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Radiation emitted from fluidizing particles adjacent to a
heated surface in a fluidized bed
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Abstract —We experimentally investigated the radiation heat exchange occurring in a gas–solid fluidized bed (kept at 25 ◦C) between
the fluidizing particles and a remotely-heated heat transfer surface (30 ◦C). To evaluate this heat exchange, radiation emitted from the
fluidizing particles towards the heated surface was measured through a transparent heat transfer surface using an infrared imager.
Our experimental results revealed that the fluidizing particles are mainly heated by conduction during the contact period with the
surface and/or by gas convection in the thermal boundary layer, and that these heated particles frequently emit a significant amount
of radiation energy toward the surface. Based on these results, a method for evaluating the radiation heat exchange between the
heat transfer surface and the fluidizing particles is proposed. The proposed method shows that particle diameter is one of the most
significant parameters in the radiation heat exchange, and predicts that the radiation heat exchange increases with increasing particle
diameter.  2001 Éditions scientifiques et médicales Elsevier SAS
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Nomenclature

d particle diameter . . . . . . . . . . . . . m
E radiative energy flux emitted from the

fluidizing bed . . . . . . . . . . . . . . . W·m−2

Eb radiative energy flux emitted from the
blackbody . . . . . . . . . . . . . . . . . W·m−2

Es radiative energy flux emitted from the
infrared imager sensor . . . . . . . . . . W·m−2

Tsur surroundings temperature (20◦C)
Tin inlet gas temperature (20◦C)
Tw temperature of the heat transfer surface

(30◦C)
Tbed bed temperature outside the thermal

boundary layer on the heat transfer surface
(25◦C or 30◦C)

U fluidizing velocity . . . . . . . . . . . . . m·s−1

Umf minimum fluidizing velocity . . . . . . . m·s−1

D system output of the measured radiation
energy emitted from the fluidizing bed

* Correspondence and reprints.
E-mail address:jyamada@ccn.yamanashi.ac.jp (J. Yamada).

Db system output of the measured radiation
energy emitted from the blackbody

Diso-bed system output of the measured radiation
energy emitted from an isothermal bed

εbed bed emissivity
Ψ efficiency of the radiation heat exchange

1. INTRODUCTION

Fluidized beds are conventionally used in high-tem-
perature heat exchanger applications such as chemical
reactors and coal combustors due to their excellent heat
transfer performance. In these type of applications, the
radiation transfer between the fluidized particles and the
heat transfer surface is considered to be a significant
heat transfer mechanism. However, even though much
effort has been directed at clarifying the radiation transfer
mechanism in fluidized beds [1–6], questions remain
concerning the effects of (1) the fluidizing velocities,
(2) the optical characteristics of the particles, and (3) the
particle diameter on the radiation transfer [7].
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We previously carried out optical experiments em-
ploying a He–Ne laser and a corresponding numerical
simulation analysis [8]. We then proposed a model for
predicting the radiation heat exchange occurring between
fluidized particles and a heat transfer surface which takes
into account the thermal boundary layer on the heat trans-
fer surface.

When the radiation heat exchange was occurring
between fluidizing particles and a heat transfer surface
whose temperature is higher than the bed temperature,
our model predicts that radiation heat transfer is not
enhanced when the penetration depth of radiation is less
than the thickness of the thermal boundary layer. This
may occur because the fluidizing particles adjacent to
the heat transfer surface are heated by conduction while
in contact with the surface and/or by gas convection in
the thermal boundary layer, and consequently, they emit
radiation which cancels that which is emitted from the
heated surface (figure 1). On the other hand, when the
penetration depth is greater than the thermal boundary
layer, the layer’s optical thickness where the heated
particles exist is thin, and the amount of radiation energy
emitted by the heated particles is always small. In this
case, the radiation heat exchange between the fluidizing
particles and the surface is efficient. Associated heat
transfer experiments supported this prediction in part [8].

