wm R

TEIHAIEAF P R R, PRUBAS 2400 5 B L Ut 72 AR A R R v R P A A
T P BB P et AR AR — S LR VG A, IR AT R iR R B el B AR R
B, H AT B R R E R S SRR ERL, TR SR R R P 2 0 P A 1 ™
HIG. g s B 0 1 A RE A B O — P B R BRI R H D se—
A Rl [FI, JRRZER B A LR O R R R Re, G SRR E R R 7R
IR R HAE v aRig & O 2 I s A k), AT BLE— 8 FAR AR 83 1A S R EL
BT, He T AR 53 MR TR R IERE, & Bl OR IR - 2R 5 B G a5 B ke A8, o
S AR T B SE TR B . A T VA IO R - AR 5 B A A A A
R i e o B A R AT e, DAARIG 5 A0[RI ISORR - 4RI 53 52 & Gt i Fir R, e fE
IPERERIA FL . B FU N A A

(1) FEALARE o3 ML BT R BB, 73 BT ARG 55 T RT BEAFAE (1A #4007 N5 A% T4
R, A 7T IVE R TR IR R GE R AR BB A, IER AR R TR
% COMSOL Multiphysics 1545135 11F 4005 53 PN (1) 2 SO0V o 28 B AL st 56 W 5 40004 &3
A SRR, RIS /E LR AR LA R0 AL G B & 2 mi bl
o LA 25 RS 2 TN ARE 535 A 30 F RN B BA, FRAELIEAE b, B SO
e PR ARG 55 A 20T R R

(2) MERAR TR 73 B UKL HE AR S5 1) b i A% TR R, 25 HH RIOREHE AR 25 4 v A [R 4% 34
A SRR BRI AL 1% EPS BURLAE N 4Rig 53 O E IE AR L, il 4 i
RN 5 2 A S5, 25 A EGARE, FFLBR 28R 08 H R B o () S5 R R AE o I AR s
FEFAARIE I 72 RIS IR - 2RI 5 2 A S MR A RO IR S, A 1000 25 A5 21 Tic) [=]
WA - 4RI 5 B A A S IR B BB, 2D 5 S FL BRI P o R e Ak
ISR - ARG 53 25 S5 R 3 R B

(3) T RGBS L5 R, RIMERTT A 404 5 B s i U2 8, koK
FEFIRIORE T 5 RO 2R 53 AL VI RE IR SE IR, I € BB L L S 45 BRI J e
Xof AR B3 AN RSO R - ARE 8 5 5 S5 R 3T IR B TR

(4) FIFHARIE 55 K1 EPS BORL B i) £ W k- 4R 53 B & At bR V24, 7t
BLIEHE AR G R, W 7T AL 40 R & V8 3710 o3 5 RIS ok - 4R 3 52 & S5 R Bm 4
0,2 AR R P T ) 520

ARG R T AR B A I WOEIR B R AR, = T aRMRMR R, oL 14U
o AN NSO R - ARG 83 52 6 25 4 9 R B i & B e MR T 2007 iR, B9 45 RAE
B L2 T B — s A BRSO AR R R AN

B AR, EPS UKL PRLIBAEL; XN AR



Abstract

Abstract

During transportation and storage, improper thermal insulation will lead to damage and
failure of temperature sensitive products. It is very important to control the temperature
sensitive products within an appropriate temperature range and pack the temperature sensitive
products with thermal insulation. At present, polymer foamed plastics are usually used as
thermal insulation materials, and the massive use of foamed plastics will cause serious
environmental pollution. With excellent mechanical and thermal properties, paper honeycomb
is expected to be a packaging material with both load bearing and thermal insulation functions.
At the same time, foam plastic has excellent thermal insulation performance. If the waste
foamed plastic can be used as the core filling material in the paper honeycomb, the effective
thermal conductivity can be further reduced. Based on paper honeycomb and waste foam plastic,
the preparation of new packaging box will have practical guiding significance for packaging
design of temperature sensitive products. In order to evaluate the possibility of the application
of new packaging box in thermal insulation packaging, the paper honeycomb and paper
honeycomb filled with recycled foam were taken as the research objects, and the heat transfer
performance was studied. The research contents mainly include:

(1) According to the physical model of typical cell of paper honeycomb, the possible heat
transfer modes and characteristics of paper honeycomb were analyzed, and the theoretical
formulas of effective thermal conductivity of heat conduction, radiative heat transfer and
convective heat transfer were provided. Furthermore, COMSOL Multiphysics was used to
simulate and verify the air convection in paper honeycomb. Base on the measurement of the
effective thermal conductivity of paper honeycomb under different conditions by steady-state
heat transfer experiment, theoretical models for predicting the effective thermal conductivity of
paper honeycomb were obtained by fitting experimental results. Then, the influence of air
convection on the effective thermal conductivity of paper honeycomb was investigated.

