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Figure 1 (Color online) The sensor and its structure. (a) The real
sensor; (b) structure diagram
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PR b R K
TR AR 0~1660 0~0.61
Mk 50~290 0.04~0.12
REWLE 570~1450 0.13~12
M2 1400~8600 1.1~29
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Figure 3 (Color online) Schematic diagram of computation domain
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Table 2 Geometric parameters of the simulated sensor

L i JE (mm) 1% (mm) B ¥ (mm)
Pk 15 9 /
I 22 (5 0.005 / 0.3
HHED 0.02 9 /
AALEREEAR 0.01 9 /
{RAFPER 0.005 / 0.5
Al 20 15 /
a) /FNICEE
L @t e v C=Mel+Me,+C, )
m  1.12840 2 272 172

A, mAT KRR, Blrh SMERGTHE A
(T RERm S AR,

SERR PG RE T, Bk A R I Sl
Gy, AT AMEX AR A, T B
HEATRCHE, BT — B 344 R BOTC BR A (FFIBH) i 41
FFOR, A5 BHRS1R BE Fn st ) 56 R 2R A AbRm*, 1E R
SREBOTERRHERE. T SLbR i AR AR
BORERE, DRI S o 5 B i B 1 A AR v ]
PR EY ReE RN 4R, TR RN
Rl A e B3 b B LA 0 S R R B A R A T A A 43
Br, ARAE TR R R m. BESE v LR
BARAS SRR PSR, B HARA R (7 72R
PERIEAHT. FELRPERIE 8, AR a0 A B
B HEATIEAR L. MRP<0.90F, F3UE AR /IN %;
240.9<R*<0.9995, fili/1N0.05%; *4R*>0.9995kF, ZEft:
SER, 10 R A m* (.

743



M % d & 2020438 Hes5k H8H

4 RGN

4.1 Bfliibatr e

TR 4R 0 — B B 1], 383k BT I A ok 24 BHL
SRESK, SR T IS R, AL KR,
Bk R S A R AR R I, I 852 JC PR KAt
MBI, DI T EEE A 1A I A Y L. X, TCi
FH PSR T A RIZERET R A BRI R, 0k
FMEHE1.2~2.7 s, HARPRHS20.5~1.0 %Y. Bl
R, EFXPRFRIZEE AR RE, T IR AR R 1
AT, RSB THE 1~5°CI Bl . st fe b, (R4
P B 2R AR, DA fE P T — 2 1 A i 4
Tk — BB, B S AR AT Gt R, NI
TIPS R B IR A R, R T i 2%
MR, DRUE AR B I e et B i B s A T ARt
TG, Wl SHT ARt AER 7. ARIETCIr vk f il e
W, BFRAYL A R FH VLR T ] S J7 MR B, S 1Y
LR MR CFE R >0.999.

4.2 Bk ZEngam

TCiT5 5 MG Ge ik 2577 1k e R Xt 2 R
TR B, RGN 2R E RSB A
FHEA T, AR TR ) 2 8L A il R 5 S 34
RN R AR BOE T — R RIC R, RIREIL, R
S S BT SRR T P S b ) S A R R
R IERR FOMTIEN IR R E w2 R
L A 06 B ) — LA R A AL 0 AT 405 A B A A o
2k, Hrh R E RO 28 Ko i e 1514 /s (R A 1
A, g5 Matlabfe FFREATIE AU AT, Al L&
B, LR PR BONE PR AR TR il 2 L &
BRI IR BB e 2y — IR MU 5 R A+,
T4 R A B AR B E 2o — U 5oRAG, 11l
AR R

R i e3d i I — 4L BRI LA ) 2 S0
PRUEREREA TN SR AT, EREA R A 22
ANFBIBAERZL. W A RBERZ R, e 1
PR (e I, IR eI iRE . PR 2R A R I R
TG A YIPESES A R BRI 73 81350 [F]
AR k. FERESAT P EE U AT S 2 AT R Z
KRR AARIR] (18— L (R4 BB TRL AT, SR JH3F
AN [ ARG o f A T SRS A LR DRL A R AR BORN
AR, X FEAN TR v i e M HE TP S 2

