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Study on Evaluation of Mechanical and Thermal Properties
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Abstract

Honeycomb Sandwich Panel (HSP) is a kind of a composite structural material. It is
characterized by a high specific stiffness, a high and constant crushing force, orthotropic
properties and many selectable parameters such as cell size and cell wall thickness. Recently, it
is important to analyze easily mechanical and thermal behavior of HSP or honeycomb core,
because HSP has come to be used in various general industries.

The purposes of this study are to evaluate HSP properties for mechanical and thermal
phenomenon and to establish simple methods for analyzing HSP behavior. The characteristics
of HSP mentioned in this study are stiffness, non-linear behavior for bending, shock absorbing,
thermal conductivity, thermal deformation and non-destructive inspection.

Firstly, an elastic honeycomb element was proposed by applying orthotropic equivalent
elastic moduli, which are given by honeycomb parameters, to stress-strain matrix. This
element can simulate an elastic behavior of honeycomb core without hexagonal mesh. On the
other side, it was shown that a rigidity of honeycomb core is very influential to the stiffness of
HSP, when HSP is subjected to bending load. It was also mentioned the relation between an
aspect ratio of a cell wall and the modulus of rigidity Gy;.

Secondary, a yield condition of HSP was clarified by considering a shearing stress
distribution of hexagonal cell walls subjected by bending load. The honeycomb element
combined with this yield condition can simulate the HSP deformed behavior without detailed
hexagonal mesh. The analyses results for three point bending and torsional loading given by
proposed element model agreed with the results of the experiments and the detailed meshing
analyses. This element model doesn't reduce the precision but reduce much time for pre-post
processes and analyses.

Next is to clarify the relation between the energy absorption ability and honeycomb
parameters. To clarify the energy absorbing mechanism, collapsing tests of honeycomb core
are carried out under quasi-static condition. Based on the observed buckling mode, a finite
element model which can represent the debonding failure between the bonded cell walls were
established. A series of FEM analyses was carried out to establish the above relation under
quasi-static condition, and further, a series of experiments about impact test was carried out to
clarify the dynamic effect. Asthe results of the experiments, it was shown that the collapsing
stress under impact condition is increased due to the pressure of the air inside the compressed
honeycomb core. The proposed expression, which was gained by combining the results of the
FEM analyses and the experiments, agreed well with experimental results under impact
condition and it is effective for decision of honeycomb parameter on any absorption
condition.

Next, a thermal conductivity honeycomb element was given by applying orthotropic
equivalent thermal conductivity, which were decided theoretically by calculations with a
periodical unit cell of honeycomb core, to thermal conductivity matrix. The theoretical
thermal conductivity of honeycomb core agreed with the value gained by a proposed
experimental-computational hybrid system, which consist of two experimental thermal
measurement parts and a finite element analysis part. The honeycomb element including the
proposed stress-strain matrix and this thermal conductivity matrix can simulate the thermal
deformation of HSP easily and accuracy without detailed hexagonal mesh.

Next, an experimental-computational hybrid system which can detect flaws in HSP was
developed. The system consists of an infrared thermal video system which can measure the
temperature distribution of the body surface and an engineering work station which carries out
the image processing of the thermograms. Various types of flaws lying between the honeycomb.
core and the surface sheet were examined and the effects of the combination of honeycomb
parameter were studied. Furthermore, it was shown that the image processing system of the
thermograms is useful to detect the flaws in HSP.

The proposed methods are very useful for the evaluation of the mechanical and thermal
phenomenon of HSP or honeycomb core and they are practical for the design in various fields.
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Fig. 1-1 Honeycomb Sandwich Panel ( HSP )

Fig.1-2 Application of HSP
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Fig. 2-2 Shearing component of displacement by three point bending load
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Fig. 2-7 Part of imperfect shearing deformation
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Fig. 2-8 Relation between modulus of rigidity and cross section

M2—8 &b, WHER (X, YAB®DELE) ootk SmEsut R
NENFNHABEITNHE LTV T Wb b, ZHE, HEFHEFRLR SO
DFEIE, FROIEER & NEBOEIEVEL o TV 2 EIlLBEEZLNE,

E LW R L, M2—8 DFNEFNOMPTRTIRETHS Z &H°
FREIND 20, FrodsMERic & ) PoEZ RE L7z,

WEASIEL S AMER L TwaE Lz &, o SR G,
ELWEEZ SN LNEHOFMEBERE . G, #H A5 Z4JEED O Sl s

_29.




