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An Analysis of Moisture Transportation within Paper in the Fusing Process of
Electrophotography

Shunichi OOHARA™', Yuko HAYAMA, Hirofumi TANIGAWA and Takaharu TSURUTA

I RICOH COMPANY, Ltd. R&D Center,
16-1 Shinei-cho, Tsuzuki-ku, Yokohama, 224-0035 Japan

Paper curl causes paper jam or print quality degradation in electrophotographic printers and copiers. It is useful to predict
amount of the paper curl in electrophotographic process for the efficient products development. The fusing process which is a
sub-process of electrophotography is one of the causes of the paper curl. But it had been unclear how the paper curl was
generated in the fusing process. In a previous study, a paper curl mechanism based on temperature gradient in paper heating
was revealed. The mechanism shows that a temperature gradient causes moisture transfer from the high-temperature side to
the low-temperature side within paper and consequently the moisture content of the low-temperature side becomes higher
than that of the high-temperature side. This causes a shrinkage difference between both sides of the paper and thus the paper
curl is generated. In this report, a one dimensional numerical model to simulate moisture transfer within paper is proposed. In
this model, paper is treated as a uniform porous material and the moisture diffusion and transfer are treated according to
Darcy's law, as well as evaporation during heating. The computer simulations are carried out to determine the moisture
distribution within the paper when the surfaces are heated at different temperatures. The results are finally verified by

measuring electrical resistance of papers. They are found to be in good agreement.
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2. BBERUKS
MD : Machine Direction A IROBMRE R [W/(mK)]
CD : Cross Direction Cpe  ZERDTEELCENI/(kgK)]
PPC : Plain Paper Copier P ¢ BRI [kg/m’]
S EKE Ay ZERDBYRIEZ[W/(mK)]
W, W L7 RO EH X Cor 1 B/KAROD EE LB T/(kgK)]
W, Eif L7 E X pr B KHROE FE [kg/m’]
pr o IBETIZET 5 A3fn78 5% [Pa) Ar @ B EMREZ[W/(mK)]
T : E[°C] Cpp © WEIERROD TEE LB I/ (kgK)]
& ZEfRER D, WA D FE [kg/m’]
K : BiaHE[m’] A, + SR DO BYRIEHE[W/(mK)]
K, 1 AKOFARZEIEA L : KULIEZENJ/ke]
D 1 KO HEER S m?/s) Vo : HINEEE[V]
Dy : ARIRGI LR SR [m?s] v, : BIEBEV]
4y 2 IROREMERRELPa 5] Ry FHEEIRHTQ)
ey 2 KD EEELENI/(kgK)] R, : FHARRRONEHEHIQ]
o KO [kg/m'’] R, : FROIEHIQ]
3. KN TEEMENT

3.1 KOBEMEMN

TNENEEDREN D /K3 B8N BE LTI, Bandyopdhyay © 235K0DJE X 7 [a] &L 710D 2 IRTED KGRI 2 3R D
TWBY, Z OHTIAROMMER] D22 &2 K AREDBEN T 5 & L, MOWESERD O ARKIREIS UE
KFEZRDTND. LinL, ZOMTCld=y 7HOREIFHROKGOMRY 35% L7z <, —I/VOJRK & 7
5 X7 10% &2 D EKEORY NFESH TRV, F72, BIROTRLE L 91, BN E L 725 & #%
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BRI IR SN A KR TR DR EE/TRETHD.
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THH-T5. X (1) oEFEOX, X Q) O=FAF—HEHEARL L TKDITREOAEZZE LTS, TD
EhEE (3) TRELL, HxbEEEAEHW =2 —H] () ICEENOITBOE (5 1) 2Nz Tnhb.
B TH CIIBFK R KL DO DR, # IH TIEEKEO AR KB OBREN /11272 %. X (2) OfDH—TEHIT
EMAEIE, FBIHIIKDICL DAL E—ETH D, B EIHIIAKSOKULEBETH Y, Z OfEFTTIE 100°C
PLETADDRAL LA EE D LRE L TWD. £, FORBRIKDIEFAFE L TS 25 LIEL TV,

.

