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SUMMARY

I. Project Title

Development of Measuring Technique of High Temperature The-

rmophysical Properties

II. Project Objectives and Significances

l. Objectives
Development of Measurement technique of thermophysical pro-
perties (thermal diffusivity, thermal conductivity and spe-
cific heat) on metals and ultra high temperature thermal ba-
rrier materials

2. Significances
o Quality improvement of large steel products
o Establishment of thermal characteristics assessment te-

chnique of home made advanced materials

o Construction of domestic data base on thermophysical pro-

perties

M. Contents and Scopes
o Design and fabrication of xenon flash lamp power supply
and vacuum chamber

0 Design and fabrication of specimen supporter and heater



o Construction of software and hardware for signal process-
ing system

0 Measurement of thermal diffusivity and specific heat on
metal specimens

o Development of computer programs for the calculation of

thermal conductivity using obtained data

V. Suggested Applications of the Results

0 Establishment of assessment technique of thermophysical
properties on high temperature thermal barrier materials
followed by the improvement of basic techniques of dome-
stic advanced new material development industries

o Offer of thermophysical property data for the basic design
of product made by ultra high temperature thermal barrier
materials

o Construction of domestic data base on thermophysical pro-
perty followed by the satisfication to the demand of in-

dustries for the data
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M2 & M (flash method)

Alltd A =
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Temperature Temperature

Investigator

15)

Summary of events in the flash thermal diffusivity method .

Year

Parker et al.

Cowan
Cape and Lebhman

Taylor and Cape
Watt

Larson and Koyama

Hemning and Parker
Larson and Koyama

Acton and Kahn

Walter et al.

Beedham and
Dalrymple

1961
1963

1963

1964
1966

1967

1967

1968

1970

1970

1970

SENsor

T/C

IR
T/C,IR

range(K)

293408
2500

to 2800
300-1700

Pulse
source

Flash lamp Original method

Contribution

Analysis of influence of convection and
radiation heat losses

Theory of finite pulse time and heat
loss

Study of finite pulse time

Theoretical study of three-dimensional
heat flow effects

Study of finite pulse time effect and
correction for thin sample

Study of intrinsic thermocouple dynamic
response

Extension of pulse method to two—-layer
samples

HeNe laser Multispecimen high-temperature facility

Electron
beam

Application of electron beam pulses
(duration adjustable according to spe-
cimen)

Study of influence of flash beam non-
uniformity




(Continue)

No. Investigator

12 Kerrisk

13 Donaldson
14 Schriempf

15 Taylor, R.E.

16 Ang et al.

17 Chistyakov

18 Taylor, R.E., and
Clark

19 Donaldson and
Taylor, R.E.

20 Clark and Taylor,
R.E.

Year

1971,
1972

1972

1972

1973

1973

1973

1974

1975

1975

Temperature Temperature Pulse
Sensor range (K) source
286-573 Nd-glass
laser
T/C, IR 80-2500 Nd-glass
laser
267-294
T/C 295 Nd-glass
laser

Contribution

Study of criteria for application of
pulse method to heterogeneous materials,
part T and II

Study of radial heat flow effects in
pulse method

Application of pulse method to liquid
metals

Application of DDAS to pulse method
(reduction of measurement errors and
application of corrections)

Solution of three-layer problem of pulse
diffusivity measurement on encapsulated
liquids

Study of two-layer specimens with con-
tact resistance between layers

Study of laser pulse shapes and deri-
vation of analytical expressions for
correction over entire temperature rise

Introduction of radial heat flow variant

Study of radiation heat losses and de-
rivation of new correlation method
based on rising portion of temperature-
response curve



(Continue)

L T R

No. Investigator

2] Murfin

22 lee, H.J., and Ta-
ylor, R.E.

23 Heckman

24 Hanley et al.
25 Llee, T.Y.R., and

Taylor, R.E.

26 Taylor, R.E., et
al.

27 Chu et al.

28 James

Year

1975

1976

1977

1977

1978

1979

1970

1980

Tanperature Temperature

Sensor

T/C

IR

T/C

Pyrameter

Pulse
range (K) source
3001000 Nd-glass
laser
224451 Nd—glass
laser
1700-2000 Nd-glass
laser

Contribution

Analysis of two-layer conduction equa-
tion with contact resistance and appli-
cation to pulse method

Study of application of pulse method to
heterogeneous msterials and effect of
ratio of components

Theoretical study of behavior of intri-
nsic thermocouples in pulse thermal di-
ffusivity measurement

Application of pulse method to rocks a
and minerals

Study of application of pulse method to
dispersed materials

Application of pulse method to explosive
materials (sandwiched three-layer spe-—
cimens)

Diffusivity measurement at high tem-
peratures with two-dimensional heat flow
in the specimen

Novel mathematical treatment for redu-
ction of thermal diffusivity value from
initial part of temperature response
curve




(Continue)

Temperature Temperature Pulse
No. Investigator Year  sensor range (K) SOuUrce Contribution

29 Taylor, R. 1980 T/C 300-3000  Ruby laser Detailed description of apparatus and

procedure for high-temperature diffusi-
vity measurement

30 Koski 1981 Review of use of minicamputers in pulse

method and introduction of digital noise
filters in transient signal filtering
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Fig.2-1. Schematic of flash diffusivity method and temperature rise on rear surface.
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Fig.2-2. Rear surface temperature history of the sample after
laser irradiation.
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Fig.2-3. Typical examples of temperature history curves.
a: ideal case (zero pulse duration and no heat loss),
b: finite pulse duration and no heat loss,
c: zero pulse duration and heat losses,
d: finite pulse duration and heat losses.
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Fig.2-4. Rear surface temperature history which is dependent
on the heating condition.
a: uniform heating, b: central part heating
c: off-central part heating.
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ABHE AFESe dHAEE 8 g x= mA, A Lz (measure-

ment error ) 2} H|ZFA 2z} ( non-measurement error ) E s F UH. =
goxe AWl FAZY 2 Az BE AW HAwe exwHs =

9o, ArlololzzuE § Zo| =

N

g die] il JAHAY, FAF
o] wHog +0.1 um AENA ZFo] 7tsslzomz Izl QA=
BN 4 Ae AEZ FHh ty,0 24 (Al ©E AHe exud)
Al RE oscilloscope & Al&3PA Q317 + 2.4 %, digital oscilloscope &
AbR-EH +1.5%, Z12l31 DDAS ( digital data acquisition system ) & A}&
b+ 0.6 %ol .