It should be noted that the former phenomenon was
derived assuming that the temperature of particles ad-
jacent to the heat transfer surface were equal to the gas
temperature. However, since the particles are transiently
heated by direct-contact heat exchange between the sur-
face and the particles during the contact period and/or by
convective heat transfer from flowing gas in the thermal
boundary layer, it is not reasonable to assume that the
temperature of the particles was equal to the gas temper-
ature. Furthermore, it is not empirically known whether
such heated particles actually exist near the heated sur-
face, or how much radiation they emit.

This leads to the present study which specifically
investigates the radiation emitted from the fluidizing
particles in order to evaluate the radiation heat exchange
taking place between these particles and the heat transfer
surface. We present a visualization technique for the
temperature of particles using an infrared (IR) imager
to confirm the presence of the heated particles. We used
it to measure the time-averaged radiation energy being
emitted from the heated particles in order to evaluate the
radiation heat exchange.

The visualization and measurement were performed
through a transparent window that also functioned as
a heat transfer surface. These measurements reveal that

Figure 1. Radiation heat exchange occurring between fluidiz-
ing particles and a heated surface.

the heated particles actually exist near the heat transfer
surface and frequently emit a significant amount of
radiation energy toward the surface, which suppresses
the radiation heat exchange between the surface and the
fluidizing particles. Furthermore, based on these results,
a method for evaluating the radiation heat exchange is
discussed.

2. EXPERIMENTAL SETUP AND
PROCEDURE

2.1. Experimental fluidized bed

A schematic diagram of the experimental setup is
shown infigure 2. The experimental fluidized bed has
a cross section of 100× 100 mm2 and a height of
1 000 mm. A heat transfer surface having a diameter of
50 mm is located 60 mm above the felt sheet distributor
placed at the bottom of the bed. A cartridge heater was
immersed in the bed to control the bed temperature.

An IR imager (TVS-2000, Nippon Avionics) located
external to the bed was used to visualize the tempera-
ture of the fluidizing particles heated by the heat trans-
fer surface, as well as to measure the radiation energy
emitted by the particles without disturbing the bed flu-
idization. A CO2 laser (NAL-10D, Nippon Kagaku Engi-
neering Co.) was used to remotely heat the heat transfer
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surface without obstructing the IR imager. The CO2 laser
was situated normal to the heat transfer surface and the IR
imager was slightly tilted away from the axis, as shown
in figure 2.

A transparent MgF2 window, which has a diameter
of 50 mm and a thickness of 5 mm, acted as the heat
transfer surface. Its transparency is more than 95 % in the
imager’s range of detectable wavelength (3.0–5.4µm),
while it is opaque at the laser’s wavelength (10.6µm).

Figure 2. Schematic diagram of the experimental setup.

Figure 3. Spectral transmissivity for the normal incidence of
MgF2 window.

The spectral transmissivity for the normal incidence of
the MgF2 window is shown infigure 3.

We experimentally confirmed that the window emits
negligible radiation in the detectable wavelength region,
even during laser heating. Thus, this visualization system
allows measurement of only the radiation emitted from
the fluidizing particles adjacent to the heat transfer
surface.

The IR imager contains an InSb sensor. After trans-
lating the measured distribution of radiation energy, a
256× 100 pixel thermal image with an 8-bit gray scale
was produced and this thermal image was stored as dig-
ital data. To obtain the original distribution of radiation
energy, a personal computer was used to retranslate the
thermal image pixel by pixel back to the radiation en-
ergy. Since the translation and re-translation between the
radiation energy and the temperature are numerically per-
formed, no error is produced.

2.2. Experimental condition and
fluidizing particles

The heat transfer surface temperaturesTw was mea-
sured by a chromel–alumel (CA) thermocouple having a
diameter of 0.1 mm, which is located at the center of the
surface. The bed temperatureTbed, which is the tempera-
ture outside the thermal boundary layer on the surface,
was measured by another CA thermocouple located at
the height of the heat transfer surface, as shown infig-
ure 1. Except the bed emissivity measurement which is
described below, all experiments were carried out at a
surface temperatureTw of 30◦C and at a bed temperature
Tbed of 25◦C. The surface temperature and the bed tem-
perature were respectively controlled by the CO2 laser
and by the cartridge heater immersed in the bed.