(2) The characteristics of heat transfer in granular packing structure were analyzed
theoretically, and the theoretical models of effective thermal conductivity of different heat
transfer paths in granular packing structure were given. EPS particles were selected as the filling
material of paper honeycomb, and the paper honeycomb filled with recycled foam was prepared.
The manufacturing process was given, and the structural characteristics of its typical units were
described by porosity. The effective thermal conductivity of paper honeycomb filled with
recycled foam was measured by steady-state heat transfer experiment, and the theoretical
models for predicting the paper honeycomb filled with recycled foam composite structure were
obtained by fitting the experimental results. The influence of natural convection on the effective
thermal conductivity of paper honeycomb filled with recycled foam was further investigated.
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(3) Based on experimental and theoretical results, the influence mechanism of different
factors on the heat performance of paper honeycomb were discussed, such as the heat transfer
direction, the geometric parameters of paper honeycomb cell, particle size and particle thermal
conductivity. The contributions of heat conduction, radiative heat transfer and convective heat
transfer to the effective thermal conductivity of paper honeycomb and paper honeycomb filled
with recycled foam were quantitatively investigated.

(4) The new insulation packing box was designed and prepared by using paper honeycomb
and EPS particles. The heat transfer process of the box was analyzed. The thermal insulation
mechanism of the box was revealed. And the effects of box size and cold storage agent quality
on the heat preservation time of new insulation packing box were studied.

This paper expands the application field of paper honeycomb and recycled foam, enriches
the packaging material system, and establishes the technological method and theory of
preparing packaging materials with paper honeycomb and paper honeycomb filled with
recycled foam as thermal insulation layer. Therefore, the research results have certain
theoretical significance and engineering application value in thermal insulation packaging.

Keywords: Paper honeycomb; EPS particles; Theoretical model; Convective heat transfer;
Effective thermal conductivity
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() — FRAFAE A EL R S, T S S S0 TR A% i ) B VR AR AR IR A5 ™ W A 1) A e
PRI AERT . DRIE, SR RO AR BOR PO 400 B8 AERS AR 26 A T UM AVRr I, 2T
ARBAR,  ORIR IS A E RS

F 4R 5 PN PR TC BT A IV EHES I RO R AL, e BRI B BT Oy HeA
IAMERERIIT TR R, 0 53 BE T A 55 A0 A TR e R B S B L A S5 2% A1F
AR 5 BT AR I BT T AR A — AN SR (R 5 — SR R SR A AR S I R I R, T
FERALTARAT I ok = iAoy —giftedl, H—ife Al 2-3 . 18 2-
3(a) F12-3 (b) e T BT A TTHUR FyA TR 4 T T 4R 53 B0 i) #0244
Forp, 72 B AR TOLRAE T, w5 B e B2 A R 2 4RI 2 ) R EF N T AT
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£ EARTITOLRAT T, 15 oo BJR A T R 4RE 0 A RN T AT,

Tl T

2-3 B ITHBGA RN () EIHRTFATH; (b)) A FRTH
Fig. 2-3 The heat boundary conditions of honeycomb cells: (a) hot-above and cold-below condition; (b)

cold-above and hot-below condition

P I I e B R R T s 1) OB VR SR AR R AR . R BRI E,
e RA SR AN HAE T FRSTAE A ARG & Hp R B 2L, 15 i A A T e IR L 2,
HEZMEA HEAL RaELN (2.0 F (2.2) iHEME. SFTRZEH, 24 Ra/h
T 1000 B, Gray-Stuart 55 N RRLAL # ] DLZRE B4,

Ra=Gr-Pr 2.1)
T -T)L
or— 9% —T) (22)
14

A, Grfgf R Pr@ Wi ss g REMNESE; o, ZEKALG v 22T
R RMG LA SRR .