% 2% HS P OmMIMERFI

RE GOMICIZROBEREEDH B, ARENTNOLEDLERTH 5,
GA+G A

A (2.33)
NERR ORISR G REIL—ETHSEHET S ERAPBY) L2, T2
TH,;. H;i3, £AMmEIC 50 2NEROE S (H=A/A") THH, &z
FIIEVEERT

G

G =

. _G-GiH, _ G-G,H,
1-H, 1-H, (2.34)

ERXoBEBIZH L, wVE 1 OGONEFHEHR BHOREEE ZITTWbH L
REL. HLBRERELHEARE (CVE) 282722200020 237 0FAN
HEMMEY 32— g v ORBRIL GRIME L7,

o (B, (=B,
H - H, H,—H, ! (2.35)

FNWTNZA LITDEIVEDT AT b IEE &8, FNE N OS5
WA T LRRMEEIC L DRD 2. Gy Gy, ORFERZK2—91I7R T,

G, (2.25) DELIZIZF—HLTWAZI LKL, Gy, 3a7 BSH
ms sz, X (2.28) fE»LRK (2.32) OEIZHER LTSI L%
b, THOT LT, SEMHEBERI . Gy, v G, VSHIE ORI LR Z R
LTWABEEDIL, Gy, WENVEDITOEHE (TAXRZ M) KXo TERE
THROBTREEINAZLEEZRL TV,

= 140
¥
2 10 G vz : potential
T S —— Yz POl eneEy
110 Lo e o _____ o__
;E 100 | G vz :complementary energy
- 90 : ®Gvz
F§ 80 G 7x -
=70 & A 2 A

60 ‘ | ' |

0 0.5 1.0 1.5 2.0 2.5

Aspectratio h/s
Fig. 2-9 Relation between modulus of rigidity and core height
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Fig. 2-10 Shearing mechanism of hexagonal cell

Table 2-1 Equivalent material properties

;ggﬁﬁ; Modulus of rigidity Poisson's ratio
E, =12E;R® | Gy, =6(1+V,)GsR® Vi =1
E, = 12ER’ Gﬂ=%QR vﬂzgww
E,= %ESR Gz = GgR Vox = Vs
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Fig. 2-11 Specimen for three point bending test
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Fig. 2-12 Mesh for modeling analysis with honeycomb elements (model 1)
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Fig. 2-13 Mesh for detailed analysis (model 2)
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Fig. 2-14 Results of three point bending
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Fig. 2-15 Measurement system of HSP natural frequency
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Fig. 2-16 Supporting mechanism
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Table 2-2 Results of HSP natural frequency

Support mechanism Theory Experiment FEM with ) FEM .
[Hz] honeycomb elements | detailed meshing
Cantilever (61.2) 0.80 1.00 ---
Fixed support (277) 0.78 0.99 0.97
Simple support (205) 1.01 0.99 1.01
25 #& &
HS POMEEEZ HEICHRTX 2EMERET V (Ml NV 2ER) %
TERL L 720

9. GibsonDIC X WIREINZFEZILHL, NoH L2709 HOIRTE
MR ERD2. ZNEFNOERIIEMHHEOMB ERE a 7THEETET S
EWTE B T, ERETHRZFROBMMERMG, ,ICE L TEOEBAIZDOWT
ERT T o7,

KD 7o M AR 2 S — 0T AT M) v 2 A L. BN A A
BREER L7-, 3 5ITHES L CEEIRBZHERERICOW T, EE L3
SEEFVOBERLB L, BVREOKRELZETY 2,

RETER L7-MEN= I L EROFE 2T,

CANABELTERETOE TS0, RILEEENES TH S,

ALEVHRBTHEIZTRA7:0, BESKER BN THLILNTE S,

CEEEAT C L TRIB ISR R L T R BN EIT 2 A,

- HHEBRERETQ ST LT TEHEATISTRETH 5,

-138 -




2% HS P OmIEEHE

2.6 ZEXHE
(1) G2, /= A 2 BEERDEL OIS BT, St i 25, v — 2 h ¥ —,
(1995)

(2) BLFA - U - oK - AR, N2 SIS RS O BEHIRAT, IR 6 R B0 %8
7, (1991) ,361-368

(3) WH - BF - AL N= o 2B E Y O - B, RS EHH34%2
%, (1993) ,99-111

(4) &F M- FR-FE AIMTLI - NZh L8RV ZHO2REHEE
BROBEET - B, B EEBMISH3F45, (1994) |, 228-238

(5) fall - H - L3R, 7V I A28 A S A 2850 VEEREE
DI (TN I =7 AEEHEA ANV EAVEBEFTTA V) | ERES
B #B6%E1525, (1995) ,110-118

(6) L.J. Gibson, and M. F. Ashby, Cellular Solids - Structure &Properties, Pergamon
Press, (1988)

(7) F. K. Abd El-Sayed, R. Jones and I. W. Burgess, A Theoretical Approach to the
Deformation of Honeycomb Based Composite Materials, Composites, (1979) ,

209-214
(8) BAR, 7TVI=y AEEHY Y N A v FHE, BEE40555, (1990) |
390-405

(9) S.Kelsey, R. A. Gellatly and B. W. Clark, The Shear Modulus of Foil Honeycomb
Cores, Aircraft Engineering, (1958) , 294-302

(1 0) T. Akasaka, and T. Takagishi, The Shear Modulus of Foil Honeycomb Sandwich
Structures, Trans. Japan Soc. Aero. Space Sci. Vol. 2, No. 3, (1959) , 83-90

