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Abstract

Aiming at the problems of large thickness measurement error, significant interference from material
properties, and high cost of imported equipment in the testing of low thermal conductivity materials
(1~50 mW/(m-K)) such as vacuum insulation panels (VIPs), the ST-500 testing equipment based on
the steady-state heat flow meter method was developed in this paper. By optimizing the thickness
measurement system (solving 4 key issues, including horizontal deviation of upper and lower plates
and elevator impact), the standard deviation of thickness measurement was reduced to <0.017 mm.
Combined with a high-sensitivity heat flux meter (EKOHF-30S) and a Pt100 thermistor, the equipment
achieved a temperature control accuracy of £0.05°C and a detection accuracy of +2%. Verification was
conducted with 3 types of VIP panels (hard: 349 x 504 x 13.80 mm, medium-soft: 300 x 300 x 12.25 mm,
soft: 290 x 400 x 7.25 mm). The results showed that the thermal conductivity error ofhard panels under
two loading methods was <0.1 mW/(m-K), while the thickness of soft panels attenuated by 0.13 mm
when using the “non-removal” loading method (the “removal” loading method should be prioritized).
Compared with the imported Netzsch HFM446, the ST-500 had better repeatability (thickness meas-
urement standard deviation: 0.01 mm vs 0.013 mm) and its cost was only 1/2 of that of imported equip-
ment. It meets the GB/T 10295-2008 standard and can promote the localization replacement of test-
ing equipment for low thermal conductivity materials.
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SRABORMICZRME N VIP BOYERETET (R0 FR R, FAR IR FE B JAR 1T RE . X HL
T T VA B DI S A R AR [ 1] [2]0 20 IR AR S AT M AFAE = K s — 2 = 5 & )2
RYHEERNERZE 0.3~1.39mm), HELUEEEHE VIP (<Smm); —FEHR VIP K& LR K 46 2 (5 2
TR > 0.1 mm), FRELNZEIE 5%~8%; — i MR & (U 5t HFM446) A 70 Ji7t, /Ml
PAZKIH[3] [4]. BEETHFA M ST-500 Y245 & BRI RIRG FE 5 ROARIL S, (HR RGff oLl & 1 22 Job kbR
PETH . ASCERAIE RS WAF 2 MR VIP BAGIITERE, e B & ENE, HANE &1
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2. ST-500 BRSHRRITZRNRF R ER0EH
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Figure 1. Overall structure diagram
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Table 1. Critical technical parameters of ST-500 low thermal conductivity material testing equipment

= 1. ST-500 R SAMBHEN R Z RO AR S

el L it/ u B/
L >~100 mm SERL I VIP BUS(S]
v Al (AT9" % 150 mm) !
FhARIERC 5 ¥ 300~500
K3 3t b ST i -
KF >300 mm
b 607 YA Hh AE 2D
R IT’E@E{ 5~60 C » ,‘H\Wmimﬂ%
R +0.05°C U ER PID 454
_— FRREEE 1~50 mW/(m'K) IERL VIP, SEEREE9]
a0 K NN =
o AL 55/ B £2%/+1% % FR GB/T 10295-2008 [10]
. EKOHF-308,
#hy o % 2
. N T PR 0.15 W/m REE > 100 WV-me/W
Bl EYERE VR T IE S 2 S 0.025 mm/k MPS-S-0505-20Z2-LG
T JE AT HEZE <0.017 mm A SE, A4 48 10 KM 11]

2.2. KEBHERT

M EAH A THRSE . TR JT IR SE RS, oL e R 5AmE W~ WA ERH 8 % Pt100 #4
HLFH(2.3 mm x 2.1 mm x 0.9 mm), FFHAEEARAE 4 (& 2), BRPETT SMI1231RTD HECR4E, HE
WF <+0.2°C(Pt1000, 44>, AEEHN 4~20Ma (55); JE &L GYSA-200KG [k /11L& 4
t 0~24 mV), FAIRIE K IFGE 0.1 MPa (BB AT 22 0.05 MPa) (BB J735Hl); Rl ERH 2
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% EKOHF-30S AT 11(85 x 85 mm), Wi T-1HIRAR KL M, 8 SM1231 HEl SR HCR A i RAS 5 (8
FH 3k O 08 & FEREBHLEAT RE), WS HM B R FH R BN ERA MPS-S-0505-
20Z2-LG Hidpgmtids, @i kb Bot SR R (4~20 Ma (55), MRAEINEIRZE <£0.02 mm.