2.1.3 BRXRIAEFRITHHT

A RN, FZEATO R T — SR A R 5 5 R I R S5 M
AT IRE), SR, ARG 5 H B IR T IR B A2 R T, R] I IR A 22 o) YA
Ptk S B ANE F T 4R E AR, eAh, TR RS 451 @M by
TN RS 52 AOUR BE R PR, AT DATE R AR, HE 29 i B A I B iR 22 A AR o 5 4
Kimural® WA Ay RIS B E B FE K T A ARE KRR FE , 7K FE DR B (1) B SRR AN 2
FEAH . BRI, AR A R TG R A AR BRI T T 4R 5 R ) A A

COMSOL Multiphysics 5 # H Ttk — LW BRI TRENH . B, /£ COMSOL H
5 ZER0CIRA T BRI AR A R ARG, MRPEER 2-1 R 1 B9 LR RS g vy 4R
HARRIE R ITTH A PR oA, i Ko i 5 AL G o B B R VA 1) T 2%
F, ¥ L EmAURERE N 35°C, FEMAURERE N 15°C; N THE A TR T
BLAkAT, ¥ B ERMIAURE R E N 15°C, TRM4NREZ R EN 35°C. [FII, Rig s BE K
Wl FFEAR R B RLR, SHMFERAREL . TR 5 2 R BN 5 5 38—
SEREE F SRS, Wik, B R ZE AT 2 4G RS 25°CHE N E
PEIR B o ARIESCERETSY, SERSARINES 0.0263W-m! K, A SFHRATILE
79°0.09 W-m™ K, 4RI BT ISR TH AR ST 3R E N 0.90, it — 25k B R RS B Je o,
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AT DU AR AN ) R RS RO BEATIRAE, 70 0 il R AL AN AL R A% o et DA
FERBURMENN, IR AR S RS RN TESG. BRI, 58 B4 R A HER PE AT
I 1R], FEA/NEHUE AT SR £ 7B A R el ik iR )a, #EAT M 3804,
FFAE o A F R P A5 BT 5 870 PR R O A A R B IR AL

F2-1 4Ug s o U RS CRAZ: mm)

Tab. 2-1 Geometric dimensions of paper honeycomb cells (Unit: mm)

gL T4RERE SHRERE BEEE K
B 1 0.25 0.20 14.5 8
FEdh 2 0.25 0.20 19.5 6
P 3 0.25 0.20 29.5 6
P 4 0.25 0.20 29.5 8

K 2-4 (a) g5 T BRI LA F 40K 53 P o 5 BN B 3R I FE A AR 1A TR o5&
giL. [FIRF, & 2-4 (b) F12-4 (o) sl 1 Mg 5o K- i Al 5 B ) b3 o)

NN -
A R RE R
Temperature (K) Temperature (K) Temperature (K)
308 294.78 308
306 306
304 304
302 302
300 300
298 298
296 296
294 294
292 292
280 294.09 290
(a) (b (c)

Kl 2-4 ERCRNATH NMREN =42 E: () BEEE, (b) KFUIH: (¢) TEYIH
Fig. 2-4 Tridimensional representation of temperature distribution under hot-above and cold-below
condition: (a) honeycomb walls; (b) horizontal plane; (c) vertical planes

ME2-5 (a) A12-5 (b) WJRAEH, 234 ERCR R TON iiahe iz 1, #ik
RN T . AERE R ) B, RO R BT, AR E T 1A R
MR [ B BEL S, I G B A RS, SRR LEAKCT I A R et £ERE RS
IR, 2 AR T R, (2SR BT A BT I B BRI SN, 1B g
BE[F)_Eiial, JFEACT 5 Bk E
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Velocity (m/s) Velocity (m/s)

(a) (b

K 2-5 EARR IO E RN =4rnE K (a) 4iEs foo; (b) EEYIM
Fig. 2-5 Tridimensional representation of air convection under hot-above and cold-below condition: (a)

honeycomb paperboard cell; (b) vertical plane

VNI IO AR o BB R I AR AT N 2-6 (a) Fon. [FEIR, 4R
W 53 R TG R U1) A 2 ELD) T B RIREE 0 A W 2-6 (b) A12-6 (c)

Temperature (K) Temperature (K) Temperature (K)

308 302.69 308
306 306
304 304
302 302
300 300
298 208
296 — 296
294 , y 204
x

301.95 290

(a) (b) (c)