(1 1) C.C. Chang, and I. K. Ebcioglu, Effect of Cell Geometry on the Shear Modulus
and on Density of Sandwich Panel Cores, Trans. of ASME, Journal of Basic
Engineering, (1961) ,513-518

(12) J. Penzien, and T. Didriksson, Effect Shear Modulus of Honeycomb Cellular
Structure, AIAA Journal, Vol. 2, No. 3, (1964) , 531-535

(1 3) M. Grediac, A Finite Element Study of the Transverse Share in Honeycomb
Cores, Int. J. Solids and Structures, Vol. 30, No. 13, (1993) , 1777-1788

(14) L3 -Hb - THEH, S Y FA v FRRVEAT T I A LT T DRER
Mr, AW AR ICE (AMl) 61745875, (1995) , 1608-1614

(15) HE-KE -G, FRPN=HL2T - Y FLAyFRKO3ID—FEM
K BRI Y AHFSE, H AWM E S LE (AMR) 63%613 5,

(1997) , 1939-1946
(16) - BIF - WE, 7V AN h AEERD /ST X — &[5 & RH)

-39




2% HS P OMIMERHE

R (8 18 REJ7METimoshenkold N E 7V IZ X 2HRE) |, H AR
£ (C#R) 614583%, (1995) ,871-878

(17) WA - EEE - 58, FREREZERERN 2R A L7z AER O
oS5 A — % [AE, BAREEES - 015 - FHBE RSk Vol B,

(1996) , 105-108

(18) N&FE -HAE - F - BEBHETVEHVINZ LT N4y T
T FHE O BB VERRAT, B AR R ICE (AWR) 6456247, (1998)
2059-2064

(1 9) N. Ogasawara, M. Shiratori, Q. Yu and A. Miyano, Elastic-Plastic Analysis of
Honeycomb Sandwich Panel by Using Honeycomb Element, JSME International
hmﬂﬁm%A”(w%)mWMt

(2 0) R, %> 1y FHEEORE &R EAM BRI 2515, (1975)
28-36

(2 1) ThI=ws - NZd A BHNRATHRIERR ST ER

(22) B -fhda i, ARERNY M7y 7 KEEEE, (1983)

(2 3) B, =— F@AM, oo -+, (1993)

(2 4) 5, @8 WWH%E 4 > 2%, (1987)

- 40 -




w3 E
H S P O EREERH

_41 -




-42 -




538 HS P ORBRRBBEIEHMN

3.1 # B
MHATEPERIILE o T WAEHS PTh 5725, HEHFEISEL - Bk ibs
BITON, BEHRETZT ) LENFNTTETW R, FlzIE, BEE - G Lo
REEFRTHASNLHEE, BEIZA Iy - EFRAR— - FI R F—1L
DIzBITS HSPICH L TEBROZ WRELRFEF L e Tid e b kn D @)
ZD72HIiE, HS PORIERRETZ TR RESRE 2T 2 L b NE LA
BT —ANDHY ., FHEBELILEBT L EAPBEL o TE,
—MRICH S P OIEMREF & LTid. LToORERD TSRS,

1. Noh A7 OEREER

2. RERE N HAaT7oEs il @ ¥

3. EHARDRERK

4. IN=H LT OREK
HSPHBPNEEHTRDIZVDDIE3 HMTTH Y, DI L6 %8
295 LA BEOVCTROBED (BIWICIE) 282052, LaL., BRE
RPEAEFICHT, BITESCANER COBRBLEHT CEAINIBICREER
TWHRTHY) . —REEMEE L THEAS BB, EEMBEN N H LD
TORERPFERELZMEL 2%, FRMEREICBVTE, RERD BERZTMT 2
OB L Wi, BANZH LA IT OB % B ST X UL,
HS POMERFTOB, FEFEICEDLRFELRY ) 5,
—HHSPI @3 NZh A a7 OFEBRBEEICET AHERDIFE TIF, 2013
EAEDL., NoHLAITOFEEBICET A0 (B4ESRB) . H20IEEHE
NG ER DD o TeBOBREBZEEL 230 P W T, nada
IT7DRERIZER LIIFRIZIZ L AEITTPR TR WE ) Thb, Ik - BAS -
B, 3HHEIITRICB I ABBEAT VI S AN I 437 0% AR IBMEE
BEE T 0T ABEEEFIHL AR TEHL TS O,
ZIT, AETIIHS PORREE OFFIz EICITIC L2 BME LT, H
SPOMITERICBIT AN 4 37 DOILITIREE % BEE L. HillO R &4t %
MAL T N LT DEAMBTERER G ERNEER Lz, RIETER L7
PN BEFRITKBERGEHEEZAIM L, N 437 OBIRES) 2 B HH > IFrE
CHRTE 2B ABEFR R, FORITET-oTwE & (D

-43 -




3% HS P ORI

3.2 NZHLIATDWBMHLEH

HSPRIESHEMNHTH 52, WEMEBELHSPOLIZH Y FyqsvF (B
B) METIZ, BPTTHESME SN FOBENEL TS P
HEONM2—1 (a) Z3BOYWE I F—OHEM PN ITER 2 A 7 IRRE
Ebwv i, WEFROFLREMOUREAYTE Cewh T iiidEL ), FE5EFE
FEIETT . THEFEFERIENEZIT T VA, 3BENFhOBMERIZELZY, FUH
LEEZEON— 72, FTREICBWT, BIFICE 0 &L FEIRH DL
WELE ZIEREHE AL 5,