The static bed height was fixed at 90 mm and the flu-
idizing velocityU was varied between 1.2 and 3.0Umf,
whereUmf is the minimum fluidizing velocity empiri-
cally determined by measuring the pressure drop across
the bed.

Table I presents the parameters associated with the
fluidizing particles used in this study, as well as their
corresponding values ofUmf and bed emissivityεbed.

2.3. Measurement of bed emissivity

εbedis defined as the ratio of the radiation energy emit-
ted from the isothermal, optically thick bed to the black-
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TABLE I
Parameters associated with the employed

fluidizing particles.

Particle Diameter Umf εbed

[µm] [m·s−1]
Glass 50 0.013 0.79± 0.02

200 0.048 0.89± 0.02
400 0.128 0.90± 0.02

Zircon sand 150 0.043 0.72± 0.02
Al2O3 500 0.284 0.47± 0.03

body radiation energy emitted at the bed temperature.1

This parameter was also empirically determined, i.e. the
IR imager was used to measure the radiation energy from
the bed and that from a reference blackbody.

In the emissivity measurement, to ensure that the
fluidizing particles were not cooled by the heat transfer
surface, the bed was isothermally heated by the cartridge
heater to 30◦C, while the CO2 laser was used to maintain
the heat transfer surface at the same temperature.

Since the measured radiation contains the radiation
from the bed and also from the reflected background
radiation at surroundings temperature,Tsur, which was
20◦C throughout the entire experiment, it was necessary
to correct for the reflected background radiation.

The method used to make the correction is as follows.
The signal output of the measurement system is propor-
tional to the amount of measured radiation energy. Using
the proportionality constantC, the outputs for radiation
energy from the isothermal bed and blackbody can be re-
spectively expressed as

Diso-bed=C
[
εbedEb(Tbed)+ (1− εbed)Eb(Tsur)−Es

]
(1)

Db(Tref)=C
[
Eb(Tref)−Es

]
(2)

whereEb(T ) is the amount of sensor-detected radiative
energy flux emitted from the blackbody at temperatureT .
The first term on the right-hand side of equation (1) rep-
resents the radiation emitted from the isothermal bed
at Tbed, while the second term represents the reflected

1 εbed defined in this study is independent of the volume fraction of
the bed, which varies with fluidizing velocity. This reason is as follows.
The albedo and scattering phase function of a dispersed medium is
constant, being independent of its void fraction under the assumption
of independent scattering [9], and only the extinction coefficient is
proportional to the void fraction. However, since the emissivity of
an isothermal optically thick, dispersed medium does not depend
on the extinction coefficient [10], the emissivity of such medium is
independent of its void fraction and is constant.

background radiation atTsur. The radiative energy flux
emitted from the sensor,Es, was not considered here be-
cause the sensor temperature was very low (< 233 K).
The first term on the right-hand side of equation (2) repre-
sents the radiation emitted from the reference blackbody
atTref.

Using equations (1) and (2), the following equation
was derived and utilized to determine the value ofεbed
listed intable I:

εbed= Diso-bed/Db(Tref)−Eb(Tsur)/Eb(Tref)

Eb(Tbed)/Eb(Tref)−Eb(Tsur)/Eb(Tref)
(3)

Here, onlyDiso-bed andDb(Tref) were measured to es-
timate εbed. The values ofEb(T ) were given by the
calibration table of the IR imager, which are used for
translating the measured radiation energy to a tempera-
ture. ForEb(T ) that are determined by use of the cali-
bration table, the temperature is specified, for example,
Eb(Tref= 30◦C). According to this expression, equa-
tion (3) can be rewritten by

εbed=
[
Diso-bed

Db(Tref)
− Eb(Tsur= 20◦C)
Eb(Tref= 30◦C)

]
·
[
1− Eb(Tsur= 20◦C)

Eb(Tref= 30◦C)

]−1

(4)

where, sinceTbed is equal toTref in the bed emissivity
measurement,Eb(Tbed)/Eb(Tref) in the denominator of
equation (3) is unity.

In the other measurements as well as the bed emissiv-
ity measurement,Tw, Tbed, Tref andTsur fluctuate around
the set temperatures. This fluctuation affects the mea-
sured values ofDiso-bed, Db(Tref) andD, which will ap-
pear in equation (5). The effect of the temperature fluctu-
ations on the estimated value ofεbed and the other radia-
tion parameters is described in appendix.