744

FHeE

B
PHEREm

PR
i

=al+z

Bm T
BT

4 R R

Figure 4 Flowchart of calibration process

4
1.10~1.64 5"
3
o
;T: 2
U
||
l..
1 .’r.,l;
I/././
L 1 L 1 L 1 L 1 " 1 L
0.3 0.6 09 1.2 15 1.8

\/; (81/2)
B 5 RAMEGERE

Figure 5 Fitting process of temperature rise

SE B 22 500K T3 A HE I e 0 A SR A2 R . B2
ORISR P E S RO RS 1. 8O AN R
HERN 20 & R B, AR B A i 3 A
FRUE, HAR A R AAHESR AT 5. W]
PUKRBL, X TIIRIEREL, 3PN RIRHERN A 1) 3
AR EBUS EERZEAR, TR M2E02.2% (4



it 32

0.90

@) ,%:(3_43e—3)e2+o_21 8

R*=0.99945

0.84

0.78

= 0.72F

0.66

0.60

100 120 140 160 180
BARK (W s m?KT)

& 6

508 ~3-981+0.46
0.90F R?=0.99951

*,IE 0.81F

S

= 0.72F
0.63f
054504 0.06 0.08 0.10 0.12

200

() L

SRR WmTKT)

TWIRIEH BRI 2L, (2) BHREEINL: (b) SRR ERMEZ

Figure 6 Calibration curves of foams. (a) Calibration curve of effusivity; (b) calibration curve of thermal conductivity

1
@) —=(1.69e-9)e3+(1.56-5)e,+0.0304
R*=0.99978

L 1 L 1 n 1 L 1 L 1 n 1
8000 10000 12000 14000 16000 18000
BRAK (W s m? KT

& 7

0.90

y
(®) 555 =(8.456-3)i+0.0938
0.75¢ R?*=0.99995
T o60r
S
< 045}
0.30F
1 1 1 1
015 20 40 60 80 100
SARH Wm™ K™

BIRIRAEINLR. (2) BRRBAGEINL; (b) SHRRERMETZ

Figure 7 Calibration curves of metals. (a) Calibration curve of effusivity; (b) calibration curve of thermal conductivity

8(a)); X TREIMEEIHRL, RERHE LR T4
ARG (B i KA 2553514 5.9%F16.6 %151 8(b) Al
(c)), Ut BN IR T pHy 2 6] 5 A R B0 R A e i)
W R4 IR R B IR B S R THRPROC R it
FIXT LRI, ANFAEE IR ECS UmZ AR R LG
Z, HEIALMERERE, R >0.999, WEOfi=. Mgk
MEEIE T SRPEL, HE R Um
IR IR, BIAHC b, & RREGT
FAXFRHM BRI S ERRBAAAEN KR, A
FERE I EEHE S A, A TEXHE T I & A R L
MEM R AT — R B R BLA I = E 25, miils
IR CHEER>0.999, FTLAIIA A IR 2SR/
AR AR 1S AR T 2R 35 m] ARASE R 5 P R
AR

P 1028 /R AN [ 1 ofe il 2 5k S B R B s X1
WA RL, RERHEIME TS R A B2, S8
PILE E M e R w2515 5)64.8%([110(a)); X T Fa s

SIBAARE, AR e 2k AT A5 45 SR 5 45 R (B B K A
25519 46.6%F111.2%(E110(b) Fi(c)), BEIALHERZk
X IR RO R 2 A . R R SRR
TR AR((EM, SREBSETEPRm IR R
Bom* BRI R, THZEZ R EE S, S8
SEAE R — SRR R AR 22 R K0 251 F LA 15 211,
PRV LT E AR BOK, SRR R 2ZEZHR K.
A TSk R 2 R I S R TR 2R A R, R
PRI, BRSSP 5 Lo i, 58
PRSI IR R 23 PR A% 88 25 Bl I o e 3 — BB {1 5%
KA, X MIE LIRS [ R v il £ A8 SR R
BRZESI S — . AFEYER IR B2 06
PUZERIARTE, SEORN R 2 45 5 m B30 T an
FE10(a) TR B TRl i 2.

