, EFELLEENMEOBEREZADLILD
W 4 — 1ITR LI — A b EEEDOWES 0.5lm/s] (K4 — 1 D7 —XD54))
WEFEL, EBELREZFACICLTIT 2 RERBRICOVWTRT (3o T, EEREEWRE
BT o TVD), ZOBE. BREZEIT 15[CITERIIR, FEEETESEM
+3EIz. Ry —2x41% LC_29—LC_30—LC_31—LC_13—LC_14—LC_15—
LC_16—LC_17 &72 5,

MA4—30bF4—410, BEZEDEBEWIIEZEELANDILDIC, BREE%:
10[CIZEFE LI RITOVWTRT, ‘

B4—3 (1) »bM4—3 (3) IKHEEFES 1.0[m/s]l, BEZE 10[ClOHE
ICDWTTRT, ZEEFEAEMT BIEIC, BB — A 41X LC_26—LC_27—LC_28
—1LC_07—LC_08—LC_09—LC_10—LC_11-LC_12 £ 725,

M4a—4 (1) »bF4—4 (2) \HEEERES 2.0[m/s], BEZE 10[Cl& Lz
BEAIZOWTHRT, EEETENENT B)EIZ, Rk —A41E LC_32—LC_33—
LC_34—LC_18—LC_19—-LC_20—LC_21 &725, 7z L, BEEHEZ 2.0[m/s]
L LTBA T, BEEERAL L RIBREALMGERET DI LR TERP2IL
DEMEER/BEEERETORRE L,

FUEBEELOBELHETS & SEFRBEOEBESARELNTND Z L3R
3, bbb, SEEHKLZ Re MOHE THIUEL, EEEILHAE LT ITHENTRE
NER > THERESERIFEOEE LT L, BEEHRESINRELHRE LR
BOofmeRdZ Lilbholz,
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Fd4—1 REBRLMH
Flow region Momentum Main pipe Branch pipe
Cose Poutony | ratio Mt | Qel?lel [y py | Qlmdtel | ey
CS_LC23 | A (Above) 0.10 10.3 (0.16)
CS_LC24 | A/B( T ) 0.35 19.4 (0.30)
CSLC2 1B ( 1 ) 0.67 26.7(0.42)
CS_LCO1 | B (Below) 709
CS_LCo2 {B/C(C T ) 1.35 38.0(0.60) | 40.0 (1.0) 25.0
CS_LCo3 |C ( 1 ) 2.00 46.3 (0.73)
CS_LCo4 | C/D(C T ) 4.00 65.5 (1.03)
CS_LCO05 D (1) 6.67 84.5 (1.33)
CS_LCos6 10.0 103.5 (1.63)
CS_LC29 | A (Above) 0.10 5.2 (0.08)
CS_LC30 |A/B( T ) 0.35 9.7 (0.15)
,CS_LCSl B (1) 0.67 13.3 (0.21)
CS_LC13 | B (Below) 3.54
40.0 25.0
CS_LC14 | B/C( T ) 1.35 19.0 (0.30) (0.5)
CS_LC15 {C ( T ) 2.00 23.1 (0.36)
CS_LCi6 | C/D( T ) 4.00 32.7(0.51)
CS_LC17 |D ( 1 ) 10.0 51.7 (0.81)
CS_LC26 | A (Above) 0.10 10.3 (0.16)
CS_LC27 |A/B( 1 ) 0.35 19.3 (0.30)
C81C28 1B ( 1 ) 0.67 26.7 (0.42)
CS_LC07 | B (Below) 709
CS_LCo8 | B/IC( T ) 1.35 38.0 (0.60) 40.0 (1.0 30.0
CS.LCO9 |C ( 1T ) 2.00 46.3 (0.73)
CS_LC10 | CD(C 1 ) 4.00 65.4 (1.03)
CS_LC11 D (1) 6.67 84.4 (1.33)
CS_LC12 10.0 103.4 (1.63)
CS_LC32 | A (Above) 0.10 20.6 (0.32)
CS_LC33 | A/B( 1 ) 0.35 38.6 (0.61)
CS_LC34 |B ( 1 )
0.67 53.3 (0.84) 14.14
CS_LC18 | B (Below) 40.0 2.0 30.0
CS_LC19 | B/IC( T ) 1.35 75.8 (1.19)
CS_LC2 |C ( 1 ) 2.00 92.2 (1.45)
CS_LC21 | oD T ) 4.00 130.5 (2.05)
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FOE BAEXCLIBPBHBR L OHE