B SA 2= 4 datag ol&3tq dEVNEE A7 Ag WAHAHE
AF-sdl o3 8y Z2doM TR BAZAH APdz7dTe] Xl
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3t Ad33AlzF &3 ( finite pulse time effect )13)
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g9 &3 ( nonuniform heating effect )
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Fig.2-5. Example of determination of maximum temperature rise
by extrapolation.
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Fig.2-6. Block diagram of laser flash calorimetric system.
l1: laser power supply, 2: pulse laser, 3: energy meter,
4: temperature controller, 5: digital volt meter,
6: computer, 7: vacuum chamber, 8: beam splitter,
9: heater, 10: photocell.
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Fig.2-7. Specimen holding assembly for laser flash calorimetry
l: laser beam, 2: slit, 3: absorbing disk,
4: silicon grease, 5: specimen, 6: quartz pin,
7: specimen holder.
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g8 Z& grease 5= ArEstq HAET, 2y 200 ¢ o delM e

silver paste & Azl g2 A}L3skr}

1
>
ol
iy
L
X

ol 4 e el s Alfel FF® ouxeg Hoe

gts] x| vjE S

of olsjr FRTh 7|1 me AlHe AR, Ce FETPe] A EE&F

o] ot

gFAl AEHAM ALEFITE o] el o3 FA AFx= 100~800K 2%

HANME +£0.5%, 800 ~1,100 KX 1% o] A 3t
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4. AFzg 22

( steady-state method ) 3} B]AARH (non-

steady-state method ) 2 U=

=299 ( 800C

S

7K

9

)

O

5l

oo

73, Forbe 29

( periodic heat flow method )

A Al 7 ( transient heat flow method )

1}

| -
| -

=59 H el A

1,000 C o] A+e]

(2-10)

k=C, a-d

o) )

Eol Qb mhol

HIoA 7k 25 %

1,000 C
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& dA7oA AT “ABEE ST FEH SAHAAR "9 AMEg¥xs=
Fig.3-1 3 It} <=, xenon flash lampoljA HAHE XHAIZE Ims el
dgol FeAE AAM 2YY] exe 2IY 4 Y= LT
qx g AlMe] Ywe]l ZAlEch AW YFe] AL  10mmolt

olgf AWl exMslE UA FAF g Aol sy pAH
3 o] «dx] AlF7} storage oscilloscope 2 GPIB interface & AHXA
4] computer 2 <UFH AL, FTFH A|HY HEE FAHS7] SHst Al H
A e A3 AdYAE HHI FHEoE R WANES olv] H1 3
= beam splitter 2 AR 43S HIX}A]A disk calorimeter & ol
AE 2A3lm 2 5 RS 232 parallel pot & A}L3d computer &
HAZ o,

Computer o] A/} = A 71l g EAHY 41359 HIE plotsled ty, S

Fam ol &} Aol M oux 2 AU Wy FRE SN

. EFANE, ¥E aeln FAHEEEE ALY A4E program 2 FE
%
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XENON FLASH LAMP HGH TEMPERATURE

PULSE
POWER

VACUUM FURNACE

BEAM SPLITTER y SPECIMEN
N\ I ———
n o N
in T [
CONVERTER
>

|
) [ [
C R STORAGE
0SCILLOSCOPE

SUPPLY SIGNAL

Fig.3-1.

PERSONAL
SIGNAL COMPUTER

Constructed experimental arrangement of the flash method for measuring thermo-
physical properties.



A 1dH F T

1. Xenon lamp housing

Fig.3-2 + xenon lamp housing (ORIEL 66021) ©]c}. Xenon lamp &2
xenon gas 7} o2 AMHYAH U7l WEA lamprt ZHEHAE Fug
A7 eorz 72, A2, Zo|7} Zzb 172 x 165 X 436 mm® Q]  steel A
box 2] housing &ol Y31 F3 Al

Zol &7 AH7ABL 6bmmo|n e JI=RE I PYPFH FHF
g WE F UEEF Ho gz I ¥HgFBdes LEA L] Eo Aol 4
Bl E¥E& 26~30%RBx F7F ANl F A HY Qen Yztg
fan = 20t} ©] lamp housing > CW power supply & £ oA
27 A)Z3  pulse power supplyol] FAlol AZHS Qlo] BHAE HEZL

Brols CW=R2 A1 484 FZAPMNE puse 2 FHAZTL

2. Xenon lamp

Xenon lamp (HANOVIA 976C-1) short arc lamp 24 CW=+% FHol 1,000
W 7FA] A8 4 UAe ALoZA quartz 2 o] Folzl fI]&H ¢t

xenon gas 7} MY X|1m  anode 2} cathode”} < 10mm "Wolzl Alglz

[

e, (Fig.3-3)
o] lampE start Al7]2{®H 9F 40kVol4e] Aol AHA W) o
xenon gas & ©|23t A]AHA| arc Alo]o] path& YA AlAHOF o, o

lamp & Al& AMg3te 71E5™H  xenon gas ] 4ol 50~ 70 7iYge] H
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XENON LAMP

REFLECTION
MIRROR

Fig.3-2. Xenon flash lamp housing with lens system.
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UNIT : mm

Fig.3-3. Commercial short arc xenon flash lamp.
(HANOVIA 976C-1)
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o] £33 spectrum® glow plasma spectrum3} xenon line3eo] ZFgo =z
A", Xenon line & HAo| 0.75~1.0umAdd intensity 7} 7 738}

o Aodgdos 4B o

3. Lamp power supply =)

Age] AESARLE F£ms HYE wfj F7] o Fell A|He] Fo] I
3] AAHEE Y= AL WS oAgd wElA G8,  CW(continuous
wave) power supply (ORIEL 8540)F HA <dZ3Sld system HEL It
Hell, & A79lAM AH AZE  pulse power supply & A3 HEP IR
ok, A& CW power supply &= ZH<Yo] 15~8V, d/7F 6~50Ac]n &
=o| 1,000 Wl xenon lamp & T&Ald + AH.

