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Abstract

Computational treatment of the effects of air existing
a nip region is studied for accurate temperature estima
during toner fusing process in electrophotographic printe
Thermal resistance of the existing air in paper surfa
roughness and between toner particles is evaluated 
thermally equivalent air layer with uniform thickness 
introduced based on the amount of the air. Four models
proposed to discuss an adequate setting position of the
layer in a computational region. Toner surface temperatu
estimated by the models are compared with measured o
during fusing process. It is clarified that the estimat
temperature shows a good agreement with the meas
ones with the following two models: 1) The air layer bas
on paper surface roughness is positioned at toner-ro
interface and that based on the toner particles arrangeme
in the midst of toner layer. 2) The air layer based on pa
surface roughness is the same position with model 1) 
the toner is treated as a porous uniformly including air. T
above two models are applied to another two kinds of p
media with different surface roughness, offering go
estimations. The results confirm the usefulness of 
treatment of existing air for temperature estimation duri
fusing process. Effects of toner particle sizes for co
printing on the temperature field are also discussed with 
estimating calculation. It is expected that the smaller size
toner particles offers an improvement of fuse quality f
high-speed color printing with lower energy consumption.

Introduction

Higher-speed printing has been required to elect
photographic printers with higher print quality and low
energy consumption. The print quality is determined duri
the fusing process and strongly affected by thermal a
pressure conditions in the nip region between heat 
pressure rollers. One of the measures to the requirem
concerning with the high-speed printing is supplying 
larger heat flux to the toner fusing region, while excess
heat supply however shorten a fuser lifetime.

A method for optimizing fuser parameters is thu
necessary to overcome the conflict, method which offer
482
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good estimation of temperature filed in the nip region a
final fuse quality, as measurement of the temperature
difficult due to small dimensions of the nip region.1

The authors have proposed a method 2 for evaluating a
magnitude of the thermal resistance of the existing air a
reducing it to a uniform air layer thermally equivalent to th
air, an adequate setting position of the air layer in
computational region has however remained to be discus

In this study, several layer-setting models for numeric
estimation will be proposed and adequate models discus
by comparing the estimated results with the measured o
It will be further discussed the effects of toner particle s
on color print quality in high-speed printing.

Thermal Resistance of Existing Air in Nip

A certain amount of air exists in the nip region a
illustrated in Fig.1, which strongly affects the temperatu
field during the toner fusing process due to its much sma
thermal conductivity than those of toner material, paper a
fuser members. Since the amount of air depends on to
dimension, layer arrangement of toner particles and surf
roughness of the paper, a precise estimation of those
been carried out based on their geometrical configurati
in the previous report 3.

By modeling the toner arrangement deposited on 
paper as a two-storied hexagonal closed packed latt
thermally equivalent thickness of air layer was evaluate3

For toner particles with the mean size, d, of 7.6 µm, the
thickness and void fraction of the toner layer, δt

* and εt,
were 13.8 µm and 0.334, respectively.3 Based on the
properties, the thickness of thermally equivalent air layer,δat

and that of bulk toner, δt, were determined as 4.6 µm and 9.2
µm, respectively.3

Figure 1. Schematic of air existing in the nip region
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(a) Heat roller core

(b) Coating layer

(c) Toner layer
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The same treatment is also carried out for determin
thermal resistance of air existing in paper surface roughn
Geometrical properties of surface roughness are meas
by using a contact profile meter on a paper for color pr
(paper A, 100 µm in thickness) with isotropic texture.3 The
results showed that the maximum height of the surfa
roughness, Ry, was 12.5 µm and the three-dimensionally
calculated void fraction of the paper surface, εp, was 0.46.3

Based on the evaluations, the thickness of therma
equivalent air layer, δap, and that of smooth paper, δp, were
evaluated 5.7 µm and 88.4 µm, respectively.3

Computational Models and Estimated Results

Setting Position of Air Layers in Computational Region
Since the air existing in the nip region significant

affects the heat transfer phenomena during the toner fus
the thermally equivalent air layer evaluated in the previo
chapter should be introduced into an adequate set
position in the computational region. By considering t
state of the nip region illustrated in Fig.1, four settin
models are proposed as shown in Fig. 2. In Model 1, the
layers based on both toner particle arrangement and p
surface roughness are together positioned at the toner-r

Figure 2. Layer construction models for numerical estimation

Table 1. Layer Thickness in Calculation

Layer
Model 1
δ [µm]

Model 2
δ [µm]

Model 3
δ [µm]

Model 4
δ [µm]

Heat roller core 1500 1500 1500 1500
Coating layer 30 30 30 30
Equivalent air layer 10.3 5.7 5.7
Toner layer (*porous) 9.2 4.6 *13.8 13.8
Equivalent air layer 4.6
Toner layer 4.6
Paper 88.6 79.4 79.4 100
Equivalent air layer 5.7 5.7 5.7
Elastic layer 200 200 200 200
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interface. Model 2 arranges the air in paper surfa
roughness at the toner-roller interface with considering t
state illustrated in Fig.1 and that between toner particles
the midst of toner layer. In Model 3, the air layer based 
paper surface roughness is set in the same position w
Model 2 and the toner layer is treated as a porous includ
air. Model 4 is the one, in which the air existing in the n
region is neglected for comparison with the other a
including models. The thickness of the layers composi
these computational models is listed in Table 1.