Fig. 1 Model of paper
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AT D7D TH D,
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L (Y arar) #iEuhT, ZoRETREMAT 5. REED —/VOFERRHL, = LAEKEOIREED mRA]
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BHExp &L, SEMONEAT L — DT L EROEEREZ Omm & Lz,

$ Paper chuck |

" Heating plate

Heating plate -

Fig. 2 Side view of the experimental apparatus

to analyze the paper curl

Heating plate 160°C R0°C Heating plate
Paper h
Room temperature

(a) Experimental model

Initial temperature 160°C Initial temperature 25°C Initial temperature 80°C
I
Boundary temperature 160°C l Boundary temperature 80°C
Si Paper Si
rubber rubber
2 mm xp 2 mm
(b) Caluclation model

Fig. 3 Heated paper model
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F LIFEESMTH D, BREFER CTHOW AR 3 B OESITHYS T % 027 mm TEHEEZ1T- 2. PG KSR
13— VIE EBRIF OO E KRIZTEDET9.7%E L. FIENEEE TR 25°C, BT L— ho I L0, &k
A 160°C, {EIEAMI 80°CTHh 5. HEIKSIERARI Deff 1Z3CHE (7) OEMNGERE L, FERIILHEE Q) 28E(C

A LT

Table 1 Parameters for the water transport analysis

Paper Thickness 0.27 mm
Specific heat at constant pressure: Cpp 1300 J/(kgK)
Density : pp 900 kg/m’
Thermal conductivity : ip 0.06 W/(mK)
Porosity: ¢ 0.4
Effective moisture diffusion coefficient: D, 1.0x10° m’/s
Permeability : K 1.0x10™ m’
Discharge limit of moisture content: S 0%
Initial moisture content 9.7%
Initial temperature 25C

Water Specific heat at constant pressure : Cpl 4180 J/(kgK)
Density : pl 989.43 kg/m’
Thermal conductivity : 1/ 0.6369 W/(mK)
Viscosity coefficient: ul 5.77x10" Pas
Latent heat of vaporization: L 2257 kl/kg

Air Specific heat at constant pressure : Cpg 1008 J/(kgK)
Density : pg 1.10 kg/m’
Thermal conductivity : g 0.0276 W/(mK)
Viscosity coefficient: ug 1.97x10° Pas

Heating plate Thickness 2 mm

(Rubber) Specific heat: Cp 1600 J/(kgK)
Density : p 970 kg/m’
Thermal conductivity : 1 0.2 W/(mK)

Initial temperature

High-temperature side: 160°C
Low-temperature side:80°C

4 1 FHUE 0.27 mm DLHE D, INEE DORFRH & MRORE S T ANLE xp TOEKRFRZRL TN D.
xp A3 0 mm (S ERRATITMEME SRR —5SUTHAD T 5. ARRBNZ 2 9 IZ0E, BARRPE—21278%

MESHN RS 720, o, TOHEBREL 5.

D, e BIKIEMAID xp =027 mm TiE 37%I2ET 5.
Z DIKGy OEREN IO NEOFIFIK AL L - THRAET S, SFKAKEIXREICL Y ERT 5720, K

ZORIND, KDEIRM DRI EE L T D Z &8

DIE S TN Ui o EiEm < RIRMNTEL 725, 2 LT, ZOEAZEC X &R SEIRMIC -
TKRGDBENT 5. JENZEZ L HKGO8E 71T 3) OFBHE-HIZEINTWS. X (3) OFLE X
EENOIERROR TEREAEZ D ST HERANSH D0, FRHNE IS X B Ky OBREN 1230, KRR
BRBEE@IRIE CREFT 5.

ap=027mm ZFRE, FHEANTE KRB 0%I272 5 DI, EREOIEEMN 100°CIZE L7272 OIEIZ L D GkRE
0%E L TWDH7=HTHD.

HIAE KD 9.7% T HRAITIZZNLL LD E 725 Z &0, FHETHRNOK S 03 EIRAD AR R
L TNDHZENRHLMNI ST,
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Moisture content (%)

Heating time (s)

Fig. 4 Moisture content transition in paper (Calculation)

3-2 FRERIEER

321 RIEBBROIER

HEOWNEBOEKRITBEMRE OIS TRD 2 FENMOLN TN DY, Z O TIIRIZ VTV D2, A
TIXEME 2 AR T D HRPUIELEE DA B U AMMEL, A CIEAMROIBIE LSRRI 72 D72 - 7728

L2 ATz,

5 IS E R 2R () MR, () ERE, (O ISR TH S, [ 6 IR %
B L OB IR R LR R LT 5.

o P 0.2 mm
Paper holder T ¥ k

4
Paper resistance: R,
R

Electrode

Electrode /

A B (¢) Equivalent circuit diagram

(a) Picture of the apparatus (b) Schematic of wiring diagram

Fig. 5 Paper resistance measuring apparatus

Paper holder rh-"'f"
Heatlng plate
- -

Fig. 6 Schematic of the paper resistance measuring apparatus and

the experimental apparatus to analyze the paper curl
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IV D ERITER 0.1 mm, MEIZZ 78y FHRTHD. BREIZ02mm THY, 43 2WFNHHE L
THEB A T 2 L ETHEME ORI L TV D, FUINEIR V)X 20V OEMRTH Y, HIEEBOSHEZ %
T HIZODOEHR)ILIIMQ ThD. BELME LT —F W —ONFHEHIR X 1MQ TH 5. A, BHOHIE
BELZ V, &35 L, MICHET 2EMEOGHIEH R, 13N (10) TRE 5.