Xe-flash lampol] A& FastZ7] fsld HA Alzd FHALddFe ZA
o] HA FAHE7} Fig.3-4 (a) 9 Fig.3-4 (b)o] YEl} o AYIFEH
NE aA ZFodbdslzel  trigger 322 FASC Utk AHgE WL
gge  4kW(200 V) olg, FdiAe] 0~200V Ale]e] Qe AUYS A
A7171 k] wigizlel 4ol TRIACE Azl FAdHEs Age
RE Bl AL JEALGES vlmdld FAAGZEI 2eA TRIAC S
ON/OFF 3l=2 sy FAduAlEs CV?/2(Ce WALy, Ve 3
AAY )Yl n2 FAAYTN UM §Fe P9 FAAUAE d¥ @
F AEE FFoh APA UM §FL, 12,000pF o]z Wigde] 200 V <
Fdx THE HE=2 dd3ld, 84,000F7t HAS T, A AL 120
Ve 3o

Flash lamp & ‘1A Al7]719lsM =  trigger AlAFolo} &},
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Fig.3-4(a).

EXTERNAL
TRIGGER

Xe-FLASH
LAMP

Schematic diagram of the pulse power supply.
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Ri

R2
AC R3 pal e
INPUT Z
W3
- B
R 6 ’ V CC
TRIAC
CONTROLLER R7 Re
VOLTAGE
COMPARTOR =

Fig.3-4(b). Charging and discharging circuit of pulse power

RS

1 DISCHARGE
s\ SWITCH

o LCD DISPLAY

supply.



&¥=@;3é@g

Fig.3-5. Profile of discharging pulse from xenon flash lamp
(2ms/div).

_32_



...88_

®

NN

Fig.3-6. High temperature vacuum furnace.
1: cooling water, 2: shutter lever,
3: quartz window, 4: shutter, 5: heater,

6: specimen holder, 7: reflector, 8: specimen,
9: thermocouple



Trigger 2= 2% pulse Yol 40kVel A& CW power supply 9
igniter & ©] &3t O,

Fig.3-5 = xenon flash lampol|A] wWAZE A33-8 silicon photo diode E
A} 23l digital storage oscilloscope (TEKTRONICS 2221) 2 ZLAL A}

2 AL Aol Pulse A|FAIZE] °F 4ms dS & F UGk

A 24 A" AR F

T2 Z1F 93 d&E4dS WAz AlH

(e
o,
||
ol
o of
ald
b
>
s

o2 EHu heater o A3FE U] M= AIHE T

oAl  Z|R]sjoF 3Fte}l, Fig.3-6oles 12 UFERY 2 W} H9

2
o}
[
Iy

&
A E YeplAY. B AFFRe 23d R EFAHALLEE  2,000Cc7Hx] &
drlx= AT dAFolmE JZol F HEE 7] HYsir] o]F  stainless
steel T2 sl HAjoldls WH4FE SIFANIIEF SIFH T Xenﬁn flash
lamp 9|4 WA st= HFo] YAlsle FF O HHIELS HgHAE F F
I Al717]1 $18kd  quartz window( ¢ =85mm) €& AX|3H 3, A|BH} heater
ofxe] BAIHY 2§ windowed] £S48 WAEZ] #8le], window <+
= Yulg Ho=E shutter & X3t AHPA] heaterd] 27} A3
guj 712 2o FEF A

{-&E= rotary pump &} diffusion pump & A}l&3le Ao < 8 X

107 torr 7} HA 331 AFTAZIZE, 1072 torr 71Xl AR ZAAME= 7}
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ol&H AL ARSIt 2 o|lAe] TR FI A= cold cathode ionization gage
(Balzers IKR 020 3% IKG 010) & AR&3gch 2EFz2 YEE= A 410
mm, o] 270mmo|w Fig.3-72 HA zFHFA PP ArES HAF

a1 AH.

2. Heater 2 A|HX|X|CH

N# F%E  heater s}, heaterolM EAlde tgstsl 9% oAz

[-'II.
>
&
o
il
iy

Sl ATt Heater &F o] HEAIZ2 F7] 50pm<l  tantalum

foil 2 &7 50mm e, Zo| 150mm<l cylinder Fej2 TWolzxl Ao

t}. Heatero] Zg5H+ AYgL Hog 50V, 300 Aol Ax 2% ZA7]

¢} SCR= F3H.

ANHA A= molybdeniumo 2 o] FojZ  37§¢] bar & IRES 7 HA

AAE 7 U= 4709 rigoe 2 FAEHo U AHE AATF FAHF

L. cylinder @ heater £ o2 Eo{7lx] heater &= 9X] FrE o

olt} Heatero] ZALEL FF3t:= electrode = copper 2 A Zstg . Y zh

s 9] Wxole WrALEE £¥AINA AT

Heater 2 A#HX|XYsE &S] A7 block 52, Al sl

ZaedixE Aol T EBEE ZFXUolA out gassingo] HAUR &

olo} slmzm  YEujuz A AS 1,800°C A& AF A7l Aol

AFxesr FAH7e AdA=zE A4 0.1mm<l  K-type(chromel-alumel) &

A 2. spot welder 2 HAL wESo|A], AJ&3gn AlEH Hoe Lxwsl

L 'y L

= 2 type 9



_98....

o h

.3—/. Photograph of the vacuum system.
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Fig.3-8. Photograph of the heater and specimen holder



o] 1mm Ho{X]A intrinsic type o2 3} springoe= WA AFAC)

Fig.3-8 & heater 8¢ A|WAANE TI WBZ 2o Apzlort

2 1—40mVA L WA=} Flash

—800c AHxol2=2 <HAYY 7|A
lamp ol 4] oA A7} HWPAEE AHIFHANAML 245 o 10-154V A
Zoj o,

H|E-& SAH3}7|/% data 32 EARZIAEHE AH multimeter (HP
3458A ) & Al&3ld ZA3l1, GPIBE E3e computer 2 A £3ic)

Nze] ZHARE flash lamprt BAHNA FEREAREH AL EA7

FAE F4 data P 9 @R ANSE FHIY 2xWI
Zg& A 3o B=Ao Forzwr dHZHY Asel 2RA HY  refer-
ance & ulso] 27/lE ZF5F 3F pre-amplifier (EG & G 113) € o] &
gt 10,0008l FEgoh, A Az w$ F7] d Fel AL FE0]

A UdettE=2  low-pass filter & Alg3tq HIFAAE AP, A9

1y

o] &% ALS &= ms YolA Adojuvlr] o o]  digital storage oscillos-

cope 2] single sweep mode & A}g3la] flash lamp 7} WA E 3 Z Ao trigg-

ering §lo] T} -& A A3}, Oscilloscopeo] AAH #HFP L GPIBE o] 43
o computer & X 43t} Computer 2 4= datax= TEKTRONICS?2] SPD