SR L, B2—1 (b) A ICEMNBIEME AR 2B A RA LTV F
VA4 FREN BOMITERIRNETH 2, PP ETRERD ZhEROFL
FEICHFE L, BMEMTEBELV, T4, NNB TR ANERZELTWA
O, FEHREBHORERR L LT, BIFICLAREROBR T TR, A7
DEAMTFRIRSEZER L 2 TE R bR,

HAREIME NI 2% a7 ET2HSPOEREHRLIT., BEOHSIC
T, NoHLTTDRAMERD B VITEREROBERICLL EEL b2,

321 BAMEMIC L ZIEEHES

NZALAT DIHREZEEB L LTEZLOND Z LT, HEOBRIR EEEIE 2
Hb,

— MR ICHE N ICEHARNC A AT MA G EE., CANERLE UL Z LT
BEN, FEV 2V F7 - 0OMBRE0HEE (¥ X T, EAWIGT 25E
Ry L EORABROERBEFRICNME | i3, Z3AVF—E2FHL TUT
DRTHRIND, CITHEEFABROEE %2, aldlEz. tIWEEZHET, ¥
ZkIIEFEROT A7 M (R ICRETARETHY, £3—1TH
ZAHNTW5S, '

. n’Egt’
12(1-vg* Jp* (3.1)

Table 3-1 Relation between aspect ratio and coefficient k

a/lb| 1.0 | 1.2 | 14 | 1.5 1.6 | 1.8 | 20 | 2.5 3 4 0o

k (934 | 80 | 73 | 7.1 70 | 6.8 | 6.6 | 6.1 | 59 | 5.7 | 535

-44 -




% 3% HS P ORREE)FME

HSPHFIAMITWELZZIT/2L &, REANZ DL 271, EICEINEANE
Baeslg@ZI L TWwa, Ll COERE, N=h2aT7 28R e LTHo
A DENE AMERETHY, EBONS LT, 2F hhemirngs
BzBETH L, SETOEANEAMERNG SR STV,

THBICEL N T AN H LT ORVEEIZEE L T, FROFEL L TAS
L. BRRECAMITOMEIE, CARBRRIC T OEL YA, & AMBERT 58
WCHEEBEERE L LERLTWS,

L IN=A 237 Dipa, EVEZHAIELLIFATBY, L TFEREKRT
ERRBOLVETEHE STV 20, BREEILTLEOTRIT AL
ZALL Ty, IS, NSh AT 7O AMERIC X 5 I 2822 EFIZ
BRLEVLDEER LR,

3.3 RBREH
KETIE, CAMERE ST AN I AT T O NVEDBRELE KD S,
I—CRAOBAREMICB VT, BEAWICL 2BROBEIEE (3.2) K
VS bo ZZTog, RNZHLITDEMMBOBRRIBATHY, 5 13N=H
53T DEMMBOEAMBRIE TH 5,
%

RS (3.2)

&2V BEE OE P ARG DSEMAE - AMTREIRIE S | r g WE L L &,
BEEDTEMR L. Noh A7 OFRBEEIEL L EEXOND,

SRV B e
> < > ;

Fig. 3-1 Part of hexagonal cell
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Fig. 3-3 Mesh for modeling analysis with honeycomb elements (model 1)
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Fig. 3-5 Results of three point bending
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Fig. 3-6 Results of three point bending
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Fig. 3-8 Results of vertical load on the center of the HSP
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Fig. 3-9 Local deformation with point loading
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Table 3-2 Basic size of HSP for parametric analyses

Ceil size . s[mm] 9.525
Wall thickness t[imm)] 0.0508
Core height : h [mm] 11.0
Surface sheet thickness ts [mm] 1.0
Span of HSP ' I[mm] 300
Width of HSP b [mm] 60
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Fig. 3-11 Cell wall thickness - HSP behavior curves
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Fig. 3-12 Honeycomb height - HSP behavior curves
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Fig. 3-13 Surface sheet thickness - HSP behavior curves
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5.3 EMmEYiEiE DIERAVE H
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ERTE B,

HS P2FIH L7-EEY RO BZR 8BTS & &, B AH3T O RET
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REMASTE B T LIZBEL D TH b,

PIFizix, HSP@H%m&%&t%mﬁéfﬁﬂﬂ@Hﬂmﬁ%ﬂmLf
INEH AT T DN B ER T BRIk TS P R5— 1 XEMMEO
PR IC T AR ERE R T,

Table 5-1 Properties of material of HSC

material thermal conductivity | density | specific heat
(293 [KD) [W/m-K] [kg/m’] | [J/kg K]
aluminum 140 2710 896
air 0.027 1.205 1000
CFRP 0.5 1900 884
adhesive mat. 0.19 1500 1000
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A Y
X
Fig. 5-1 Periodical cell of Honeycomb
A Lx =53
| Mapped distance
| Ly=2sA3
Ly'|
| Lx'=s/2