_ ViRR,
" V(R =R)-VR,

ZOEEEE A, WAL ZEE ORI GRROE S RO EKFES i RD D,

FT, BREOHOLNSMOBHAZRIE L, #itL EKREORRERDS.

HUIEL, Ba e X 512 2 o B R A RPTIE2EE I 1) TiTo 72, MROE XL 0.12mm Th
% IEGREIL 50°CH 5 100°CE T 10 EHETH 5. MO EKEI 5.8%0°5 30%FE THE L. 5.8%, 9.5%, 15.2%
DERBOMITAHXHBE DRI D 3 SOFT V7 —H —WNITHE L TERR L, 6.8%IXEBRENKE T, 20%E 30%
DO EIIRICERE KR Z 840 L TER L7z, /KR OME X Moisture Analyzer Computrac Max-2000 % HV>, 20% &
30% DA IR DOEART & BT OMOEINLRDZ. EKER %O, 110°COTEIREMNIC 1 BRI KE LT
YERK U7z, SEBREFOMOFIENEE Y, FBFEEMAY T L% 25CTh 5.

X 713ZOFRERO—FITH Y, MEVEE 100COEETH H.

HOEKENENMNE EIEPIDMEL 22D Z 080005, GKES8%E 6.8%IF 1.0x107 QEIE TH Y, SRR
L 9.5%& 152%I272 D & LOXI0°QFEFEICR D, X 51220%E 30% CiE 1.0x10°Q < £ TR 5.

—J, EHULRECHELT 5720, BEBIIREREZIER LT-. ZORENRK 8 THS. UL EN UL
FDNMEGE 206 4R ETORT, o7 7SN _XTOMEFE L TR, £, 1000CLLE TIEHK
WK DI AR LHBUENZEE LR\ 2, RIERMIMER L7 o 7o, K, INENREEOMRITE L &
LCRidk L7 b DT, EBEROKIETIEA 2 M2 aize L TIRPI D E/KE AR LT

(10)

1.E+09 ] 30
./ M01slture contfnt ‘00/: N 25 Heating temperarure:50°C
~ LE*08 58% 6.8% 95 S 60°C
c / : T2r 70C
b = o
§ 1.E+07 . % 15 r 80C
g \ 152% _20% | S 90°C
& 210 100°C
LE06 |\ 0% | 2
A = 57
1.E+05 0
0 1 2 3 4 5 1.0E+05 1.0E+06 1.0E+07 1.0E+08 1.0E+09
Heating time (s) Resistance (Q)
Fig. 7 Resistance transition of paper at some moisture contents Fig. 8 Relationship between paper resistance
(Heating temperature 100°C) and moisture content at some heating temperatures
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IROIREENFRNT 2 ARFES D T2 DIT, IREZMEREOMN DO EIKE A% KD D .

FFTHIOL, HNOIEZ FFHOBHUMIZET 5. KR T X 2 IZEE 0.09 mm O E 3 M ER, EHkE
BT 5. £ LT, MAT L— k&K, HRIE L ORI EE OEM A A TMEL, ZNENOAE DK
P BIE S ROz kO 5. @iRMIOMET L— N LD % Layer 1, RO & @R OKO M %
Layer2, HHROf & AKIRM OO % Layer 3, {KIRM O & MELT L— F D% Layer4 & LT, Layer #:(ZH
ET 5. MITATHEE 75%O8RE TR L, SKEIX9.7%TH 5. —EHTD Layer ZJIE L7-%ITHKE 3L b
L, MERTOMOKIEEZ —EIRDO L I T D.