5—17bRS5 — 6T, FEWHE TRENRy — R OB EEEE L IR ELE)
FREEICOVT, BER 2 AV THIE L SRS NEBEICB T AFRRE & 2 B LT
Y. MOERIIRRTSRESATH Y . AAILNRELEMEL R LT3, BE
HT K DFHNE, 0.02[#] (50[Hz]) OFRRAMIFET 120 B (6000 /&) FHAILTH
0. BHRWESE Y — N CRHRIRFRER B AR OB ELE L EA TN,

5 — 1 ITHEEEREL 1.0lm/s] & L7zBADFRENETOBRITEHIEER &
WBEXFREOH#S R (FWMEMRNGE) 26 27T, (a) HREEETIIERS -
EElL (b) EHERB LY (c) BMEER. (d) BEEERECRERS TEAls T
L, £72, B5 — 2 10 BEEHRE % 0.5[m/s] & LEEA IV TRT,

me & ORIERER & THRIMEIZEND R LN 5 2, x=0.1[mm]~0.3[mm] o> &5 F ¢ g
BHEEZEHLTHIFASHAOEMIZ—HRL TS, BELHBEIZAORA
(x=0.0lmm]) ®ELFMTARERELZRLTRY, FTHREAILVbIT—L F - 28y k
DHIBTRERQIBELHRD Y, BRTNEERTHE 2039013, K5—1 (b)
BEUKS5 -2 (b) ZRTRAMEKTIE, BREESRESFIIRNFIANIOEE—E
TEREIFNEW, B5—-1 (c) BIURS5—2 (c) IR TEMAEBHROBL L.
5—1 (d) BIUKRS5 -2 (d) ITRTEEEROES. BRERIZX 2HEET
FAT% ICBERSREOE— BRAOND, ZhLEELHOE—7izon ik, B
MEEDHDINEIZ—AV R ARy hOBBTHDZ LREL LN, BREHERIZ L
LHRE TITRIERERRENWI EP DL T UHMEIZTER N, o T, EBRMT)
S/ LNDMESMRLEENT L DBELMRIERRS L CRET 2, BffEms
MOGE LEREROEE T, BEEHEESFIZEL T, x=0.2[m]»5 0.5[m]
T TOREABRICEN A OIS, BAEERL 0 bBEEEREO S NEEARITE
2o TS, BEER T, KERRA7— /L OEIC LY EEEH O BIEHIE.
FBCE BT £ O BETH IZERE SN 5 T2 O RR RS S CEE L 72 IR E A B34 - 72 % D
L2 B0, BEEER CIIREESMOKBRAENET IR > Tl —L K- 2Ry k
BRTRBICERERN LB TIDEEARITABRIZZE L EL D,

ZIT, 3=V R ZARy ROERIZOVWTELD, 23—/ F- 2Ry bEid, B
BN, B OIRE A TRIZIRIC, BAEE KERBEZDOH B EEOERESH 5 EH
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A—2 G618 (Huefl) ZHVWIBREEHIE

RKXHDOHEIETRRCIBEERFIECLIVERT —% (5 —%) 125, R,
# 1GJ. F Bl O3@EFHAVTREF —ZICEHB LGS, THES T+ 2[C]
ERBLOLNTEY, BEXAREVWEERE LRV, ThE2®ETEHFEL LT, B
(Hue fE) ZAW25EZE, Rz, BHLIINA - 3ITRT X512 TR ~
k&l ~ [F] ~ (3R] OEFRCGE2EEHEEBL LTALATWS, /7. KA
— 4R RS 3 KA (TRY, TG, TBI) %#EiEwC & /e BB ETETI &0
TED, BZEMD (1, 1, D) AEENZ ML Q=R, G, BIOXEg= (r, g, b) ®
R BERELEN, ®KXTEZBNS,
R G B
Fr=——— g= b=
R+G+B R+G+B R+G+B
o (1, 1, 1) @Ia=AFLEERTRY ., EilTw=s (18, 13, 1/3) ¢743,
ReBEELTIHRE wRBONT M EEAEL L, 2200007 wq o k
NOFED Hue fE (REELE) L5,

= 1 1 1 — 1 1 1
V= F==, _—:b__ ’ vV, = l—_,—'—,——
! ( 37873 J : ( 373 J
[j[R:(_;()s_1 2r—g——b (ng), HR=—COS_IM (b>g)
\/6C2 '\’66’2

T

FIRRIC, REBIVEGLEEL TS L Hue [HEIILLT &R 3,

HG =cos_liﬁj (er), HG =_Cos_lﬂgi (r>b)
N6c? \V6c?