Conductive distance

Y Y Ly'=y3s/2

< > X

Fig. 5-2 Unit cell for calculation of thermal conductivity
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Y § (5.3)
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BUBTVIZTA LA, EBF A, DEEERILERY, (378X h
%1&95)

X A‘,,_X:Aair_x=t:(\/§s/2-t)zt:«/_3_s/2 (5.4)
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NS A AT OEAFEEMBZERIT, BRET VI AOERIETRD

b, 3 (5.6) (5.7) TERENA,

T2, ZHMSEMBURERE, TVIZ T A L2280 55KELE»55 (5.8)
TREND, RANICBITARIZITEELFEL, LUVBEEE: t Ly A X
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Ay Ay +A, A
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(5.8)
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Table 5-2 Equivalent material properties of honeycomb core

i /i X 2"uir + A’alR
| 3
Thermal conductivity ! Ay Air + 5 AyR
; /z 4 2‘air + §2‘ulle
: 3
| E, 12E,R®
| 3
Young's modulus | Ey 12ER
i E, %ESR
. Gy 6(1+v;)G R’
Modulus of rigidity | G, 36.R
{ 2
i sz GSR
o !
Poisson's ratio Yy %Vs R?
Y 7x Vs
Density 0 8 R
2 pair + 5 pal
SpCCifiC heat E CP (Q1irpnir + —i_calpalR)/ p
Expansion cofficient a xy
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Experiment 1
Measurement of
Thermal Conductivity " A 2"

Y

Heat Transfer Analysis Measurfrflgeiltr)nf?:nf erature
by FEM "TrEM(X,Y)" 0 P

"Texp(X,Y)"
Y

Estimation
" A X”, " /1 Y"

Fig. 5-3 Flow of experimental-computational hybrid system

for measurement of thermal conductivity
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InSb 77K
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1010 - v
\
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10° |

Sensitivity of Infrared ditector [cm-Hz!?2 /W]

Thermistor bolometer 300K

108 |

SO S N N T N O (N O o |
0 5 10

Fig. 5-4 Sensitivity of Infrared detector
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Fig. 5-5 Thermal video system
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2O XHITHRIGEIGEE X, FEREMTH LORE SHIEERNE SNL 20D,
VA BDFIOBHEES R TWS BV ) THAH T, SEAticB a4 2
VHHWEIRBHRREIIBIILIEEEEE PP ORTFRE, BREFRORF— 2498
£ 754 Yy DETRIURE PP Lok Hiz, TI0 M EOBRTFERICER
THEEMNMZ TV, T2, MITEELR L2 RET 2EESHT Y ) KIESE
HELVIIBAEZERTLHRESE 2V THEATRREAZVWHRZERT LK
XEGE PO R EADOEAbBEAT VS,

542 FROMEBFEETVS—5000 "%
ARFFRIAER LR (REE L, HRT A= 7 AHBOTVS—500
0 (Thermal Video System) T& 5, SHMREZH5—6 12, FoAEE2ERS5—3 1R

B

Fig. 5-6 View of thermal video system (TVS-5000)

Table 5-3 Main specifications of Thermal Video System

Temperature range -40 ~ 280 C
Sensitivity 0.05C
Field of view 10° X15°
Frame time 0.05 se(;. |
Picture resolution 256 X 200
Detectable wavelength 3~54 pum
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T NZAHLTTORE (Z) FEOFMBREE : 1, 2WET 5.
NZALTTITIEHENH D, HS P L THAT 2B, REEROBREE
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FEERMERS—712, FH LAHKBEFOF A X%2E5—4 1R T, 2B, £EH
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IR camera

N

Silicon rubber heater ;!

: ' Thermal insulator
HSCspecimen =~ /A W =~ T -

/" Thermocouple A]

| Cold water I . ;C_

Fig. 5-7 Measurement system of thermal conductivity of Z direction
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Table 5-4 Size of HSC specimens

HSC specimen A B C
Cell size . s[mm] 6.35 9.525
Wall thickness 4 t[mm] 0.061 0.033
Core ratio R[10”] 0.961 0.346
Core height h [mm] 30.0
Surface sheet thickness ts [mm] 0.8 1.0
Size of specimen . X XY [mm’] 250 X250

PLIFIZ, Z RS MAMcEREE Y AT A 25T 5,
BEZMEL-HS PRBFOLEEIC, YV Iy I N——F—2HT—F
REGREER (g=2.0 kW/m?) 5%, BRI Z AMO—XRTCREARE 1E5 .
THEIZREK (290 [K]) c¥=— ¥ —bEA4LCEMSE, REBERH
BEQEREZKRELLTWS, ToRBANEE L. FEICT) A3 2 MR A
BEED R ol b (BHIRE) 2HERALLOL, MBI e -5 —
PO L, ETREAROREEZZECHET 5. RIMRRGEE L, RESM
VTNV IALL (0.0 5BF) ICEFFT —7ICRGFTE 57:0, RERIERIC
By REREIZVODET B,