Numerical Method
For the temperature changes during the fusing proc

in two-dimensional heat transfer field illustrated in Fig. 3
the governing equation is







∂
∂

∂
∂+





∂
∂

∂
∂=

∂
∂

yyxxt
c

θλθλθρ ..................... (1)

where θ  is the temperature, ρ is the density, c is the specific
heat and λ is the thermal conductivity. Equation 1 is
discretized on a rectangular grid system and solved by 
alternating direction implicit (ADI) method in the region
illustrated in Fig.2, in which vectors of heat flux are define
on the boundaries of each cell and scalars of temperatur
the center of that. For a simple treatment of the transferr
filed of the nip elements, a calculating method 2 has been
proposed on the fixed computational grid system.

Boundary conditions to the region are given as const
heat flux spilled on the inner surface of the heat roller co
(y=0), qh, and adiabatic on the remaining three boundaries

Results and Discussion
Figure 4 shows the estimated results of temperatu

changes on the toner surface through the nip region with 
Model 1, 2, 3 and 4. The initial temperature, θ0,, properties
of the layers and the fusing parameters are listed in Tabl
and 3, respectively. In the calculation, paper surfa
uniformly deposited by toner and a sudden contact of 
heat roller, the paper and the pressure roller just at the s
of the calculation are presumed.

Plotted in the figure by solid circle is the toner surfac
temperature 2 measured by an infrared radiation thermo
meter just behind the nip outlet varying fusing speed, v, in
the range listed in Table 4. In the experiment, toner (melti

Figure 3. Two-dimensional heat conduction in the transferring fie

(xi, yj)
θi  j

 y

 x

∆ y

∆ x

 Transfer

 qyin

 qxout  qxin

 qyout



le
t

, 
el
tu
h
s
fo
is

 o
 

 C.
m
,

r
re

ly
r C
ble

the

 at
ch
ith

also
e

ed
e

sed
ess

s
on
se

ns

IS&Ts NIP 15: 1999 International Conference on Digital Printing TechnologiesIS&Ts NIP 15: 1999 International Conference on Digital Printing Technologies Copyright 1999, IS&T
0

20

40

60

80

100

120

140

160

180

0 1 2 3

θ 
[ °

C
]

θm

Measured

Model 1

Model 3 Model 4

Model 2

Paper A
v=60 mm/s

x [mm]

t [ms]0 10 20 30 40 50

point, θm, of 125°C) is deposited uniformly on the who
surface of the paper corresponding to the state in 
estimating calculation.

Compared with the measured temperature changes
estimated results offer good agreements by both Mod
and 3. The estimation by Model 1 shows lower tempera
than the measured one, while that of Model 4 gives hig
one. The discrepancies between these estimated re
indicate the importance of both appropriate positioning 
introducing the equivalent air layers and the prec
evaluation of the thermal resistance.

Model 2 and 3, both of which offer good estimations
the temperature field, are applied to another two kinds

Figure 4. Comparison between measurements and estimatio

Table 2. Initial Temperature and Thermal Properties
Layer θ0  [°C] λ [W/(m°C)] ρc [MJ/(m3°C)]

Heat roller core 180 228.6 2.50
Coating layer 180 0.181 1.64
Toner layer (bulk)
                   (porous)

25
0.151
0.065

1.51

Paper (A, C)
          (B)

25
0.080
0.141

1.16
1.88

Elastic layer 25 0.281 2.01
Equivalent air layer 25 0.030 0.0012

Table 3. Fusing Parameters in Calculation
Parameter Value

Nip region w [µm] 3.5
Fusing speed v [mm/s] 60.0

Heat flux from heater qh [kW/m2] 34.0

Table 4. Measured Toner Surface Temp. vs. Nip Period
Fusing speed v [mm/s] 60.0 80.0 120.0 180.0
Nip period t [ms] 58.3 48.3 29.2 19.4
Toner surface temp. θ [°C] 140.0 134.3 128.1 123.7
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print media with different surface roughness, paper B and
Geometrical properties of the two papers, the maximu
height of profile, Ry, the void fraction of the paper surface
εp, the thickness of thermally equivalent air layer, δat, and
that of smooth paper, δt, are obtained in the same manner fo
paper A and listed in Table 5. While both of the papers a
100 µm in thickness, the surface of paper B is sufficient
smooth to be regarded as completely flat and the pape
has two times deeper roughness than that of paper A. Ta
6 shows the thickness of each layer of Model 2 and 3 in 
calculation.