Kl 2-6 ERTHRLOANMREN=Z4REE: () EEhe: (b)) AKPFYIH; (o) FEEIM
Fig. 2-6 Tridimensional representation of temperature distribution under cold-above and hot-below

condition: (a) honeycomb walls; (b) horizontal plane; (c) vertical planes

K 2-7 (a) A1 2-7 (b) 43 T B FHGEAE R IR, i kB2 sl s .
E BRI, A0 ek s 2 L AR 5 SR T — M RBhRIT,
SRBIHTT 1A S _EIRR A O N AR Eh T A S FERE R s B, S TR Y
LR, YRR BE R EUEh, R A BRI . R A R A,
e D SR wP A E = R 1 I ey P o0 o/ 1 e 4 1 S

1N
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Velocity (m/s) Velocity (m/s)
x107° x107

50 50
45 45
40 40
35 35
30 30
25 25
20 20
15 15
10 10
5 5

0 0

(a) (b

K 2-7 B TRTH T2 AN =4 B (a) g oo (b) FEEVIM
Fig. 2-7 Tridimensional representation of air convection under cold-above and hot-below condition: (a)

honeycomb paperboard cell; (b) vertical plane

FERETIWRAN T, IR TE DN, F RRal W E R, FON A, A
AR, TSR SN REE SEbr Bk B E 2. £ ER FRIAN, 2245
ETHRR S, IR R LA TOUT, A PRI 4R 5 A 2 Ui
LR, (1) W B 5 2 U AR R R IR AR s (2) Tl i ed BE 52 SR 1
P AR Z A SRR B SRR I SRR A M REES, FERSRsZ
(] (R ZE AN AT AR, 4RI SRS (0.09W-m KD 5SS HMARE (0.0263W-m
KD BAMRM SR, HigR BN SRR TN S AR XIB T IEREE
GRS Z BT AR E R R AR, Al 2-4 (b)) Fron. I, R A2
K b B3 BEAL N PR B AR, XA 3 B0 5 i N 2SSO R T L. Ak, B R R
XA IR FEB 5 TR AT AT B am A I P T g B 1) S AR BT 23
FIERH, PO R G R T e g R ) PR R AN AL
HMEAE B RITE AL, duig s o R A AR

2.2 HREEARE DR

2.2.1 HALSER

e 5 B AT 2 TP ) 22 SR BT A O RIS o 06 0 05 2 R 2 AR AR AR e
JEARRRAVRAR > 20T b dee 5 008 2= s SR AR 5 i 5 AR R 2 LR 7R A

V
v, =% (2.3)
th

b, v g s 2 AR EERRA g S S B AR R R IR 2V, 2R S E AR
ALV, R ESERERL, V, =V, +V,: V, R EE R,
HRE ARG 53 5 70 I G5 A RE A, 08 5 508 J2 (R AR ARG 5 508 J2 vh 23 AR AR AR U AT L4 )
LKoRN:
Vie = A - Hie (2.4)

11
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V,=AH,, (2.5)
Rorf, AR R TT B IOBE R, A, =33I2, /25 | IR BEAMI KA A,
FELRME 53 T B T A RRITI AL, A =3V3I2 /2 | R s BN ML K H,,
T W R I R B

Xof Tt A e BE JEAH A5 B AR & B s, LRI 1A 2-8 P, g BEAMIIL K 5 A
A A B 28 R AT BAR A Y

|, =1, +2l (2.6)

Kb, IR B BEAMIA K L K 2 K =2 —, 1=+/3t/3; tRIE 5 B
FE.

K 2-8 ZRig & ST A K
Fig. 2-8 Side length of paper honeycomb cell

R0 (2.3), Bee BEARAA b g g 0 E AR TR AR AR 43 BN AT LR IA N -
Va
Vi =1_\K 2.7
Rlt, HRAEZR 2-2 R AY, 4550 53 0= i s SN g BE (R AR AR 7 8, %
HOERAM SRR TEE N (2.8) 5.

e =V Ay YV, - A, (2.8)
A, A, NEEREER S AAREG A, BB AR
G R JE A T R R BE AL SN, U R R A AR IR BT AR

Ane =V Ay (2.9)
B 2.7 RAR (2.9 1, R (2.9) A[ERN:
Ane =(1—V—a]'lw (2.10)
hc

N S 2 e 55 7 fls A ARG A, R AR B R S5 AR A, AR s PR B R
JETZR. 1R AT R AR B e . MR AR 2-2 R R IR, i 4R 53 [ 1
e A R IR BT RSN