(signal processing & display) softwareo|A A& z]ldled AlL34c)
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4 & O|23HAM

AT E Al FH 2x-At BAYozRE AL S&EiA=
FAe FAAxA R V2AE olEHH RAsIEEF JPAsop Ao
2 aFdiE F7 Lolm ®hgol a<l e 9@y AW A
gs] Adstyl st AAe d¥xAH FYHES AAzdR &

AP AL U

i
e/
2
ue

NZ2AE MR AFSHIAE HEH

ol ArgdE 7S Ya3d o

(2) A"l 718l E£3EN /S A Fggoln, AJHAHH] AA

(3) Alwel d3 9 EAyde FAsoh
(4) NEe A FdolAd dFEdee gon, BAAEdgel EA
2

(5) AFe] exet F9 fAAole exaE Aogloh

o] &3 ZL& 7H83tellM  Fig.4-13 o] A|HAH] HHFEFo] 7R

AREE 2 AUgY EudN d&de] AL W AWYRe ddg X

44
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e, el 7bg(5)8 olg4dtd AEEReEREY EAddge ten
gol EAETL

ce (T*—Td)= h; (T—T.) (4-2)
471N b & BAdAg Assd oes g
hi=40'EiT£(i=l, 2, 3) (4-3)

A2 X ¢ Stefan-Boltzmann A}5oln e = EARZo| dFz i 9
1,2,32 77 AHel HAdx Fd 3 AP o

__..Tv;-'-___
A @-DY HE F37] g HUIFRF 2L FAZPLS OSFH Ao

L0
g,
e

T

ERERRRRR

Z=0 Z=L

Fig.4-1. Boundary condition of a cylindrically shaped specimen.

u=0, at t=0 (4-4)
)
K= 4 hju = 0 in z=0 (4-5)
0Z
ou .
Kk— + h, u =0 in z=L (4-6)
0%
ou :
k—a—;+ hy u=290 iIn r=a (4-7)
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u = finite at r=20 (4-8)

d

d

FAe] 3|E integral transform WAooz F3l7] YUt WA
<&+ ( eigen - function ) & slojof Jivh WAA (4-1Dd] D3 1H

e s 2oL

Rn (ﬁmr r):Jn (ﬁmr) (4"9)

Z(ny,, 2 )=n,cos (n, z)+H, sin(n, z) (4-10)
A71  Ba B n,E 27 gg Ao e 2ol

—PBmJy (Pna)+Hz J, (Buna) =0 (4-11)

tan (n, L) =n, (H +H,)/(n2 — H, H;) (4-12)

o] transformal operator & ©o]83lHqd 2] (4-1)-& FHEHIAs)IA o3 A}

d: o~
4+ a (B2 402U (B Ny, t) =

dt QCﬁmr npr t) (4—13)

(Barng, t)=0, t=0 (4-14)

4 (4-13) 9] B Ta HFHE WA, geP g Ao Ao

u (r,z,t) = 5 E R"(‘B“"r)z(np’ z) e—a(ﬁ:|:-2+npz)t

m=1p=1 N(ﬁm)N(np)

t !
x [-Ej' e@Butn It = g 20 dt’ ] (4-15)

d71M N(B=)# N(n)E T3 2ok

| 2 B

— —_— — "‘1
N (Bn> J& (B @) a? (HY + 82) (4-16)
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1 H
=2({ (n2+ H{ -

)+H,]7" (4-17)

2 AYrM = EYo=RZA xenon flash lamp & A}&3Pornzg dYe %

aCrz,t) = Eo(z)— e~ 't (4-18)

o 7}A4] t, = xenon flash lamp ¢ 2&|&|A] AWz d peak time o]t}
Aol EHe 5 q (r,z,t DS 2 (4-15)] tid3td AJHe 2xw

she 9e3 gol FojAh

o 3o BaZ,,2)  —a(fEtn)t

u(r,z,t )= EaLmZ;,1 p§1 N(,B:SN(HD) e
XE'_H'EJI(ﬁm:a) 1—( 1+(Bm't"‘1)eB‘“"t)] (4-19)

K~ B, t; B2,

AP zAe) WM Ade FY FULEE HUWASLEE Urw R

LA+ Ve U3y 2o

R Z(n,,L)
2 BN A I, O
np
Amn — ﬁ Jl (ﬁm,a) (4'21)
Bun = @ ( B2 + n2) —zl- (4-22)
L on = tzlsz Ce b (B t—1)+e *ntne )ty (499
D mn
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A7 tmax e AHEFHY &V} HYE AAsHed £8FHE AlZolth
2] (4-20) € A}235}led data reduction method 2 GSEAE o« T3t A}
g s tins tax &S AN FHIZ V=052 Fojx  H|R|9
& aE ZAT 5 YW

B AHA ArE3EEl= data reduction method &= Dbisection method <1t

o] WL FHEEE Fou 4 (4-200 F o] BvlHAFAel "WAHAI

A= E Tl FANA Z2ad e AFAFR A AEEH< 16HE
micro-computer uWjoll WAHe] glo Aol EUH Z, FIHE 4AF dol

B2 HE JRUEE AT & UEF sk JAUEES Fee A

iy =Z2Ie FF 3.

Ao half -interval method 2% +E2l-%+= bisection method =  Newton
-Raphson method o] H]3ldd A Ae] F& W Hx ZJNXE X A
A3l  initial interval A}o]o] &7} E|ANEA EAY &7 A
Ao Agele wastE AP U

2] (4-20) & monotonic increasc ¥ = SAAolomz  x7iAe] HAARE AHA

5 zAYosM ol T FAY

o
2
iih2
i
4
32
'
A
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2 A7 Az, 7S EE8 SRR 549 dEANE FHIA
tt. F&de o8 FTH7F AW dEyHez FIg vy IEAHYL
ZAZ3sn vHA] oA FFY FHEEL FAAXY ARG 2 FHGA
ol AEFIIL olFAW Fo FHYE data based] FHF AFolr.

e ot gulwe Mol ZzZ 1,080C9 660 C FZojlmzE E AFPA
= 7o FAHL2: 99L 800C o 500T = FP