10 HIEFRERTH . ESIEMO Layer | OHPLNE <, Layer2, Layer3, Layerd4 &AKIRMNZD D IZHEW
BEHIMMEL 22D Z L3005, 72, 3T D Layer TR & S ZHBUEDMEIN L TW 5.
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3:2:3 BKkEOHRE

10 OFERD S X 8 DRIEHFRE AWV TEKEZRD DY, ZOBHIWL ODORIEEIT I MERH 5.

PR, #AHEDBHYE FIEIZONW TR,

(1) SRR A 28 L7 IR UEO M IE

INEVINERE, BERICROEBOMOEMIL, K11 DX DEZZHN5. (a)ld Layer 1 & Layer4 D5
TEAT L — b EHORNCEMNH 5. fICEET 2 BEMOINE 2 BRI L 220 L, (@ OBAIE—F
MWANEIR D120, Z O (b) OLED 12 L7320, EMEOKOESIINE Loz LTHHESND
HPUT ) D 2 51272 %, RIEMFRE R HEHR T, BEMRIEOMICHH720 )AL THY, ZIUKL (a)
OEHUT 251272 5. Lo T, Layer 1 & Layer 4 O851%, JIESNHEHUEZ 12 12 L CTEKRORHZITH.

Layer 2 Paper (0.09 mm X 3) L 3
ayer 1.0E+09
Layer 1 \ —A / . Layer4 |
4 A ‘
rzo mm \ "y / g8 1.0E+08
A\ 4 15
20 mm Heating plate Heating plate § LOE+07
y \ 'z Layer 3
A Q < 1LOE+06 |-
100 mm | 20 mm >Electro de N —lLayerd
\ 4 1
7y T L/ 1.0E+05
20 mm / 0 10 20 30 40 50 60
Heating time (s)
Fig. 10 Paper resistance transition at layers
Fig. 9 Schematic of paper resistance measuring layers
Electrod Contact area Elect‘Qd %ontact area
Paper Paper
(a)Layer 1, Layer 4 (b) Layer 2, Layer 3

Fig. 11 Electric flow model between electrodes

(2) EHOE] Y AT % EJE LT AERHUEOHIE

IREZNEADY A, HROIE S SO EKFIFANR OFESC/OBRF DI LY, @i 0~%%, KRR 20
~30%FEIC e D, X7 2 DAER LT, BEHUEIIE S I 2.0x10°Q 75 1.0x10°Q O & 525 2 L1275,
EVRITHERHIAMERNEL 2 WAL D 720, T8 H XM O B FIREED Layer 23 5. LavL, RIRMIOEESTA SR
PNZHEABAHHRL 72 B 720, @IRMNZTEMD & > T HARRANZEBTANE Y IAL, JIERTZRO Layer OB Sk
L7V, & 2T, ZHliEEE 2 AWV CEROEI Y Z 2% L, #EHE Clxd 2 2358 OB IEREz KD 5.

X 12 (3% OZAMEIFE 27~ 7. Layer 1| OFEMFEKHLEZ RO & LT, £ 4D Layer DERFE OB & T 517
OEFLE 10 HRET D, £ 21IMUE LTZHUETH S, Layer | OFEMI O RO % 2.0x10°Q LE L, Layer
2, Layer3, Layer4 OB R2I, R22, R23 ZZNZH 1.0x10'Q, 1.0x10°Q, 1.0x10°Q L{E L. oD
= éﬁm@#&#m, RI2, RI3, R31, R32, R33 bIELIMETH L. b OIPUL, MANDKIBE) & 23K,
TG X0 ) —H LB LTV A, il kD 7= —EfE & LT-.

30 Layer fEDOPIHHEHT & (810 IAAZ B8 LI, BXOEPIOMIEETHD. (810 iAREEE LI
EIE Layer IHIZ, 9.9x10°Q, 1.1x10'Q, 1.6x10°Q, 0.91x10°Q 272 5. L - C, WIE S -IKPElZZnEh, Layer
1 & Layer2 T10f#%, Layer3 <TI% 6%, Layer4 Tk 1{F& L CEKRIHFETS.
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(3) IRFEERFIE
8 DIZIEHIFRDN D375 £ 918, MOBPUTIREICKH L THET 5. ZODIEGIN L EKREELRD DHIT
&, ROBESMEMDUERD 5.
MEOIE S FEOIERESAIE, 4 Layer (CEVERZ28A THERAILT-. BVESNT ) 7oz Ax LT ¢ 4O
HTEENVE 5 KFST-10-100-050 % FV 7=,
% Layer DRI U7oBAEM A FW, #8510 b EKEARD 5. #OWED 100°CLL EDGETE, 73T 100C
DOFLERRZ W=,