-1
ﬂsz(‘/’l_u+‘ﬂ’ﬁﬂ+%] (2.1

A, A2 BRI TRAE: 42 FRERNSFRAREG v, v, Ay a2 BJRE

19
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AR I 5 S AR R 2 AR AR 0 g B TR v, =V, /(V, + Ve + V)
Vie =Vio /(Vy Vi +V1) 5 V=V /(V, 4V +V) s Vs Vo BV 23000002 FJRTIAR ., 1552
R AR HIAARTR

T 4Ug s oo i) B E gt g5 ER R E gt Aail 2 Eam il 5 e
SRR IR, NEDNEHAR EE AR, e S E AR E At m AR AR, AT,
LR HAUATR . i O ERR . R ZE VAR bt s SR e AR AR AR 2 onT Ay Sl R4k
H: v, =H,/(H,+H,+H), v, =H,/(H,+H+H), v,=H/(H,+H +H).

WAk, 211 ATLLERA:

H,+H,+H,

57H, L He  H (2.12)

A e A

* 2-2 HRCTF R BARALO
Tab. 2-2 Effective thermal conductivity models!®°]

fE A 2 AT Jite
FH AR A=(1-v,) A4 +V,4,
1
A=
HA IR Y 1-v, Vo
A
2.2.2 BHBAET

Swann Al Pittman**2 Y 1 #8532 45 #4) ) 22 i PR AR ROR U H A AU AR L
N TAETHE, G55 aRE e BT R SR A WLEE,  Swann-Pittman BRI AEA
PPN FH AR ARG 5 B TT I AT ARIE

Ao =V Ay +(1-V,, ) 4 +(1-V, ) A (2.13)

X, A RER KRG RTNREG Ay 2RI R R

#E£30 (2.13) 1, Swann M1 Pittman 20 1 8L R = e T R oTER, RS T A4
RRADLE B3 AR R IR OC R, 4 S AR Y ] B TSR0 53 N SR T 2 T S 45 A 0 28
FREE. KL, S5EaUE R BT SR RN, AR U R R B
WA PLRIE .
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0.69 Hye 08
06&{FW+03J %“Umﬂ oHy (T, +T,) (T +T7)

hc

%= 1-v,

X, o BTG IF-PURZEEEE, 5.67<108W/m?>K*;, H, R&EESZENGEE; W, 2
e g A VIBI B ELAR, Wi =Bl s eq AL B8 BE AR T R 5T 2

2.2.3 MR AAER

SO H R AR 2, 2Rt B AR LR . RST AR AR 7 B 5
PRI 2R AT RE SO P 2 8] 1) B AR Ui 2 B AN R O s s s AT s i eg . o 171
AR IS5 RANTT E 18, AKIEFHR RIS AN R 3 AR BRI KT R 2 h 2 U #vs
PR PRI 18, B SIS AR B & 2 U I A S e 2
AR A SR o PRI, R RO R R T E T AT A

%=ﬁ%% (2.15)
MRYE A e A, R o mE I N A
Oc =he (T, - T.) (2.16)
SHA B R B e TT LR IE A,
hc==ﬂiru (2.17)
¥ (2160 Ak (2.17) RN (2.15) o, 3 (2.15) ATURIEN:
Ao =Nu-1, (2.18)

A, Nu 5528 IR HL
35 28 /R e E LI Y Rt A R b 5 R R I 2R PR, R AR AU
B AR B, SR ECH P KB T BN AR, R
TRt WATASSE N R R A 0 2 AR AR B S o R KT I Bk =
235 P4 ) SR IREA AR B 2 R DU SR IR O 0
Nu::C(Gr-Prf(:ijm (2.19)
w
XA, Co nMimBEBFH, RYEEAY BT REIRE A TN W RS P2 4
PRIBERE; H & P M e
HRIE AR BT H TSR aT, KA R T LS HANA S (219 #, [FIRTH
W B3N R R A A (2.19) 1 Gr IRFIE R . BRIk, SG T 2R s = b B RN Nu
HIGr AT Aoy 3l RIE N -

Nu::C(Gr-Pry(fiﬁj (2.20)

hc

1A
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_ go, (Th _Tc) Hf?c

2
14

Gr (2.21)

2.2.4 KEEFRERRENEDIEE

YRl B3 (AL AT DUEAE 2 SR - IR B, JLrfr, w0 X502 TR AR S i . =R AE
TR G 53 B 1) Pt T3l I T DO R Bl 5 O Z e B . DALt ARG 5 2 A A
)it E 25T Swann-Pittman #8Y, H[l.