Al 1d AHFu] "W AR S

1. Al EH|

T=7F 99.95% 14 A& Tt ¢uwe AP 10mm, FA 2
mm 7t =HA FF JHESIETh AriH FAE Z2mmE O R, FA
2mm o]Fd = F3I} HFEIAY FHow HAZ  xenon lamp oA A|HE
ol FFEHE oUWAI7} pulse laser & FPoz @ wo] wla olg <
st7] & A FAE Jted 3} HA=2 dorlr] "W ol FAVL
FE AHL SiC ¥ <20} powder ( grain size ! 0.3 pum ) E dulA| 2
ALgsle] ExFog dvulsley FHe Feo| [FXHA  SHHETH

AAZ AW FA EFHZAF & JFE v Aoyl $858H A
Hel FAE rlelazdvElz S Az FE o EFuiwel Az 1.977
mm ¢} 1.965 mm i E£§ AT A AlHe Hxrl gz og
ALY Asld SZE AIRY A»e FEst 1.3718 g, &FvE0o] 0.409

g °|ytt.
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2 AFN Fde N Eywwe gom gt

(1) IFZE dojA AHL AAA AU A2AFlL  xenon lamp
& CW power supplyo] AZAA|AH lamp & AHAl baemo| A|Ho| A
sl UAIEES AEFTH

(2) F2E B IITHEZE FAFAAA AF=7F 9 1077 torr order

AE7 HAZ 3o heaterg] LEZAVIE ZFAEStd SFSAS A

(3) gk 20% ZAnsld 2=7F Ao nAHW old  lamp housing &
pulse power supply o] HZA3I}t HFR R Qte]l 120V 7} HA pulses
A ATAH Al d AT

(4) A¥ 29 £ exwslE AW (K-type D2 FAHIHE
15 ¢V 7} == o|AE, amp 9 filter & ARA HEgd A7[=2
ZA &l digital storage oscilloscope ¢4 GPIB card & %3l comp-
uter 2 Y3t X g,

(5) AAHAR Az dolds AdRE2 F2L software & ALY
AA3: print 3 FH  half time Q1 ty, & T3

(6) & 100C 7Aooz o LxHAME ze WHoR  half timed
ZA4 8 Zof o]ju computero] YHHEHS U= programE o] 83}

AHANEE A AT

Yo

3. gaity EM™E W =2

F 15uVATe nfd At AIZE  oscilloscope 2 FHs7] A

= 2ol =Zgjolol FEd o] HAAAA FLel AA HEz IEHEH
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A FEe AAsIHor 3. dutd oz, AJ|FHHEHEHE AAHA A5 A

( time delay )W} 7ol software & A}8&3F digital filtering S F =3}
At & A7 e olHE software 7t ZFo4X|X] gte #AAE  ANH
Je| & Al83d ALE o=AHAx AAST computer 2 curve & smoo-
thing 3+ Ho| AIRAE AlLet] BAFSHT, Fig.5-1 3 Fig.5-2¢

smoothing =X] @& curve 2} smoothing © curveE& RHAF7 J=4 =

T3 Fgol Ax=ABx AMAHZIe M= &M AAHRA RSE ¢ F

Atk a#AY  ty,, & TFaEHE oz go

AL o33 e HHoz At 5, high speed mode ol A]
= sampling 7857} 105 79l  digital volt meter(HP 3458A) & A} 83}
oMol Felet drulwel ty, € T Hll, AAAAe] A 7HH ol(time
shift) &} A|ZF&A ( time broadening ) 2] o= ol Fxcty 783l vy

—ax+be FPR (yE AQAY Az, xE Ad AR) 29 13 2

RGNS AP A a9t bE FIo xE ALEFCH

Fig.b-3 3} Fig.b-4 =, S t, & =2 U computer program
o odste] Ase Felel dulEe A¥AmEolg (WS TPRCAA #
A 2. Program 433A] TP ( peak time )= Fig.3-5°*4 3% 1 ms

Zz Y3}z TM(max. time) 2 AHFAHG F 2 : 4.86s, do|F: 3.42

s2 thdstdct T3 emissivity: &) :0.04, 20 E:0.052 Wit ok

exgsd me mAHoz vxPiFE MAFm Yow TPRCE *
Azl vsl g 10% ol EA¥e ¢ 4+ stk TPRCe Fage
A8 27 on e RAA U@ AL AR sy sz
A2z o} deviation AAlE ZA A HA XIdH 2 FH =S
Aue] MNFHEE Foly] 3iA = digital filter & AME-3E A sxe] 2 F
N9 AUAR T FUS Fol o FolAol el olAE 2AEE ATNA
4 g Aol
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Fig.5-1. Detected signal of thermocouple (before smoothing).
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Fig.5-2. Detected signal of thermocouple (after smooting).
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Fig.5-3. Measured thermal diffusivity of copper specimen.,
(diameter: 10.00 mm, thickness: 1.977 mm,

mass: 1.378 g)
broken line: recommened values of TPRC
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Fig.5-4. Measured thermal diffusivity of aluminium specimen.

100 200 300 400

TEMPERATURE (° C)

(diameter: 10.00 mm, thickness: 1.965 mm,
mass: 0.409 g)

broken line: recommened values of TPRC.



A2d ¥EdSH

1. HESH

B dFNA &  copper & aluminiumel HEFHTAM= Ued
o ZIEAHeEE EFuU (ALG)ERES AMESH, F20Ae TEH
© 2+ glassy carbon & I 2dM = A|HEHI] T =2ol=Ade graphite

=
88 oA d3A A3 ch Table 5-1cl= SESA|HI GFupvt 43

i

T3 A»ag FAZE deEd Ao ol ABE EF 10 mmeojo

(1) €50 o] 3Zde| silicon grease & QA HlETh

(2) Glassy carbon #3338 silicon grease & ol FZAZich oln] 7%
7V AINA SRS F .

(3) €¢Fvi} Qo3 glassy carbon HPAU L VITAA&e] A HAA
ol B2Esn FITZAE S

(4) Aeolx 43& glassy carbono] ZAtsled A (A7 0.1 mm
K-type )&} ©ixgd EEd el (HP 3458A )2 < F w1+ glassy carbon
o] &AL SAHsT APy 7ol vl st= #k ( beam splitter
o] ] uRALE UFEeo AHAFoA] )L energy meter (Scientech 36-

0201) & ¢+t

(5) ola7 ze WHo=z copper P aluminium AJHo] WIHME =

(6) ZHANE olgstdl AW uidg olhAg olgd Ak
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Ql=a'P1=(Cplml + Gy mg ) o T, (5-1)

Q=2 p;, =(Comp +Cpymp )+ T, (5-2)

Q:J5E¥, a: glassy carbone] FFAHS
Co : 8], m: &z,
T:2E4d<s P 1439 dyzrq nlgsles @

Az 1,2,3L 24z GFuy, A]l#, glassy carbon & 2] n] .