Layer 1 Layer 2 Layer 3 Layer 4

Table 2 Assumed resistance in paper

Resistance symbol Initial resistance ()
Electrode RO 1.0x10°
RII 5.0x10°
High- Low- RI2 5.0x10°
temperature RO temperature RI3 5.0x10°
side side I3y Lox10’
Electrode R22 1.0x10°
R23 1.0x10°
\ Y / R31 5.0x10°
Paper R32 5.0x10°
Fig. 12 Electrical model in paper R33 5.0x10"
Table 3 Resistance compensation ratio of the layers
Layer No. Initial resistance (Q) Resistance after compensation (Q) Compensation ratio
Layer 1 1.0x10° 9.9x10° 10
Layer 2 1.0x10’ 1.1x10 10
Layer 3 1.0x10° 1.6x10° 6
Layer 4 1.0x10° 0.91x10° 1

(4) ERRRNER R
13 S U O ERTO MBI & %4 Layer DG KROHAERIRTH Y, X 14 [FHBUAOH ER O R
Thd. Wb EmEAIEOMIE & IREMEIIT> T, FEBRERO IS AE 2L L T b DI,
EI D ERREZFH T 28582 BT E D B2 T D12 TH 2.

35 35
| —— : Layer 1 —— :Layerl
30 —— :Layer2 ~ 30 [ —— :Layer2
° L : Layer 3 > | : Layer 3
= 25 : Layer 4 z 25 : Layer 4
g L 2 L
g 20 § 20
; 15 g 15 H
] \ 7]
_g 10 s 10 "
= 50 > 5 F__./
0 0 ‘ ‘
0 2 4 6 8 10 0 2 4 6 8 10
Heating time (s) Heating time (s)
Fig. 13 Measured moisture content transition at each layers Fig. 14 Measured moisture content transition at each layers
before resistance compensation after resistance compensation
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FHIENRZ2WNGATH, IKIRMIO Layer (272 51F EE/KRENE <, & LT Layer | TIIXHIHIE/KEEZ THEY Layer 4
T ERIZ Z LG, OB S G @R SARMANI KD BEN L TS E AT 2 N TE S, MEEN
25 & BRI OHEGTET 72 D EKEIMEL 220, Layer | TIEMHIEZR LD 7%0°5 3%I272 5. Layer 1 ORFEIT
Is T130°CIZiET 5728, KOWREBETIUL 7%DEKRENH D & 135 ZH. 3% & W I EOZ S VEITMEE
DRI THDHM, Diad b 1%L VITHFRIGIWVVEEEZ 5D,

3-3 EEEOLE

IROBENMEATIC L 0 RO DT E KT A %, MROE S HMICRT U CEMI T 281 TE b7 5.

MOEX1X0.09 mm Th V EHBOELIL 0.1 mm THDZ LD, K15 D@D HAIRT L ) IZENZNOH:
fibiFA I Layer 1 T 0~0.05 mm, Layer2 < 0.04~0.14 mm, Layer3 < 0.13~0.23 mm, Layer4 < 0.22~0.27 mm
(272 %.

16 1 3FHRIC K D E KK L, FRRICKDEKEEHTIRLIEKTH Y, KR FHRAE THIB N BRI TH 5.
FERTIEEIRMAO Layer 1 2> HAKIRA[~F2>> T Layer2, Layer3, Layer4 OEIZEG/KENEGL 2D, ZOEHM
FEHRTHRE TN D, BT, TNENDRE TOEKEBORRMEIXIZIFE L < KOBEFREITIC X 2N OEK
BOMIRIIR Y L E25.

Paper
Layer 1
0.09mm 0.09mm 0.09 mm
Electrod l—> | —>|—>] Layer 2
- .
0.05 mm
0.14 mm
(a) Electrode location to measure Layer 1 (b) Electrode location to measure Layer 2
Layer 3 Layer 4
9'13 mm 0.22 mm
D 0.23 mm " 0.27 mm
(c) Electrode location to measure Layer 3 (d) Electrode location to measure Layer 4

Fig. 15 Electrode location in paper
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—F, FHRE T Layer & bERKEANIZEKREN 0%I272 5703, Ziux, RAPEHKDESzE 0 L LTWAH20D
THY, £z, a2 ba— R 2—LNOEEN 100°CISE LR E TEKERE 0% L TNWAEDTHD. E
BRCIE 10 22 T % Layer 1 T 3%F2HE5E Y, Layer2 T 7%, Layer3 T 8%, Layer4 Tld20%% TLEKEIME
T LW, FHECIEHEROEEN 100°CI2/2 5 L, KETRTHEELEKRRIZ0%E 72D LIELTWD. L
L, FEEIITHEO RS O FmE I LY 100°CE 2 THRRNO KD DBENEIZZEFE Lz, EKEDR 0%
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35 Calculation, Experiment
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Fig. 16 Moisture content transition at each layers
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