4.3  FZfBEH
TCi & FISBR 1 K ANyl A4 K 22 [R5 H il

745



M % d & 2020438 Hes5k H8H

168
—— SR
o e
sl A iEE
T v ItEES
F sl
=
w132 |
N&
&
18 10 |
(@)

1 1 1 1
0.040 0045 0050 0055  0.060  0.065
SRR WmT K
10000

g

S

8000 -

4 proe

6000 |-

4000

ERAZH (W m?K)

2000

" 1 " 1 " " (b)
0 6 12 18 24 30
SRR WmTK)

20000

—~ 17500
N

'E 15000
o

V, I
2 12500
b

K&
£ 10000
i

7500

(c)

o 1 1 1 L 1 L 1 L 1
15 30 45 60 75 90
SMAK (W mT K™

Bl 8 (MR ) A [ B3 & AR B R, (a) LIRS (b)
P%; (o) 4Jmk
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A numerical study of the measurement error introduced by TCi
theoretical assumptions
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Thermal conductivity is the key thermal property of materials that are used in thermal protection of aircraft and energy
conservation field, and its accurate test is of great significance in such fields. TCi method is a transient method of
measuring thermal conductivity and effusivity, which was developed from the transient plane source method in the last
decade. TCi technique has been widely used to measure the thermal conductivity of various materials due to its advantages
of simple, rapid and single-side in-sifu measurement. But the nominal accuracy is lack of sufficient verification within the
full test ranges. Studies have found that the results of thermal conductivity measured by different methods for the same
material may be different. Even if the same method and instrument are used to measure the same material, the results by
using different test modes may vary significantly. The uncertainty of a dynamic test mainly comes from two aspects,
theoretical assumptions of test theory and errors of determining input/output parameters. The latter one can be improved by
adopting test facilities with higher precision and resolution, and the error usually can be estimated using the error transfer
function. However, the uncertainty introduced by theoretical assumptions is difficult to determine and may lead to an
incorrect result when the practical measurement deviates from the theoretical assumptions. For TCi method, except for the
errors of determining input/output parameters, the theoretical assumptions in deducing the theory, the calibration curves
and the contact resistance will affect the test accuracy. In this study, the influence of the above factors on the accuracy of
thermal conductivity and effusivity determined by TCi technique are revealed quantitatively using numerical simulation.
Firstly, the practical transient test process of TCi method is reproduced in the simulation with all thermophysical properties
given. Secondly, the heat transfer processes of measuring foams, ceramics and metals by TCi method are simulated, and the
calibration curves of thermal conductivity and effusivity of each type materials are obtained according to the corresponding
temperature increase curve and the theoretical basis of TCi method. The influence of calibration curves on the test
uncertainty is analyzed by comparing the calculated values of different calibration curves with the given values in the
simulation. Finally, the influence of contact resistance on the test accuracy of different materials is analyzed by setting a
thin layer of air between the sensor and the sample. The results show that TCi method could measure the effusivity of
different materials accurately, and the different calibration curves have little influence on it. However, the results obtained
by different thermal conductivity calibration curves are quite different, especially for the foam materials. The contact
resistance between the sensor and the sample will decrease the test results of the high thermal conductivity material, while
the effect can be ignored for foam materials. And the influence of contact resistance can be significantly reduced by adding
contact agent. Due to the calibration curve and contact resistance in theoretical assumptions of TCi method will affect the
test accuracy, the errors introduced by theoretical assumptions should be analyzed when adopting TCi method.

thermal conductivity, TCi method, effusivity, theoretical assumption, measurement error, numerical simulation
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