=, P& T 228l m& FAHsn CuH Cud EIXNE o] &3y

Al T Aol ofs) AW WA 8 FiE Ao A5ah® ary

silicon grease 2| HELHFZ U[AFFGEE FA|I5HcE Table 5-20& Alox

2ol M9 Gy G e UERARITH

(7) && oo 2xolxel ude, AHe ddMe Hdg on

|-

Rorz, Alde Ewe 22ol=4 graphite & SFAl Y HA

ZRe sed Jed Wa tE exyd wWe ude wE 7

g F 4 xd oMo HE#UE AL,

Table 5-1. Mass and thickness of the specimens, glassy carbon
and alumina plate.

material copper aluminium | glassy carbonl

alumina
|

- ———

_

mass 0.7088 0.2018 0.0555 | 0.3281
(g)

' thickness 1.036 0.978 0.507 1.071
(mm ) l | |
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Table 5-2. Specific heat of alumina and glassy carbon near
room temperature (C,, and C,3)25)

temperature Cpa
(K) (J/gK)
260 0.6029
270 0.6330
280 0.6627
290 0.6920
300 | 0./788 0.7209
310 0.7994 0.7498
350 0.8713 0.8615

2. HYSHADY W =9

Fig.5-5 ~Fig.5-Toll= 2z}z} glassy carbon S %-#3F 2420y}, copper
2 aluminiume] A7k mE LEHEE EHUY Az 7|E HERHAG
A2+ t=071x AAA a9 xS T SEHIFHE A4S
A3 1.4127¢C, 1.401c 28l 1.903cz YeERgh A3 JguAl=
o] pulsenttt ZgX t=2Xx9k, ¢ 0.8 JAEHTY o] E3 Table 5-1
Table 5-2¢] & A G-1)F 2] G20 tiYstd AsE e (24.6C)
ofrqe] TFEek dEuFe uge Zz 0.360 J/gKSt 0.880 J/gKE Y
Elgton o] gL JFom moAe H[dS ZFF ZA7L Fig.5-8

Fig.5-9¢ Z}z} uehv gloh
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Fig.5-5. Temperature variation of Al,0;+ glassy carbon.
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Fig.5-6. Temperature variation of copper + glassy carbon.
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Fig.5~8. Measured specific heat of copper specimen.

(diameter: 10.00 mm, thickness: 1.036 mm,
mass: 0.7088 g)

broken line: recommened values of TPRC.
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Fig.5-9. Measured specific heat of aluminium specimen.

(diameter: 10.00 mm, thickness: 0.978 mm,
mass: 0.2018 g)

broken line: recémmened values of TPRC.
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Atk FHACl wlsiA  deviationo] Arle dUdde AIHA JS F
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o]Re Fgol pulse laser2 AW sfNE HRoz AZHT)
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A3H FAEX A4l

Fig.5-10 @ Fig.5-112, ok HAM ZAF Felot dnge dagidxg
HE& A (2100 tidsty FHAEEE AL AFgoltd, Ztzte] WrE
8.872 g/cm® 3 2.655 g/cm® & Yt T wdn AgAge =
=EHel xF4 "27] "HEd IFN: FH 2EHS JIFez v,

Bl a2 FAHAE HAASsHo=g fittingdlr] F+3 g dYsigct

Table 5-3. Measured thermal diffusivity, thermal conductivity
and specific heat of copper.

_60_

I T (°C) diffgsivity conductivity specific heat
(cm=/s) (W/cmK) (J/gK)
25.32 1.174 0.378x1000 0.364
- 137.28 .264 0.406 .367
234.63 .095 0.356 .372
366.00 . 967 0.330 . 384
475.00 . 947 0.338 .402
599.71 .851 0.328 .437
707.09 779 0.326 473
807.00 . 745 0.344 . 520




FEAES TV R A mE ZZ4sles AL Holm oy

ztet AR FAH I

o] EgsHol U7l W Foldtt, FEle] AL Wil 3.1 ~4.0W/ cmK LFuF

< 2.2~2.6W/cmKo) EX3la glo] o FEIFEY g3 v =TS &
T e WS3 At yd"Eg

Table 5-3 3} Table 5-4°l&= FA, AAd=Holzx FEo} LFojFe Qa4

=, HE % ARV A7 AHHe] o

Table 5-4. Measured thermal diffusivity, thermal conductivity
and specific heat of aluminilum. |

. I — — _
diffusivity conductivity specific hea;__]

(cm?/s) (W/cmK ) (J/gK)
— ] l —_—
1.024 0.240 0.830
1.107 0.262 0.889
0.998 0.245 | 0.923
0.910 0.236 I 0.972
0.802 0.217 1.015
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Fig.5-10. Calculated thermal conductivity of copper using the

measured values of thermal diffusivity and specific
heat.
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g3 Lx A4S program
xxkxkkxk CALCULATION OF THERMAL DIFFUSIVITY XXxxxxxX

4z

TO THE THERMAL CONDUCTIVITY AND THERMAL DIFFUSIVIYT
OF SAMPLES WITH RADIATION HEAT LOSS FOR AN EXPONENTIAL
TYPE HEAT PULSE

## DESCRIPTION OF PARAMETER ##

SUBS; NAME OF MATERIAL

L; THICKNESS OF SAMPLE (m)

A; RADIUS OF SAMPLE (m)

C; SPECIFIC HEAT OF SAMPLE {J/(kg¥)}
DEN; DENSITY OF SAMPLE (kg/m**3)

TH; HALF TIME (SEC)

TP; PEAK TIME OF INPUT PULSE (SEC)
TM; MAXIMUM TIME (SEC)

SIG; STEFAN-BOLTZMAN CONST. {W/(M**¥2xKx%x4)}
SUTEMP; SURROUNDING TEMP. (K)