HSPREME | t, EEBEMBOBZER: 2 N=ALITES . h,
ETEREROERERE AT, GFRAHRK . g T 5L, N2V L aTHEEDZ

HEmEfEERIR (5—18) TIN5,
gh

Ay =
AT - 2qgt,/ A (5—18)

7272 L, b=y —OMBAEE L HBRAERIZIZIFFELL, T -5 — LM
DMEAMAEE, —F —DPOLREEONIBETRTRBEFICKATSLDET
o REMRMENZH LI TEOBERL, Noh2aT7 OESEHBLTIERIC
B2 (0.0 4mm) ZEL TV,

M 5—8I3Z HHSEMEzmERICHE L CERELRERTHEONEZLIL
TebDTH D, HinEL EREIIBRERBOHEHTH L Z LD 5%,
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1.00 //X/ X experiment
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Core ratio . R [ 102 ]

Fig.5-8 Comparison between theory and experiment

544 HEA (X. Y) ARFMmE=EREE

BTN L7 OEA (X, Y) AASMEMEER . 4, 1, 20ET 2,
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HEEVED Z IZIEEICH L v,

TNz, FRIVHEZEE 2 FIH L R E SIS EER & A R E KR s B
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N IS AR e VAT L %5 —912, FHLREBE O 1 X%
RE—L5IIRT . WRHABRFOHS Pid, FEWCTCOEAFMBAILEH %P2 T
572012, BREEMENEDENCFRPEZFEHAL TV,

IR camera .
i Texo (X, Y) >@
HSC specimen P ?
Thermal insulator / A\

\ (}mﬂ

% Trew (X,Y)
f X ,

) o / Silicon rubber heater

Fig. 5-9 Hybrid system for measurement of in-plane thermal conductivity
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Table 5-5 Size of HSC specimens

HSC specimen D E
Cell size . s[mm] 6.35 3.175
Wall thickness t[mm] 0.033
Core ratio R[107] 0.520 1.04
Core height " h[mm] 24.0
Surface sheet thickness ts [mm)] 0.6
Size of specimen X XY [mm?] | 320X210 | 165X285

54.4.1 BESHAEEER
UTICRESMNEEREHBT 2,
FEAENRE OBEEEREL L, AEBLUTEAMHRIATWEIHS PR

BEOTEPRICERMBTRR: ¢ (1.3 kWmm?) 2#¥)3vyInN—t—%—
AW TEIWICES 25, AT VYA Z0BEOERE (3 0mm) Z2HFD
MA#e L, M#ER: A, (706.5mm?) &7 5,

+ AR A L EHEORELESHRTCETERREL 207212, ER@

BITE L TWE T RTERESR | T.,, (X,Y) ZFRIMEBUEEE 2 A\ CHlE
T5, BEHNEICBVT, BERIBBRFATON= T a7 2 EHEIZK 5—1
WRELZZABERLE L, EREROFREZEE LT %,

REEBRTES L-RIMEEEEZR5—1 012, X, YE#IZIH-o /2 ERIRE D0

B EZ5—1 11K 7,

Fig. 5-10 Thermogram of HSC heated locally
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—O— X-direction

—&— Y-direction
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Fig. 5-11 Temperature distribution along X-Y axis
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94,

| | Te(X.1) - T,(X,Y)]dA
T,(X,Y)= const. (5—19)
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node : 2870
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Fig. 5-12 FEM mesh for thermal transfer analyses simulated experiment
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Fig. 5-13 Flow of analysis part of the hybrid system

automatic
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Table 5-6 Results of proposed hybrid system

Thermal conductivity Proposed Theor Error
[W/m-K] system Y1 %]
Specimen D A5 0.755 0.755 0.1
(s=6.35mm
t=0.033 mm) Ay 1.044 1.118 6.6
Specimen E Ay 1.449 1.482 2.2
(§=3.175mm
t=0.033 mm) Ay 2.126 2.210 3.8

2HEEDON A LHEBRTITH L. KV AT A% CHEA 5 E R %
RO/ FER, X, YSEMEZER IZ BT, BEEE BB L TEEDD 2 Wl
2B ENTEL, BREEERS—6I1ITT, .

Tl BRVAT AT ERERRETH 2R NEER/IMUEORRY E L Fr
AL T, HJRREZR/MET 588 T, R#ELEZANET AL L THRT
LW, HSPUBILAZEBRREEELILET 2 2L T, MBOREL LT,
LVEBHFEEROT WS, AT CRBEDZEELZFBALAFEICL Y, K
VAT B DIELMEDOREE % 4T - 72,

1. X, YHAMOFEMBAZERDE YL 25 2 5 HOMAETEBIRT 5,
Fhtholihiiz X (5—20) ) 2k, IOEHMEZ/ERT %,
BRANZHREEZHCT, BHBREOBMBERET S,
HIRREDR/MEEZ 5 2 5 X, YHHOBREERERD S,