In Table 7, the estimated toner surface temperature
the nip outlet is compared with the measured one for ea
paper. Each of estimations shows a good agreement w
that obtained in the experiment. These good agreements 
certify the availability of the estimating method of th
temperature field during the fusing process.

The above results together confirm that the propos
models, Model 2 and 3, are useful for introducing th
thermal resistance by air in the nip region determined ba
on the geometrical properties of the paper surface roughn
and toner particles.

Effects of Toner Particle Size
on High-Speed Color Printing

The thickness of the toner layer for color printing i
thicker due to the amount of toner particles multi-layered 
the paper. Effects of the toner particle size on the fu

Table 5. Roughness Properties and Air Layer Thickness
Type Ry  [µm] εp  [−] δa p  [µm] δp  [µm]

Paper A 12.5 0.459 5.7 88.4
Paper B 0.2 0 100
Paper C 20.5 0.502 10.3 79.4

Table 6. Layer Thickness for Paper B and C in Calculatio
δ [µm] (Paper B) δ [µm] (Paper C)

Layer
Model 2 Model 3 Model 2 Model 3

Heat roller core 1500 1500 1500 1500
Coating layer 30 30 30 30
Equivalent air layer 0 0 10.3 10.3
Toner layer (*porous) 4.6 *13.8 4.6 *13.8
Equivalent air layer 4.6 4.6
Toner layer 4.6 4.6
Paper 100 100 79.4 79.4
Equivalent air layer 0 0 10.3 10.3
Elastic layer 200 200 200 200

Table 7. Compared with Measured and Estimated Result
Estimated [°C]

Type
Measured [°C]
at v=60mm/s Model 2 Model 3

Paper A 140.0 143.1 142.7
Paper B 153.1 151.4 151.0
Paper C 133.7 131.8 131.9
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quality for high-speed color printing are discussed 
numerical estimations of the temperature field in the fus
region, method for which estimations has been develope
the preceding chapter.

Toner particles of the same size arrayed on the pap
four-storied hexagonal closed packed lattice are consid
as one of the general states for color printed images.
toner particles with the mean sizes of 5 µm, 7.6 µm and 10
µm, toner layer properties are evaluated and listed in T
8. The melting point of bulk toner, θm, for color printing is
100°C.

Figure 5 shows the estimated temperature change
the toner surface and the toner-paper interface. Condi
for the estimating calculation are the same to the one in
previous chapter. The surface temperature changes
almost the same, not showing dependency on the t
particle size. The toner-paper interface temperature, on
other hand, has a tendency to increase with the decrea
toner particle size. Listed in Table 9 are the quantity of h
changes during the fusing process for each layer, ∆Q. The

Figure 5. Effects of toner particle size on the toner layer

Table 8. Effects of Toner Particle Size on Air Layer Thickness
d [µm] δt

*
 [µm] εt  [−] δa t [µm] δt  [µm]

5.0 17.3 0.298 5.2 12.1
7.6 26.2 0.298 7.8 18.4

10.0 34.5 0.298 10.3 24.2

Table 9. Quantity of Heat Changes during the Fusing Process

Layer
d=5 [µm]

∆Q [kJ/m2]
d=7.6 [µm]
 ∆Q [kJ/m2]

d=10 [µm]
 ∆Q [kJ/m2]

Heat roller core -7.22 -7.26 -7.36
Coating layer -1.31 -1.31 -1.31
Toner layer 3.75 5.13 6.19
Paper 6.07 4.90 4.05
Elastic layer 0.69 0.52 0.40
Equivalent air layer 2.1×10-4 2.0×10-4 2.0×10-4
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results shows that larger portion of the heat supplied f
the heat roller is employed to heat the paper with the sm
tone, which improvement is due to smaller specific hea
the toner layer. In addition, the slight decrease of ∆Q in the
heat roller core for the smaller toner suggests the decr
of energy for heat supply to the fusing process.

As the high fuse qualities of color printed images 
obtained by sufficiently heated toner and paper, an incr
of paper surface temperature offers a more favora
condition. The above results together indicate that 
adoption of the smaller size of toner particles is an effec
approach for obtaining high fuse quality in high-spe
printing with lower energy consumption.

Conclusions

To establish an estimating method for the tempera
field in the fusing region of electrophotographic printe
construction models to introduce thermal resistance du
the air existing in the region is proposed. Four models
proposed and the evaluated results obtained by the m
are discussed. The results are summarized as follows:
(1) By the models adequately determining the sett

position of thermal equivalent air, the estimated to
surface temperature changes show good agreements
the measured ones. The importance of adequate positio
for introducing the equivalent air layer is pointed out.

(2) The usefulness of the models is certified by be
applied to print media with different surface roughnes

(3) The effects of the toner particle size on the tempera
field are quantitatively examined. Adoption of th
smaller size toner is expected to improve color print
with high-speed and lower energy consumption.
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