Ahc:(l_va)"q‘w"'va'ﬂ“A*‘Va‘lR (2.22)
X, A, RdUEE SERNARSMAT; L, 2TAEMIER AR JHEES
SRS RE T, Nu=1, WA, =4, SFETRRHAE, Nu>1, WA, =4 .

B 2.3) il 2.7 AR (2.22) 1, R (2.22) ATLLERIEN:
v Voo W Ve
ﬂm—(l—v—hj ﬂw+v /1A+th Ar (2.23)

W i 3 082 R AR A A A SR A ARG 8 BE [ #% BB VE—NMRARRT, 4R
AL EAE B IAR. SR AN N 2 AR O . ARYE R 2-2 s i R A
M, R AR SRR EE A (2.24) 5.

-1
Vu th VI
= L+ +— 2.24
e (ﬂu%%] (224
Hitk, R (2.24) 1L ES:
P H,+H,.+H,
W Hu + Hhc + HI ( )
Pl 2.25
A V Vv V A :
u 1— Ya |, Ya g4 Ya,
[ thj AW+th A+th AR
2.3 EPEHEAAE

BT B E T A VA BR T A ARG UE , e #ad fE A, BIMEERIET,
WAL TAM T, & FA TR T, 40§E Bonn S E8n DB . N
TUEWIAS B ST A FRASAREAL  IE A, I UE B X I e PO AR g B3 A% AR BE I S AN ]
R, RIS A AT IE .

2.3.1 RBA R

IR B i tE S A PR A 7 ER AL 4 AR RIS (I 4tig s, HF I RT3
200 mmx200 mm, 01| 2-9 7 o BN R0 53 HS HH 1 J2 A0 Z 4 Rk, FE T % B2 430 220
g/m? A1 110 g/m?, IEJEEE 43528 0.25 mm A1 0.20 mm, [HZEFS 2B AFIRSE . 48
S B TS M LT RS S R 2-10 O T BN B R 4 SR s, A s
FEIRE N 20°CRAHIHEE N 65% I TEIREIEA ( LilgA — (XA R A, RQH-250) H

1K
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(45 24 /N,

K 2-9 ARIE B FE
Fig. 2-9 Sample of paper honeycomb

2.3.2 fERGRIS

A ASTM C518-170F#iaiiE:, e 4Rl &5 A 303 A R AR S A& #Ul LK H B
7 ] i ot 2 ) 2B P I BGRR S B HFM 446 Lambda, &5 E7E 0.007-2.0 W-m™-K!
Z 0], ik 2-10 fizr . fRHE ASTM C117%], #A3iik S HFM 446 I NHIARE =2 & B
20K, #iikF AL HFM 446 Lambda 7] FH T ELEE EAUIR . 125 4 AR ANV ok 28 k)
SR SRS, RATTEERIE. K. PROEER .

HFM 446 | Lot

2-10 #fi%F X HFM 446 Lambda
Fig. 2-10 Heat flow method heat conduction instrument HFM 446 Lambda

FTF AR B FEHTF RGN TG, FAAAEERAE AR R oR PR 5Eo RERE MBSO #
Wik F U HFM 446 Lambda ', #Af57E Smart Mode Measurement 04 5 A FE 5 1) /&
By RE. BEEEE. AR, N7 B AR TR SE bR I B 56 AF, 4 BTG
BE N 35°C, BRI B E N 15°C; 8 LG s E )y 15°C, Ttk Z s E
N 35°C, daAT FUIREEAT I E , AE RS0 I AR TR 42 F i 2 7R BE B B SEIRGR AR AL, MR
AL IE B FSERAS I, 50 AT DU b 8 e RN R AR BRI, PR AR IE
FIFERETE 60 /it o XTREF R 4RI 53 AT = R I, FF I L8]
JE ARG 45 R o B P AR v 8 A ST IR, RS 5 6L ik
B RAnER 2-3 s

R 2-3 AFTHFAES AT RAARB WS R AL Wom!- KD
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Tab. 2-3 Experiment results of the effective thermal conductivity of paper honeycomb under different

conditions (Unit: W-m™-K-1)