HB=cos“—r_Tg:2b (g<m), HB=—cos“—r—:/g_2L2]—)— (g>1),
C 6¢

MA— 5 ITEERERRFICERE LcEROFLIEIZRBIT S Hue EOEEL/L
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RKXHF D3 — 6 TRLUEZEEOEBEERL L8 TR, BEMEOEAITBESLIZ
o TEFEIICIE O NICELT 508, Hue [EDOBREIE. AEDOERICHL L5228, B
NEGRIZR DB DD, ZOL ) REHICOLTMIIBRELECZER IS, 35
2. RE, FREBIUOEFALZEREL LIZEAD Hue EOWTRY ., 2EESECE
EL—%t—IZB L TR LT, H5—>D Hue fEIZx L THREES 2 2584
b5, Hue [EZFIATHHETH, RI, (G, B] SarHE#L L3250 Hue
EH Dt TRI, TG, Bl FROEEME)NLARRTERE L LEEGEOESDITE
TV, BT 2REFHAZROZMELZRILETDH D, ZOEEERTHRVESITIT,
1% 1 ORHGR & 72 DIREEFH TOLFHUAFHF I N D T2, BIEFTRE/R IR ESE 5k )
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KA—1 REEBOBEEEGBRER (BE% Hue fE, B TH)