E VA PR 25 A 3 IR A% 0, FeA IR HRCR F L AR (2% 10 mm, A = 386 W/(m'K)), W& 6 /7
1500 W HLIIH (B84, 1000 W HIHAEE), AMIUEL 5% 50 mm BEFEIRIRZ( < 0.024 W/(mK)), HiffFiH
NS, HIRAPCR S SWREE 12mm, 1=202 W/(mK)), KN EKABEGE 2L/min), ¥
WN 30% 2 KW, WIS HIR 4EFHE E FAE (10°C +0.05°C)il i 2 SR 4 Hr o ¥ b B HEAT #2511
IR TEIE T2 S4B

BRI LAFE [T S7-1200PLC Ai%C, EIE LUK S THRENUES: PLC REMEBREE 5T
HSREH, HENEE WINCC A7 B ANV BRSHORE . . SIRERE). AddsE &t
AR, FARSPIMER A W EARME” ——PIRIESE 30 min WAL <+1.5%H. 5 KPR ABEME <+1%,
ResE R EE[12] [13].
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Figure 2. Flux sensor diagram
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3. XEREARKWK
3.1. MERGHL

st SR S R G 4 O i) R, B AL R S AR AR AR TR S, LA S BUR Wk 2 BR[14]
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Table 2. Optimization measures for the thickness measurement system of ST-500 low thermal conductivity material testing

equipment
5% 2. ST-500 1K S8 ARG M 2 &N B R Z AL i
75 TFAE 1) o it RS
| AR AT R A 22(0.08 TKF R4 B R B S PR B AT 5 R LS 2 mm A4 28w % 0.01
mm/m) R FEIRZE <0.01 mm/m mm
5 TN B rph PLC FR/FB&IEZE | mmy/s, 380 S mm yiEZE LA, 12 mm VIP
GEF 5 mm/s) MWEL16] B2 0.005 mm
3 TLE HRHET)RE PHFHRMEAD, LIRS EEINAZE KRG RZ <0.01 mm
4 SRR EARRE oo, ORISR 4 s OB RIS

(0.03 mm)

3.2. RiRIESSRAEML

PR ALK IR B il 5 8RB 45 A 1 5 3 PORTHE 5 8RR U B il 2k (et 53h 4k
[BFE > 100 mm, J/b BT SR A B & NS B2 ER:, EAE HH R 50%5ETF A 71.7%, 2 mm
Ad IR ENM 0.03 mV FFEZ 0.008 mV [18]. FRASHFRIOEAL 7T, B “ XWEFRASIRHE” 485 MLRL
K, Ab)G VIP HAaSH A M 2.5 h FE% 1.7 h, BRIETF 32%.

4. (RS LIS TEE

SEIGIA LI IR L 25 £ 1°CL AHXFIREE 50 £ 5%, Frf VIP #Ein2e 80°C A 1% 24 h THER K 082
Wiy, B IERE RS L L 5 RIS Xt L SRR R I 19] 207

4.1. E-Flit4sELE-IE
XF 3 Fh VIP ARE WK 10 R, Z5R % 3 s JREESIFE <0.46%, SFMAOEEFE <0.96%,
PIRIEEN <0.027 mV, 2 GB/T 10295-2008 Frifk, 1IF % & Fa e M R I [21] [22].