TOLAME MRl FEA 2 FEM3 FRAL4
E#FY 007828 0.08242 0.09354 0.09862
b4 TF# 007872 0.08408 0.09645 0.10635

233 ERTRIATHRERFTHIFRABHITHE

R 2-4 gt 7 BRI T B AR BB . Swann-Pittman AT
Rraf KA. BARE S5 IR 4 R 2 AR iR 2 il 4230 (2.26) 115

5, =@x100% (2.26)
X, 0, RA R FHMAB IR E SIS R Z R RZE: A R AR E
as R Ag RAMFHREIHIRE.
#2-4 EATATHFRESEEUSRRRNIEILHE SRR CRb: Wm! KD

Tab. 2-4 Theoretical and experimental results of the effective thermal conductivity of paper honeycomb

under hot-above and cold-below condition (Unit: W-m™'-K-!)

Lo slR4E R Swann-Pittman PiR{H  REEXHRAEISE  HEXHRAEIRE

Fefm 1l 0.07828 0.07177 0.07226 0.07800
Fef 2 0.08242 0.07205 0.07241 0.08247
FEdh 3 0.09354 0.08028 0.08043 0.09311
FEdh 4 0.09862 0.08873 0.08875 0.09856

T 2-4 HHET DUE Y, AR F A T E LI N R AR R B 45 R Swann-
Pittman A= 7Y () 5745 B = B — 80, AR, 2SR B B /N TREG 45 51, AR
ZHA (2260 1HEH. Wk 2-4 o, JABESTRGEAR, B 1 AERE R4
K 7.7%, XFhZF AR IEE KRR Z S R XS THEs 2. FEah 3 FIFE 4, 2
I o e 467 A ) R VA 5 0 & R 2 TR AR AR O % 22 43 0 12.1% 14.0% K0 10.0% . IX 1
GGV T4 & PR A T AL, Mk, 7 ERFATHEAEHT, IMNER
X IRLNT AR 5 A T BE RS2 1R AN BB 2 o

PRI 251, BRI T RS TSR T TR 11 24035 B AR D FA P I 1) 5 Pk
JE. fE25°C I, 9=9.8 m/s?>, Pr=0.702, v=15.53x10° m%s, «,=3.35x10 K,

(2200 FFEHC . n MmiBI ARG RER], N7 @M, B 2-11 46H 7%
HC. nHlm T HRAEE

17
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T

I YR 1)
[
H (2.12)

: w4
Cnm |e—

PO TSR
X (2.18)

FRIE A
2 (2.25)

C,n,m

A (2.20) swxmﬁémmﬂfﬁtrlltg

K 2-11 TR R
Fig. 2-11 Flowchart of the calculation

PRlt, £ EITARTOUN, 4005 b #e A i 25 28 /R BN -

0.289
Nu=1.69(Gr-Pr) " (H—hj 5.83x10° <Gr-Pr<4.91x10*  (2.27)

hc

el (2.27) RN (2250w, A TG A BB R T 5T RGN L0 T
ARIFE AT INARE R 2-4 45 1 ERCT A 00T 5 8 e A i BB AE AT A6 25
Ko BREX PRI, BISE S EU R AR — 2, UL TR 22l 5 (2.28)
THEJEDON 0.8%. IXAEA EHR A O N 5 X H A I B R 1) IR PR 21 T 6
Uk, 3t B EIIE 1 XA Ot ARG B A4 B RE B IR A T RS U 458

5=%Z%x100% (2.28)
K, 5, B PIAEUEIA SR I 45 FL 2 1] (T MR 2%

234 EATHIATHREZARSAKENTE

FEERTIITOUR, 3R 2-5 et 7 A & v i g N7 IR 208 It e AR B () 1B
SRR R ATUEH, 2B AR B IS E 5150 4 R 2 MAAE R KR ZE, M
STARZE N 8.2% 13.9% 16.6%F1 16.5%. Fit, 5 R TATHME, A TR
BN B0 AT AR B AR AR RE RS TR 2 . [RIE, FE AN B BRI, X T
AAE RS I ) B SRR e 4, T 42 HE SR IS e o 327 1) 5% S5 R v U O JR 2 H B e 3 1)
LRI AT. 1R 2-5 FoR, e B A S (E K T iREe 45 3, X2 R b
PR AT, e BE b 1) Bk 52T DL RO A4 i 1 26105,