. ROONTX, YAMOBRESREET, B 1250 EEFBRYET,

COfER. X AMEMBREERIZ0.76 0 [W/m - K] . Y H %M EER
121.045 [Wm:- K] &%), KIZAFATHLNEEIZITE L WENMES
N7ze WIS, KY AT LOWRIEEDIFTbIize#E 2 b5,
RANZHEUEZAA LFRIH L, BRELAFER, 2 —F— 2§z e
TELEDPZL B2 N MEMED S EREISESV TV Z ERTE BF) A
M5,

o W N

5.5 WEAbLZEICL BT
FRPZEDHEEMEOMRW LIS IG5 ME T2 FEE LTHHESATWS
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AL N=F 537 O3S TSEMEEERE R @0 | AR s L7z,

element:2240

f%m node : 2783
B S

Fig. 5-14 Basic cell of honeycomb core
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EROLREL 720 R5 — TWHEEICL WSRO ZF 43 7 O&qf sz
RER L, HREIIIZITEVWEERS 2 TWwa,

Table 5-7 Results of homogenization method

$=6.35 [mm)] Ay Ay A,
t=0.033 [mm] [W/m-K] [W/m-K] [W/m-K]
Proposed system 0.755 1.044 1.921
Theory 0.755 1.118 1.967
Homogenization 0.756 1.134 1.939

AEBLUREORKRLD . Nod 407 O 3HH RO MEEERIR (5
—6) (5—7) (5—8) THEENLIELEIPKRIETET,

- 113 -




£5% HSPORMRE - BETFM

56 AREFRZEICLDH=E - BTN

HIE X TTNHNZS L a7 DEOBERICHE 25 BEH 2Rk 22 95 TE&
7o MAEDPHAEREREY 7 b Tld, FREBMICHIC L2SMMHER T, 6
N—OFTATN) v 7 ABLIUORTES M) v 7 RARAT S LT, MEOR
MBLUPREIIBITIEREF M EBEHTAILHFTE %,

AHFFETIE, R5—2DFMEEHE, EfL2~<v MUy 2 ZLA L8 HiM
Vv FEE N2H2ER) 2FHL. N2 h 227 OEXREFEEERL .
DFTlE "2 2 BZR2FHLAERET VNS DL aT %2 BEIZEZS
FILZZFEMIE TV M U&tEn b L ERMIT 1TV, BRI+ 5,

EVFA X 9.525mm., BE:0.0254mm (R=2.67X107%) o
NZALaTEMFEHALEZ, 200mmlAA, EX20mm (NoHh2a75HE .
18mm) DHSPOFEERELMEN*IT o7 TEEBHEL A (5—15
NHO) zWHRL, FEXE%333 [K] oBREEHEE L. TEEENZEE?2.
73 [K] OBZELEFL LTS, AREZRMBITOICIE, WHREZERL 1
SADFAZXDETNVERHCT NS, /2, FHTO 52 3MARCE BHWT
Wb, |

N LBERZMALZCHSPOEZESEMNE, KI5—1 51ZRT, HHLT
WAHREFEIE, TRTBHHAVI Y FERTH 5, WA (Z) FHiZid, EER—
N LT —RERD 3BIIGHPN5E %2 L, SHEMETH S LT EREIKR
&, BEREFUMBCHEN D LI TFNFROMEEREHEL TV S,
LA L, B (X, YY) FEKIEANAREVEE#R L -EZSE 2T L ER
2L HRBFHALND L LD, BIRLEDE X ORATEE O KB 2 ERHTD
FDDh, KB THW NI LI TOMBEEY. £5—8 IR L7,

element: 600 o
node  :847 T o
o & o L # -

Fig. 5-15 Mesh for modeling analysis with honeycomb elements
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Table 5-8 Material properties of Honeycomb for FEM analysis

Direction X Y Z

Thermal conductivityi [W/m-K] |4.01X10"|588X10"| 1.02
[MPa] 1.62X10%1.62X107| 505

Young's modulus

Modulus of rigidity [MPa] 3.62X107 11.8 70.6
Poisson's ratio 1 1.09X10°| 0.34
Density E [kg /m’] 20.5
Specific heat [J/kg K] 902
Expansion coefficient [1/K] 2.39%X107°
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e BEIIDE LR TV R LIBIT 24T ) MIETVER U, FHLT
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Wi, TVI Sy ARV E RO 2HEOMBEREERET AIVLEND S,
72, MK FESINTANAEVERKET S0, RERICOANARROERS
H2fTHo €DOO, BIRBIIMEAL, »OMBRLEEEISEE ITHMICR 5,

element : 4752 ¢
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Fig. 5-16 Mesh for detailed analysis
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Table 5-9 Results of FEM analyses

Honeycomb Detailed
element model
Displacement : A [mm] 0.298 0.302
Displacement : B [mm] '0.593 0.600
Displacement : C [mm] 0.295 0.298
jower sifos K] 2846 2845
CPU time [sec.] 14.4 760.6

57 #&
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RIRLEERES LRI 070 ICE T 2B 2 KIBICHIRT 22 L 25TE 5,
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6.2 HSPDRKE
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Table 6-1 Variety of NDI