EMI; EMISSIVITY

QOO ODOQODOODDOOODOOOOOOOODOOOOOOOO0O

CHARACTER SUBS*5
INTEGER AGAIN
REAL K,L,MSUM,J0,J1,NRAM,NBETA,IM, IH,MMBSJO,MMBSJ1
OPEN(5,FILE="TPP.DAT’)
OPEN(6,FILE="TPP.OUT’)
READ(5, 1550)SUBS
READ(5,1551)L,A,DEN,C
READ(5,1552)SIG,EMI1,EMI2,EMI3
READ(5,1553)SUTEMP,TH, TM, TP
1550 FORMAT (A5)
1551 FORMAT(2F10.8,F9.4,F6.2)
1552 FORMAT(F15.13,3F8.6)
1553 FORMAT(F10.5,F12.10,2F9.7)
WRITE(6,999)SUBS
999 FORMAT(5X,A4,/)
WRITE(6,1000)L,A,SIG,DEN,C,TH,TM,TP,EMI1, EMI2, EMI3, SUTEMP
1000 FORMAT (10X, ’INPUT DATA’,/,5X,’L=’,F12.5,/,5X,’A=",F12.5,/,5X,
&’SIG="',F13.11,/,5X,’DEN=",F12.5,/,5X,’C=",F12.5,/,5X, ’TH=",
&F12.5,/,5X,°’T™M=" ,F12.5,/,5X,’TP=",F12.5,/,5X, "EMI1=",F12.5,/, 5X,
&'EMI2=’ ,F12.5,/,5X, EMI3=",F12.5,/,5X,  SUTEMP=",F12.5,//)
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QOOOOOOOODOOOOOO0

ERM; CALCULATIION ERROR CRITERION RATIO OF BESSEL FUNCTION
EPSZ; VARIATION RATIO OF (ZHSUMN-ZHSUMO)/ZHSUMN

EPSR; (HSUMN-HSUMO)/HSUMN

CRTN1; (v-0.5)/0.5

CRTN2; (ALN-ALO)/ALN

ERM=0.0010

EPSZ=0.01

EPSR=0.1

CRTN1=0.001
CRTN2=0.001
PI=3.141593
AL=0.139%L**x2/TH*0.5
DAL=0.5

AGAIN=1.

STEP=1.

0222332323223 33233 23222332323 22222233223323222332222223322222 28

WRITE(6,1220)AL

1220 FORMAT (10X, ’ASSUMED THERMAL DIFFUSIVITY (PARKER)=’E156.7/)
CXXERXERKXRRREKKKRE KKK ERKRERKKRKRXK KKK KRR R RRKEKKRKERKRKRKRKKK K

20
30

10

40

GO TO 10

ALO=ALN

GOO=GN

AGAIN=AGAIN+1.0
AL=ALO*(1.0+DAL)

HSUM=0.,0

MSUM=0.0

K=DEN*C*%AL

H1=4.*SIG*EMI 1*SUTEMP*%*3 /K
H2=4.*SIG*EMI2*SUTEMP*%x3/K
H3=4.%xSIG¥XEMI3*SUTEMP*%x3/K

OARAM=0.000001

ARAM=0ARAM

DARAM=PI

INDIX1=1

CALL ECONR{ARAM,H3,A,ARAMT)
ARAM=ARAMT

RAM=ARAM/A
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50

60
70
80

55
65
75

100

ZHSUM=0.

ZMSUM=0.

INDIX2=1

OBETA=-P1/2.

BETA=SQRT (H1*H2*L%%*2)+0.001

DBETA=PI

CALL ECONZ(BETA,L,H1,H2,BETAT,INDIX2)
BETA=BETAT

ARG1=TM/TP

ARG2=TH/TP

IF(ARG2.GT.100.)GO TO 60
T2=EXP(-ARG2)

IF(ARG1.GT.100.)G0 TO 70
T1=EXP(-ARG1)

GO TO 80

T2=0.

T1=0.

Y=AL*(RAM*%2+BETA**2)
CMN=1.0/(TP*Y-1.)

JO=MMBSJO (ARAM, ERM)
J1=MMBSJ1(ARAM, ERM)
NRAM=J0x*2x (A%x%2 )% (H3*%x2+RAM%%*2) /(2. *RAM**2)
NBETA=( (BETAX*x2+H1*x2)x(L+(H2/(BETAXx*2+H2%%2)))+H1) /2.
Z=BETA*COS(BETAXL)+H1*SIN(BETA*L)

ARGT 1=Y*TM

ARGT2=Y*TH

IF(ARGT2.GE.100.)GO TO 55
TT2=EXP(-ARGT2)

IF(ARGT1.GE.100.)GO TO 65
TT1=EXP(-ARGT 1)

GO TO 75

TT2=0.

TT1=0.
IM=(CMN)*x2x(T1%x(TM%x(Y-1./TP)-1.)+TT1)
IH=(CMN) *%2%(T2%(THX(Y-1./TP)-1.)+TT2)
ZHTERM=Z*BETAXJ1xIH/ (NRAMX*NBETA*RAM)
ZMTERM=Z*BETA*J1*IM/(NRAMXNBETA*RAM)
ZHSUM=ZHSUM+ZHTERM

ZMSUM=ZMSUM+ZMTERM

ZHSUMN=ZHSUM

IF(INDIX2.GT.1)GO TO 90
INDIX2=INDIX2+1
BETA=OBETA+(FLOAT(INDIX2)-1.)*DBETA
ZHSUMO=ZHSUMN

GO TO 50
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90 COMTE1=ABS ( (ZHSUMN-ZHSUMO ) /ZHSUMN )
IF(COMTE1.GE.EPSZ)GO TO 100

HSUM=HSUM+ZHSUM
MSUM=MSUM+ZMSUM
HSUMN=HSUM
IF(INDIX1.GT.1)GO TO 110

120 INDIXI=INDIX1+1
ARAM=0ARAM+ (FLOAT (INDIX1)-1. )*DARAM
HSUMO=HSUMN
GO TO 40

110 COMSUM=ABS ( (HSUMN~HSUMO ) /HSUMN )
IF(COMSUM.GE.EPSR)GO TO 120

V=HSUM/MSUM
DEMAND=0.5
G=V-DEMAND
GN=G
ALN=AL
2222232 4222233222232 2222223322332 222 232222232223 232222 22"
WRITE(*,1230)AGAIN,V,AL
WRITE(6,1230)AGAIN,V,AL
1230 FORMAT(5X,’AGAIN=’,I5,5X,’V=",F5.3,5X, AL=",E15.7)
222323223322 23232222232 223322222332 2232322 222222222222 282,
IF(AGAIN.EQ.1)GO TO 20
IF(GN*G00) 150, 160,20
150 RATIO=ABS(G/DEMAND)
IF(RATIO.LE.CRTN1)GO TO 170
180  STEP=STEP+1.0
DAL=DAL/STEP
GO TO 30
170  RATIO2=ABS((ALN-ALO)/ALN)
IF(RATIO2.GE.CRTN2)GO TO 180
160  K=DEN*CxAL
WRITE(6,300)V,RATIO2,AGAIN,DEN,C,AL,K
300 FORMAT(///,10X,’ xxxxxxxxxQUTPUT DATAXxxxxxxxx’ /////.
&10X,°v=",F12.4,/,10X,’RATIO2="’,F12.6,/,10X, ’AGAIN=",14,/,
&10X, *DENSITY=’,F12.4,/,10X, ’SPECIFIC HEAT=',F12.4,/,10X,