25 PR THRIN FAUE S AR AR EWE SRR R (Bh: Wm! KD
Tab. 2-5 Theoretical and experimental results of the effective thermal conductivity of paper honeycomb

under cold-above and hot-below condition (Unit: W-m™-K-1)

T4 RIS R ZEEAROFEGHE ZEREEEENIRE BRI RE
=T 0.07872 0.07226 0.09424 0.07937
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e 2 0.08408 0.07241 0.10447 0.08317
FEAL 3 0.09645 0.08043 0.13310 0.09732
FEdh 4 0.10635 0.08875 0.14191 0.10593

ST RIS, £ ER MRTOUR, 4R 2l Py B 2 SO0 TN U2 IS 22 X Bl
SN, 3052 BE AL IR . DRIE, ARFEIE 2-11 shaa T R, @Sl
ZERAG B B N IR OL T AR B8 A 2SO IR 55 28 R 3

-0.011
Nu =0.41(Gr-Pr)™™* (H—hJ 5.83x10° <Gr-Pr<4.91x10*  (2.29)

hc

el (2.29) A (2250w, R @GR BB R 5T B0 NS T
AR E A BT INARR R 2-5 45 1 BV N IO T 25 RS B A i) AR (E A e £
R AL 2 X A A, B 5 IR 4 R AR — 20 WA R P BHXHR Z U8 1.2%.
RAEAF BV N IO 2 R8N i R BRI AR R IE A MRS 21 7 IGAIE, WEIE 1R R
TR ARG 8 A FAE BE RS2 Wi AN ] RS PR 458

2.4 KE/NG

AR EEIE I A A A T IR B, IR 5RIGEE R TR, 53T U
Tk

(1) BES7ARNE B3 JLRY B s B, 23 AT 4RI 3w ] REAFAE A A7 25 % 4
K5, IERIHA R CEE COMSOL Multiphysics B IE 7 4R 55 P 7] LAIE J 28 0%
Wit

(2) JEEFREAARIEI E EHCR A THUR EA T AT T A0S A TR AR
K, FIFHESHEE RS RIC L RAF R T 3T THUR A T 3T 00T 4R 58 25 i 4 25
AT B ZE R HE I DRI XL

(3) FIHER B T B 400 55 1A RS R, SR04 R LRI 28 X it
IS 5 IR0 L5 B2 AR R KR 2E, 2% eI e A i B SR I6 45 R & %
Ao IXATASHE REORT LA A ) BB Y B IR R A 31 130 UE, AR 16 g RO 4R B3
FEFANERE I SZ A AN 1T 228

AT AR B A AT IR B ER B S ARG B (R S REAR AL ER AL TR, AT
LA B B 2 — e SRR R AVERE M 40 58 o IXAMUN T — 253 52 J L S H0 4R
0 B A PR RE RS I A SR T FRASARAL, IEXFIRN T R ARG & P AR A LEL A R
HEEMNE L.
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BT EUCHA-RBEZTE SERERREMR

X AR B AR AT B 7T, IR0 R R TA, 4RI E A O AR R AN F 1
THLARAFT . ST AR HA R B aROIMRIVRE R I H AR IS S e 4
CM) 2N BUIR, AFiEH EPS BURLE 2t & fIE A RE, i) 2% [ k4%
W8 A LRI, R AT AT T 7T . MO RS S ThRgRa A — 1R L E &
LERINCBLE T BAR SRR, IR SRR R RE SR I R VBT R TR AR

3.1 ERHER-AE R R &S Hfe i

3.1.1 REAE

YRIGEE: R 3 RS RURS AR s (R4S R AR, PR ST IA 200
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Tab. 3-1 Parameters of EPS particles

(mm) (kg/m?) (W-m-K)
4 15.7278 0.04014
0.75 33.6076 0.03518
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Fig. 3-1 Preparation process of paper honeycomb filled with recycled foam: (a) hemming process; (b)

(©) (d

filling EPS particles; (¢) compaction and curing after pasting the upper surface; (d) molding after trimming
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Fig. 3-2 Schematic diagram of paper honeycomb filled with recycled foam: (a) typical cell; (b) spatial
distributions of EPS particles
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A, PR H R IE LB d & PR KR4S D a2 H il iE B M RHE KR s P,=0.368,
P,=0.476.
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Fig. 3-3 The heat boundary conditions of paper honeycomb filled with recycled foam: (a) hot-above and
cold-below condition; (b) cold-above and hot-below condition
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