Table 3. Basic performance verification data of ST-500 low thermal conductivity material testing equipment (n = 10)

5% 3. ST-500 RS A48 58 2 E b M AE IS IEBHE(n = 10)

[ 1) I =] 3 % H [y 3%%(0,
FE 2R A (mm) EEERE(mm)  EEEIIE %) (mW/(m-K)) %)
fifiJii VIP
349 x 504 x 13.80 13.76~13.78 0.14 4.296~4.371 1.70
(BHE=E)
PR VIP
. 300 x 300 x 12.25 12.13~12.24 0.89 2.484~2.529 1.85
(TR
fr
i
$AD:4VIP 290 x 400 x 7.25 7.05~7.20 2.08 5.683~5.753 1.20
(K1%)

4.2. SEXREEXILE

# ST-500 5 [E 7~ HR-303. 74t HFM446 X LL(FESh: 300 x 300 x 12 mm HMi# VIP), 2530
A TR: ST-500 58 R E 0 721X 0.84% (vs i dt), A NEE D& 1 172, MR R, B5illE
#8HE 5 T B A7 AE 0.45 mm w25 T /125 ST-500 0.1 MPa vs fif 4t 0.3 MPa), {H 5 & P H L (hritk
7 0.01 mm vs 0.013 mm) [23] [24].
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Table 4. Comparison data between ST-500 and similar technology equipment

% 4. ST-500 5E K& &XTELHUE
MErRHEE SRAEEKHE PR REUR

PR PERFSEECC)  EeACIID) B A (h)

(mm) (mW/(m-K)) 2 (vs i)
ST-500 0
— + ~
(Z'Kﬁﬂ:ﬁ) 0.01 2.35 0.84% 0.05 60~80 1.7
= 7= HR-303 0.03 2.42 —2.11% +0.10 80~100 1.8
HE i 5t 0
+ -
HFM446 0.013 2.37 0.00% 0.02 220250 15

4.3. RS RETAE R

XF 3 Fh VIP ACRA “CHCH T (MRS RS A GRS PR TT R, AR A 5 R
TR AR W A 7 SR R 2 <0.02mm, SHABZEH 0.055mW/(mK), JET “RECGH” R AGE,
AR AT s PETR “ANBCH 7 IR 12.17 mm PEE 12.13 mm, ZERK 0.04 mm, S RBUHN
BEAG; BT “ASEUH ™ B R0 0.13 mm, 53R AR SR 52 R TR 1 3.2 %, Fathde “HU” %
B DU G AR TR [25] [26]

Table 5. Comparison of test results for different loading methods of VIP panels
& 5. NE VIP a5 MR L5 R gL

% O Si ) 5 N i 3 [ L i 2 I
e et TR JE £ Y5 ] (mm) (W/(m-K)) JE % 3 Yok (mm)
X 13.76~13.78 4.296~4.327 0.00
figJii VIP
AHH 13.76~13.78 4.363~4.371 0.00
B 12.24~12.24 2.505~2.529 0.00
R VIP
AHH 12.13~12.17 2.484~2.498 0.04
U 7.18~7.20 5.683~5.751 0.00
Wi VIP
AHH 7.05~7.18 5.688~5.754 0.13

5. WieEMAHEN

B R R T, & ARG Ja RS B Ol AR S AR 5 R, (ELFURE b A2 U 6l 0 R 75
FAAERARATY, IBILIE— DRI (B S 0.05 MPayfziiliRze: MRVRFIEX R A RAGTH R, PR
VIP (RIS S5 K 5y S20E S 3500, AN ™ 2R 3T 5 P2 SR el JE8 328 KA AR, MR AP ot AR 2 ) 128
SUEE S S IV

VAT MBER S FESh GE =ANRIEAT I W R TR IR BERAREER, ARE R S Al
H RN 7y, s SR S OR9FE 0.1 MPa & 77, XFUFRE S F# 2 0.05 MPa, /b R4S FF
anJ2 I, BB VIP PRI T2 80°C AT 24 h, T BR/K I WP B2 RS0, ()i 00X ] 72 2R 877 17
B R B 22 SRR R 22 iR, REH AT 15.000 mm ARAERAE A IR UENEAEE, BRI
DAL IR A 5 U A R A ERR I, W ORE R KIIRR B 1B 1T .