Inside flaw Surface flaw

Radiant rays inspection Penetrant inspection

(X-rays, neutron, electron beam) Magnetic particle inspection

Ultra sonic inspection Electromagnetic flaw detection

Acoustic vibration inspection Ultra sonic inspection
(Coin-tapping) Acoustic microscope inspection

Acoustic emission Thermography inspection

Thermography inspection
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Table 6-2 Ability of typical NDI

Inspection
Variety of flaw in honeycomb sandwich panel
' Ultrasonic| X-ray
hole of honeycomb core X O
collapsed honeycomb core X O
delamination between core and surface sheet O A
invasion of other material between core and surface sheet A A
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Fig. 6-1 Hybrid system for flaw detection
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~ Hot water ' \
(330 - 340K) —

HSP specimen

Fig. 6-3 Heating system by silicon rubber heater

Fig. 6-4 Silicone rubber heater
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Fig. 6-5 Thermogram of heating area without heat accumulator

Fig. 6-6 Thermogram of heating area with heat accumulator
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Fig. 6-7 Thermogram of bending specimen heated by silicon rubber heater

Fig. 6-8 Thermogram of bending specimen heated by silicon rubber heater through gel
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5 $254 T-1 Hole of honeycomb core

T-2 Hole of adhesive material
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Fig. 6-9 Outline of specimen T-1 (Hole flaw of core)
Hole of adhesive material
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/. Adhesive material - A-A sectional view

Fig. 6-10 Outline of specimen T-2 (Flaw of adhesive sheet)
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N\ N \ ! \ invasion of FEP film
T-4 Invasion of FEP film
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Fig. 6-11 Outline of specimen T-3 (Change in quality of adhesive sheet)
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254 > ‘
o U
i
g 4
/ s o= Y -
/ \
/
/ Honeycomb core \f@?ﬂl@ﬁo pm) A-A sectional view

Fig. 6-12 Outline of specimen T-4

(Invasion of other material (air) between adhesive sheet and surface sheet)

-131-




% 6E RIMRER AV IEBERR AR OB %

Table 6-4 Thermal Properties of materials of HSP

Material Part Thermal conductivity | Density Specific heat
(293K) [W/m-K] [ke/m’] | [I/kg K]
aluminum surface sheet 140 2710 896
honeycomb core
CFRP surface sheet 0.41-0.70 1600 - 1700 884
GFRP surface sheet 0.29 - 0.30 2000 1100
FEP film flaw mat. 0.25 2100 - 2300 1050
epoxy resin | adhesive mat. 0.17-0.21 1110 - 1230 1000
aramid honeycomb core 0.10-0.17 720 - 1080 | 1600 - 1800
air core inside 0.027 1.205 1000
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Fig. 6-13 Thermogram of specimen T-1 (Hole flaw of core)

Fig. 6-14 Thermogram of specimen T-2 (Flaw of adhesive sheet)
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Fig. 6-15 Thermogram of specimen T-3 (Change in quality of adhesive sheet)

Fig. 6-16 Thermogram of specimen T-4

(Invasion of other material between adhesive sheet and surface sheet)
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Fig. 6-17 Outline of specimen

(Invasion of other material between adhesive sheet and surface sheet)
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Fig. 6-18 Thermogram of thin surface sheet specimen

(surface sheet: 0.25mm GFRP, core: aluminum)

Fig. 6-19 Thermogram of thick surface sheet specimen

(surface sheet: 0.8mm GFRP, core: aluminum)
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Fig. 6-20 Thermogram of aluminum surface sheet specimen

(surface sheet: 0.25mm aluminum, core: aluminum)

Fig. 6-21 Thermogram of CFRP surface sheet specimen

(surface sheet: 0.25mm CFRP, core: aluminum)

Fig. 6-22 Thérmogram of GFRP surface sheet specimen

(surface sheet: 0.25mm GFRP, core: aluminum)
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Fig. 6-23 Thermogram of aluminum core specimen

(surface sheet: 0.25mm CFRP, core: aluminum)

Fig. 6-24 Thermogram of aramid core specimen

(surface sheet: 0.25mm CFRP, core: aramid)
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Fig. 6-25 Thermogram of specimen

(surface sheet: 0.25mm CFRP, core: aluminum, Solid plate bonding)

Fig. 6-26 Thermogram of specimen
(surface sheet: 0.25mm CFRP, core: aluminum, Co-CURE)
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Fig. 6-27 (a) Thermogram of specimen with upper side flaw

(surface sheet: 0.25mm GFRP, core: aluminum)

Fig. 6-27 (b) Thermogram detected from opposite side of specimen
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Fig. 6-28 Flow of image processing
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Fig. 6-29 Raw thermogram of honeycomb core
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Fig. 6-30 Result image of binarization process

Fig. 6-32 Result image of elimination process
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Fig. 6-33 Raw thermogram of specimen

(surface sheet: 0.25mm GFRP, core: aluminum)

Fig. 6-34 Result of image processing
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