&’ THERMAL DIFFUSIVITY=’,E15.7,/,10X,’THERMAL CONDUCTIVITY=’,E15.7)
STOP

END

OO0 M
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30

ODOOOOO

SUBROUTINE ECONR(X,H3,A,XM)

REAL MMBSJO,MMBSJ1,J01,J11,J0M,J1M
ERM=0.001
EPS=0.000001
DEL=3.141593

Xi=X

X2=X1+DEL
XM={X1+X2)/2.
J11=MMBSJ1(X1,ERM)
JO1=MMBSJO(X1,ERM)
F1=X1xJ11-A¥H3*J0 1
JIM=MMBSJ1 (XM, ERM)
JOM=MMBSJO (XM, ERM)
F2=XM*xJ 1M-A*H3*JOM
IF(F1*F2)10,20,30
X2=XM

ERROR=XM-X1

GO TO 7

X1=XM

ERROR=X2-XM
IF(ERROR.LE.EPS)GO TO 20
GO TO 5

CONTINUE

RETURN

END

SUBROUTINE ECONZ(X,L,H1,H2,Y,INDIX2)

REAL L

EPS=0.00001

DEL=3.141593

IF(INDIX2.EQ. 1)THEN

Xt=X

X2=3.141593/2.

ELSE

X1=X

X2=X+DEL

ENDIF

XM= (X1+X2)/2.
FIZTAN(X1)-X1%Lx(H1+H2)/(X1%%2-L *x2%xH1%H2)
F2=TAN(XM)-XMxLx (H1+H2)/(XM*%x2—-Lxx2%xH1%xH2 )
IF(F1%xF2)10,20,30
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10 X2=XM
ERROR=XM-X1
GO TO 7
30 X1=XM
ERROR=X2-XM
T IF(ERROR.LE.EPS)GO TO 20
GO TO 5
20 Y=XM/L
RETURN
END

QOO0

FUNCTION MMBSJ1(X1,ERM)
REAL MMBSJ1
IX=0
SUM=0.
GO TO 100
200 IX=IX+1
SUMO=SUMN
100 FAC=1.
IF(IX.EQ.0) GO TO 20
DO 10 IK=1,1IX
FAC=FACXIK
10 CONTINUE
20 FAC1=1,
IXP1=IX+1
DO 30 IK=1,IXP1
FACI1=FAC1*IK
30 CONTINUE
TERM=(—1. )xxIXxX1¥%x(2,.%IX+1,)/(2.%%x(2.%IX+1. )*FACXFAC1)
SUM=SUM+TERM
SUMN=SUM
IF(IX.EQ.0) GO TO 200
RATIO=ABS ( (SUMN~SUMO)/SUMN )
IF(RATIO.GE.ERM)GO TO 200
MMBSJ 1=SUM
RETURN
END

OO0

FUNCTION MMBSJO(X,ERM)
REAL MMBSJO
IX=0
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SUM=0.
GO TO 100

200 IX=IX+1
SUMO=SUMN

100 FAC=1.,
IF(IX.EQ.0) GO TO 30
DO 10 IK=1,IX
FAC=FAC*IK

10 CONTINUE

30 TERM=(-1.)*xIXkX*x%(2.%xIX)/(2.%%(2.%IX)*FACXFAC)
SUM=SUM+TERM
SUMN=SUM
IF(IX.EQ.0) GO TO 200
RATIO=ABS ((SUMN-SUMO)/SUMN)
IF(RATIO.GE.ERM)GO TO 200
MMBSJO=SUM
RETURN
END
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k%%  INPUT DATA *%xx

COPP
0.00197 0.01000 2665.0 1015.0

0.00000005669 0.050 0.050 0.050
730.500 0.0088000 3.26 0.00100
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sxxx% QUTPUT FILE *%%xx

COPP
INPUT DATA

= . 00197

= . 01000
SIG= .00000005669
DEN= 2665.00000
C= 1015.00000
TH= . 00880
T™= 3.26000
TP= . 00100
EMI1= . 05000
EMI 2= . 05000
EMI3= . 05000
SUTEMP= 7130.50000

ASSUMED THERMAL DIFFUSIVITY (PARKER)=

AGAIN= ] = ,054
AGAIN= 2 = ,187
AGAIN= 3 = 407
AGAIN= 4 = .651
AGAIN= 5 = .544
AGAIN= 6 = .456
AGAIN= T = .505
AGAIN-= 8 = ,469
AGAIN= g = ,482
AGAIN= 10 = .494
AGAIN= 11 = 507
AGAIN= 12 = 497
AGAIN= 13 = .500
AGAIN= 14 = .502
AGAIN= 15 = .500

X2 XXX X0UTPUT DATARKXXXkkk%

Al=
AL=
AL=
AL=
AL=
AlL=
AL=
AL=
AlL=
AL=
AL=
AL=
AL=
AlL=
AL=
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. 3065029E-04
.4597544E-04
.6896316E-04
. 1034447E-03
.8620395E-04
. 1471009E-04
. 8093593E-04
. 1626654E-04
. 1785543E-04
. 1947742E-04
.8113320E-04
. 1980857E-04
.8014111E-04
.8047503E-04
.8019676E-04

. 3065029E-04



V= . 5002

RATIO2= . 000694

AGAIN= 15

DENSITY= 2665. 0000

SPECIFIC HEAT:= 1015.0000

THERMAL DIFFUSIVITY= .8019676E-04
THERMAL CONDUCTIVITY= . 2169302E+03
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