JE SRR PTGt R TH R A MR RE: — B R BE N, IR AR R 5l
FIMRE R BERE, BB BE 7, I BT Al (IS A8 A8 T s R R B S 48 S 2 T+ O O %
FRIEERCREEZ 0.001 mm), #— D4/ SHE ORI ELERWZE, RNIFR “2RNE” hge, X
BT IR T 4 5 BRI, AR T B RHAS: DN 3 (1 SRS HE R B AR STHE
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6. &t

ST-500 &5 ARG 2% %% 8 I MR R G, Mhfo B FBOKFmZE . FHRENLRS . 2 AR
R F ot S B P Ak AR 7 4 THOGRRE ), I JE AR 22 MARAG T 0.3~1.39 mm f£%<0.017 mm, 454
= R EKOHF-30S #itit5 Pt100 #ARPH, 3 —5 Seii 2k FE+0.05°C o A HERA FE 2% A% 0 1
REFRAR, SRR M BH1~50 mW/(m K)) B Il 75 K .

SEIRIOIESE R I, X ANFEEE VIP ARG R MEAFAE R 22 5 B VIP #i(349 x 504 x 13.80
mm)fE “HH” 5 CARH” R AT, BEIREYS <0.02mm, FRAHRE <0.1 mW/(mK),
AR AR T RIE B Oy 30 PR SR VIP SRR S 4R m,  CRBU 7 BEEi 2
AN TR R 1) J5 PR ik, G o BB AR T IR S A OR(0.13 mm), SR ARSI, PRI
EFE CHUH” 2807 R AT RIS R T .

S[R3 6 b, ST-500 K5 VBRI 256 % It 2 2 O MR RE S At 35 DB s R A T
B 4 HFM446 (BR#EZ 0.01 mm vs 0.013 mm), SFHARBRG TR ZEL 0.84%, HRAN NHE K &1
1/2, [AIEH# 2 GB/T 10295-2008 FrifEEEsR, REWEA MM ek, HEBNERFTRE. Kb hiliE KA 5
TSGR T R RIS I 7y 18] 7= AL R

SE 3k
[1] AR, &HFk, X, & FHUEHAN TR SRR BN e ZER TN ]. P ERR &4, 2025, 41(4): 18-
22.

21 HEBE, MEH, FYl. By #aRykil e 46 258 5758 R K ORI S I A B AT € EIFE[)]. K=
K, 2025, 3(12): 188-190.
[3]1 Mroo#d, IEM, 2. RSARITHESRREUCIN BT A 58] FriERE T2, 2025(4): 24-30.

[4] BNMHE, 4%, B, & SHRERBNE MG ITHE) SME R ZRAT E EIFEN]. MBS hREN, 2024(5):
254-256.

[5] HEEXWHREEHELR. JJF 2220-2025 58 REFAS N E SORAERIES]. Jb5T: P EARAE H i, 2025-03-27.
[6] HEM, VMRV HIE AR A R B I S JTVEP). W E LR, 202410599105, 2024-08-23.

[7] Kbk, %5 Hot Disk #HE B MG & IR EAE LS RAREGRIGHTA[T]. FHMREE UK 24, 2025, 42(2): 76-81.
[8] M. ST REAEL T IR BRI 1) 8 B X S [I]. R ERHSA ISR R Tolk A, 2025(1): 120-123.

9] TLIEER, seydifr. WRES TR Il B CRE M 2 R B 2w R 32 7E ()], AR EORB AL, 2024, 9(2): 25-27.
[10] k5. —fSHKEMEIP]. FEEF], 202421109642, 2025-04-04.