In this study, because all radiation measurements were
carried out using the imager, not onlyεbed but the other
radiation parameters were also evaluated in the imager’s
range of detectable wavelengths. It is considered that
the significant wavelength range in the radiation heat
transfer of practical fluidizing beds, which is usually
operated at high temperature, does not match the present
range. It should be realized, however, that the results
obtained here are applicable to any other fluidizing bed
if the radiative parameters are replaced by those in the
wavelength range of interest. The applicability to a high-
temperature fluidized bed will be discussed later.
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3. RESULTS AND DISCUSSION

Experiments were performed at various fluidizing
velocities, with bubbling fluidization being observed
under all experimental conditions.

3.1. Visualization results of the
particles’ temperature

Figure 4shows typical time-dependent photographs of
the thermal images of the fluidizing particles located near
the heat transfer surface, where the outer circle indicates
the transparent heat transfer surface. The temperature
indicated in figure 4 is not the actual temperature of
the fluidizing particles because these thermal images are
obtained by fixing the bed emissivity at unity. However,
these thermal images indicate the temperature in the
bright region is higher than that in the dark region.

The dark region infigure 4(a) indicates a bubble
rising along the surface. Bubbles appear dark because
low-temperature fluidizing particles can be seen through
them. After the bubble has gone, the low-temperature flu-
idizing particles come in contact with the heat transfer
surface (figure 4(b)) and are transiently heated by con-
duction during the contact period with the surface and/or
by gas convection in the thermal boundary layer (fig-
ure 4(c)). These results prove that heated fluidizing parti-
cles exist adjacent to the heat transfer surface.

3.2. Radiation energy emitted by
fluidizing particles

The radiation emitted from the fluidizing particles
varies because they are transiently heated and leave
the heat transfer area. Thus, for practical purposes,
the time-averaged radiation energy emitted from the
heated particles is required to evaluate the radiation
heat transfer occurring between the fluidizing particles
and heat transfer surface. We derived the time-averaged
radiation energy using 40 thermal images taken at 10 s
intervals. In the averaging process, all thermal images
were translated into radiation energy images, which were
then averaged pixel by pixel and retranslated back into
a thermal image. A photograph of the resultant thermal
image is shown infigure 5, where the temperature is
indicated by fixing the bed emissivity at unity.

Note that the radiation energy from the lower part of
the heat transfer surface is less than that of the upper

(a)

(b)

(c)

Figure 4. Thermal images of the heated fluidizing parti-
cles located near the heat transfer surface (glass particles,
d = 200µm, U = 1.5Umf). (a) t = 0 s, (b) t = 0.1 s, (c) t = 0.2 s.
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Figure 5. Thermal image of time-averaged radiation energy
emitted from the heated fluidizing particles (glass particles,
d = 200µm, U = 1.5Umf).

part. This is because the generating frequency of bub-
bles is higher in the lower part than that in the upper
part. Also, the bed temperature near the lower part is
less. Since the bed temperatureat bottom of the bed is
close to the inlet gas temperatureTin (< 25◦C; the de-
sired experimental condition), the bed temperature near
the lower part does not increase up to 25◦C due to
the low inlet gas temperature when the fluidizing parti-
cles are not well mixed. Although the bed temperature
causes some spatial non-uniformity in the radiation en-
ergy, we spatially averaged the radiation energy within
the indicated rectangular region to minimize the effect
of the temperature non-uniformity on the radiation en-
ergy.

Figure 6 shows the dimensionless radiative energy
flux versus the fluidizing velocity of glass particles with
diameters of 50, 200, and 400µm. We accounted for
the reflected background radiation using the following
equation:

E

Eb(Tref)
= D

Db(Tref)
− (1− εbed)

Eb(Tsur= 20◦C)
Eb(Tref= 30◦C) (5)

whereD andDb(Tref) are respectively the system output
for the radiation energy emitted from the bed and black-
body.