. HERESRBEOESEY

AEEES

CASE Tret EIR & X8R x4 (25.0<T<45.0) I]f rtrc(’;
atrl

Tave1 Gavel | dT: | Tave2 Gave2 I dTe |

CS_LTO01 | 29.501 | 29.556 1.708 | 0.056 | 29.611 0.745 0.111 0.002

CS_LTo02 | 29.981 | 30.100 2.905| 0.119 | 30.169 | 0.776 0.188 | 0.003

CS_LTO03 | 30.497 | 30.883 68.593 | 0.386 | 30.778 | 1.427 | 0.280 | 0.024

CS_LTO04 | 30.980 | 30.829 17.877| 0.151 | 30.971 0.737 0.009 0.008

CS_LTO05 | 31.480 | 31.400 1.388 | 0.080 | 31.460 | 0.182 0.020 0.002

CS_LT06 | 32.009 | 31.925 1.408 | 0.084 | 31.987 | 0.160 0.023 0.002

CS_LTO07 | 32.469 | 32.368 1.5632 | 0.101 | 32.440 0.511 0.029 0.003

CS_LT08 | 32.921 | 32.778 2.944 | 0.142 | 32.845 | 0.770 0.076 0.003

CS_LT09 | 33.434 | 33.276 71.945| 0.157 | 33.470 1.219 0.036 0.016

CS_LT10 | 33.975 | 34.003 28.829 | 0.028 | 33.984 | 0.750 0.009 0.006

CS_LT11 | 34.375 | 34.338 1.513 | 0.037 | 34.404 | 0.163 0.029 0.002

CS_LT12 | 34.881 | 34.801 1.531| 0.080 | 34.867 | 0.137 0.013 0.002

CS_LT13 | 35.447 | 35.378 1.555| 0.069 | 35.446 | 0.130 0.001 0.002

CS_LT14 | 35.900 | 35.816 1.575| 0.084 | 35.885 | 0.136 0.015 0.002

CS_LT15| 36.387 | 36.332 1.601 | 0.055 | 36.401 0.171 0.015 0.002

CS_LT16 | 36.899 | 36.831 1.623 | 0.068 | 36.901 0.176 0.003 0.002

CS_LT17| 37.375 | 37.292 1.659 | 0.083 | 37.364 0.267 0.011 0.002

CS_LT18 | 37.867 | 37.806 2.024 | 0.061 | 37.873 | 0.370 0.007 0.002

CS_LT19 | 38.428 | 38.272 2.025| 0.156 | 38.345 | 0.408 0.083 0.002

CS_LT20 | 38.909 | 38.865 3.693 | 0.044 | 38.954 | 0.509 0.044 | 0.002

CS_LT21 | 39.369 | 39.303 2.261 | 0.066 | 39.380 | 0.575 0.011 0.003

CS_LT22 | 39.915 | 39.861 1.869 | 0.054 | 39.934 | 0.573 0.019 | 0.002

CS_LT23 | 40.378 | 40.293 1.907 | 0.085 | 40.369 | 0.550 0.009 0.002

Tavg=x(Ti;) /N, Tavgs= 2(Ti; /M -+ +(25.0<T};<45.0)
o1={Z(Ty;—T1)2 /N}2, co={Z(Ti;— T2 /M2 - --(25.0<T;;<45.0)
dT1=T1— Tret, dT9=Tg— Tret -+ +(25.0<T;<45.0)

Error ratio =(N—M)/N
N=iXj, M=iXj(25.0<T;;j<45.0)
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£A—2 REEGOREEHER (BEE Huefd, % LH)

BEREGEOERZ
CASE Tret REREHR %% (25.0<T<45.0) rror
Ratio*
Tavel Cavel l dTl I TaveZ Oave2 | dT2 |

CS_LT30 | 29.646} 30.448 1121.0 | 0.802 | 29.861 | 1.346 | 0.215 | 0.021

CS_LT31| 30.034| 30.136 38.629 | 0.102 | 30.349 | 1.352 0.315 | 0.009

CS_LT32 | 30.526 | 30.400 4,590 | 0.126 | 30.460 | 0.579 | 0.066 | 0.003
CS_LT33 | 31.007| 30.922 12.271 | 0.084 | 31.006 | 0.278 | 0.001 0.003
CS_LT34 | 31.431| 31.376 1.334 | 0.055 | 31.430 | 0.337 | 0.002 0.002
CS_LT35] 32.079 | 31.941 1.521 | 0.138 | 31.999 | 0.548 | 0.080 0.002
CS_LT36 | 32.559| 32.502 4.935 | 0.057 | 32.548 | 0.430 0.011 0.002

CS_LT37 ] 33.035} 33.220 110.19 | 0.185 | 33.058 | 1.366 | 0.023 0.022

CS_LT38 | 33.443| 33.352 12.132 | 0.091 | 33.456 | 0.757 0.012 0.008

CS_LT39 | 33.968] 33.918 1.402 | 0.050 | 33.976 | 0.141 0.008 0.002
CS_LT40 ] 34.380| 34.305 1.418 | 0.074 | 34.363 | 0.135 0.016 0.002
CS LT41 | 34.941 | 34.897 1.440 | 0.044 | 34.956 | 0.118 0.015 0.002
CS_LT42 | 35.469| 35.421 1.461 | 0.048 | 35.481 | 0.098 0.012 0.002
CS LT43] 35.807 | 35.726 1.477 | 0.081 | 35.786 | 0.139 0.020 0.002
CS LT44 | 36.660| 36.584 | = 1.523| 0.076 | 36.646 | 0.178 0.015 0.002
CS_LT45] 36.938| 36.842 1.537 | 0.096 | 36.904 | 0.208 0.034 0.002
CS_LT46 | 37.382] 37.278 1.577 | 0.104 | 37.341 | 0.269 0.041 0.002
CS LT47} 37.841| 37.770 3.623 | 0.071 { 37.824 i 0.340 0.017 0.002
CS_LT48 | 38.473}] 38.342 2.203 | 0.131 | 38.397 | 0.409 0.076 0.002
CS _LT49 | 38.935| 38.822 6.661 | 0.114 ]} 38.893 | 0.484 0.043 0.002
CS_LT50 ] 39.441 | 39.446 2.755 | 0.005 | 39.507 | 0.512 0.066 0.002
CS_LT51 | 39.906] 39.866 - 2.006 | 0.039 | 39.929 | 0.523 0.024 0.002
CS_LT52 | 40.318 40.201 2.750 | 0.117 | 40.268 0.541 0.050 0.002
Tavg:=X(Ti;) /N, Tavgs= Z(Tiy) M -+ +(25.0<T};<45.0)
o1={Z(Ty;— T2 /N}12, cos={S(T;;—T2)2/M}V2 - - -(25.0<Ty;<45.0)
dT1=T1— Tret, dTo=Ta— Tret -+ +(25.0<T};<45.0)

Error ratio =(N—M)/N
N=iXj, M=iXj(25.0<Ti;<45.0)