[11] Chen, B.X.,Ma,S.J., Zhu, Y.C., et al. (2025) A Micro Thermal Conductivity Detector with Diffusion Channels Suppressing

the Effect of Forced Convection. Microchemical Journal, 208, Article ID: 112521.
https://doi.org/10.1016/j.microc.2024.112521

[12]  JEGFEE. 2 Fhes s ) 2 5010 se Akl S IR BOR HEN € 5 T[], SCRHS BT EGE 2 CCi i) TR,
2025(3): 17-20.
[13] EmRHE, skdear, f[fe, %5 ABRPESHRARERXP]. #EEF], 202410332196. 2024-06-18.

[14] Cho, W., Yoo, J., Kwak, J. and Shin, H. (2025) Suspended 1D Nanoheaters for Ultralow-Power Thermal Conductivity
Detector-Type Gas Sensors Fabricated via a Simple Four-Step Wafer-Scale Process. Sensors and Actuators B: Chemical,
443, Article ID: 138283. https://doi.org/10.1016/j.snb.2025.138283

[15] RiE. EFRERAS RS IR BAGZE BEmH Zo0T[0]. TR &M, 2025, 41(1): 29-32.
[16] Z=RR, XRLR, Jrkik, 2. —MAEE A& FRER SHRASNEREP]. HELH], 202411530243, 2025-03-07.

[17] Xia, C, Yu, T, Liu, J., Li, X., Wang, J., Ma, S., et al. (2024) Effective Self-Powered Semimetal TaTe> Photodetector with
the Thermal Localization Photothermoelectric Effect from Ultraviolet to Mid-Infrared Range. Advanced Optical Materials,
12, Article ID: 2400314. https://doi.org/10.1002/adom.202400314

[18] #Jii. @S ATREM B SRS E AN b 5 N A4 [T]. SEIe =k, 2025, 3(7): 13-15.

DOI: 10.12677/ms.2025.1512227 2145 PR R


https://doi.org/10.12677/ms.2025.1512227
https://doi.org/10.1016/j.microc.2024.112521
https://doi.org/10.1016/j.snb.2025.138283
https://doi.org/10.1002/adom.202400314

TLIEM %

AR, Fik, DY, &5 FTA MR EON E SO HETT VA R AT EVERE]. THESIREA, 2022, 49(9):
107-110.

TG IR, SRR BT 2R BRI B i s M TR IR PERE IS ). AR @M, 2023(4): 30-32.

Vi, R, MG, & EE. BESERZEN S HRREU R m R T[], 116, 2022, 41(7): 52-54.

T, ZEME, WA, & BRI SR E U R R[], BHEEATES R, 2020(12): 37-39.

FRELT. G BRI 48 B R S R B S R 3R ORI []. B K, 2021(5): 120-122+125.
B, WA RE, A, S5 P S BN B AR SR BRI [T]. RIS R, 2019, 47(3): 55-60+94.

MAHEZR. PR AP E]. JEH, 2019(11): 167.

DOI: 10.12677/ms.2025.1512227 2146 PR R


https://doi.org/10.12677/ms.2025.1512227

	基于稳态热流计法的低导热材料检测装备的研发、技术优化与稳定性验证
	摘  要
	关键词
	R&D, Technical Optimization and Stability Verification of Testing Equipment for Low Thermal Conductivity Materials Based on Steady-State Heat Flow Meter Method
	Abstract
	Keywords
	1. 引言
	2. ST-500型稳态热流计法检测装备设计与核心组件
	2.1. 核心技术参数
	2.2. 关键部件设计

	3. 关键技术优化
	3.1. 测厚系统优化
	3.2. 热流信号与稳态优化

	4. 低导热材料检测实验验证
	4.1. 基础性能验证
	4.2. 与同类装备对比
	4.3. 材料特性与装载方式影响

	5. 讨论与优化建议
	6. 结论
	参考文献