The error bars infigure 6 represent the whole un-
certainties which contain the bias error caused by the
uncertainty ofεbed, and random errors. The magnitude
of only the random error is about the size of the sym-
bols. Therefore, it is considered that the decreasing or in-
creasing tendencies ofE/Eb(Tref) against fluidizing ve-

Figure 6. Effect of fluidizing velocity on the dimensionless
radiation energy.

locity are reliable, although the whole uncertainties look
large.

For the 50µm particles, the emitted radiation energy
E/Eb(Tref) decreases with increasing fluidizing velocity.
This is because the residence time of particles on the heat
transfer surface correspondingly decreases. Obviously
then, as the residence time decreases, the amount of heat
received from the surface decreases, and so the emitted
radiation energy also decreases.

At a fluidizing velocity greater than 2.0Umf,
E/Eb(Tref) is almost constant. The reason is considered
that the residence time of particles on the heat transfer
surface is negligibly small at such large fluidizing veloc-
ities, and that the fluidizing particles are heated only by
flowing gas in the thermal boundary layer. Since there is
no particle that is intensively heated by the direct contact
with the surface, this behavior occurs at large fluidizing
velocities.

The 400µm particles showed contrasting results in
that E/Eb(Tref) increases as the fluidizing velocity in-
creases, which is due to the non-uniformity of the bed
temperature near the bed bottom. When the particle di-
ameter is large at a low fluidizing velocity, the heat diffu-
sion in the bed is considered to be weak. Therefore, the
low-temperature region near the bed bottom approaches
the lower part of the heat transfer surface (figure 7),
which decreasesE/Eb(Tref). As the fluidizing velocity
increases, however, the heat diffusion also increases and
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Figure 7. Diagram showing the temperature distribution out-
side the thermal boundary layer on the heat transfer surface.

Figure 8. Effect of particle diameter on the dimensionless ra-
diation energy normalized by that emitted from the isother-
mal bed at the same temperature as the reference blackbody
(Tref = 30◦C).

a uniform bed temperature occurs atTbed= 25◦C. Con-
sequently, emitted radiation energy increases as the flu-
idizing velocity increases. The 200µm particles showed
intermediate behavior between the 50µm particles and
the 400µm ones.

The results for the 400µm particles are considered
to be peculiar to the present experimental bed, which
has the heat transfer surface near the bed bottom. If
the particles near the heat transfer surface were not
cooled by the inlet gas, the radiation energy emitted by
the fluidizing particles would decrease with increasing
fluidizing velocity.

Figure 9. Effect of bed emissivity on the dimensionless radia-
tion energy.

Figure 8 shows the effect of particle diameter on the
dimensionless radiation energy emitted from the fluidiz-
ing particles. Here the radiation energy is normalized by
that emitted from an isothermal fluidized bed at the same
temperature as the reference blackbody (Tref = 30◦C).
By doing this, we cancel out the amount of emitted ra-
diation energy due to the differences in bed emissivity.

Notice that the normalized radiation energy decreases
with increasing particle diameter. That is, as the parti-
cle diameter increases, the particle’s heat capacity also
increases, and therefore, more energy is required to in-
crease its temperature. Moreover, the extinction coeffi-
cient of the fluidized bed correspondingly decreases [8].
The optical thickness of the layer where the heated parti-
cles exist also decreases, thereby reducing the amount of
radiation energy emitted by the heated particles near the
heat transfer surface.

Figure 9shows the effect of bed emissivity on the ra-
diation energy emitted from fluidizing particles atU =
2.0Umf, where the radiation energy decreases with de-
creasing bed emissivity. Here, the magnitude of uncer-
tainty inE/Eb(Tref) caused by random errors is about a
half size of the symbols. The error bars show the bias er-
ror caused by the uncertainty ofεbed. Therefore, the error
bars are inclined.

The two lines indicate the limits of the emitted
radiation energy from the bed, with the upper and lower
line corresponding to the radiation energy emitted from
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an isothermal bed at 30 and 25◦C, respectively. Since
these temperatures respectively correspond toTw and
Tbed, the amount of radiation energy emitted from the
fluidizing particles must fall between these lines.

It should be noted that the radiation energy emitted
from large particles, such as Al2O3 with d = 500 µm
and glass withd = 400µm, is close to the lower limit,
although their bed emissivities are very different. This
result suggests that, although there are a few heated
particles adjacent to the surface, these particles do not
provide a significant amount of additional radiation.
In contrast to this, for the beds with small particles,
since there are many heated particles near the surface
which emit a large amount of additional radiation, the
radiation energies are larger than the lower limit.Figure 9
shows that, although the amount of radiation energy
emitted from the fluidizing particles depends onεbed,
the additional radiation emitted from the heated particles
depends on the particle diameter.

To clarify the effect of particle diameter on the amount
of additional radiation, we consider the additional ratio of
the radiation energy,R, given by the following equation:

R = E − εbedEb(Tbed= 25◦C)
εbedEb(Tw = 30◦C)− εbedEb(Tbed= 25◦C)

(6)

Figure 10shows the additional ratio versus the diam-
eter of fluidizing particles.R = 0 represents that all the
particles are not heated and are inTbed(the lower limit in
figure 9), and atR = 1 they are heated perfectly by the

Figure 10. Additional radiation energy produced by the heated
particles.

heat transfer surface and are inTw (the upper limit infig-
ure 9). It is found that even though the bed emissivities
are different,R decreases monotonically as the particle
diameter increases and it is almost independent ofεbed.

3.3. Applicability to a high-temperature
fluidized bed

All experiments were performed at comparatively low
temperature where the radiative heat transfer may not
be significant. However, we think the present results
can be applicable to a fluidized bed operating at a high
temperature. In order to demonstrate the applicability of
the present results to a high-temperature fluidized bed, we
now define the efficiency of the radiation heat transfer,Ψ ,
as

Ψ = 1−R (7)

Using Ψ , for example, as the heat transfer surface is
a blackbody and the system is assumed to be one-
dimensional, the radiation flux exchanged between the
surface and the bed can be predicted by the following
equation:

Enet= Ψεbed
[
Eb(Tw)−Eb(Tbed)

]
(8)

SinceΨ is given byfigure 10, we can predict the radiation
heat transfer for any particle diameters.

Strictly speaking, predicting the radiation heat transfer
using equation (8) is limited to a few cases at present,
sinceΨ also depends on the fluidizing velocities and the
thermophysical properties of particles, such as thermal
diffusivity. For practical use, we need to determineΨ for
several cases.

However,figure 10and equation (8) show that par-
ticle diameter is one of the most significant parameters
in radiation heat exchange between the fluidizing parti-
cles and the heat transfer surface, and that the radiation
heat exchange increases with increasing particle diame-
ter. These results would be applicable to any practical flu-
idized bed with dense phase of particles, and they would
be helpful for constructing a model of the radiative heat
exchange. A total heat transfer model in fluidized beds in-
cluding the radiation heat exchange may be constructed
in combination with the earlier reported (for example, pa-
per by Molerus [11]) which dealt with other heat transfer
modes.
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4. CONCLUSION

In order to evaluate the radiation heat exchange occur-
ring in a gas–solid fluidized bed between the fluidizing
particles and a heated heat transfer surface, we used an
infrared imager to visualize the temperature of fluidiz-
ing particles located adjacent to the heated heat transfer
surface, as well as to determine the radiation energies
emitted from the particles toward the heat transfer sur-
face.

We observed that fluidizing particles are indeed tran-
siently heated by the heat transfer surface, and frequently
emit a significant amount of radiation toward the surface.
Since the net radiative heat exchange is caused by the
difference between the radiation energy emitted from the
surface and that emitted from the particles, it is consid-
ered that strong radiation toward the surface suppresses
the net radiation heat exchange. Therefore, reducing the
radiation energy emitted from the fluidizing particles to-
ward the surface is a way to enhance the net radiation
heat exchange. This study shows that

(1) using fluidizing particles with a large diameter,
and/or

(2) operating the fluidizing bed under high fluidizing
velocities

can reduce the radiation energy toward the heat transfer
surface. These are effective ways to enhance the net
radiative heat exchange for a fluidized bed.

Based on these experimental results, this study has
introduced the efficiency of the radiation heat exchange,
Ψ , and has demonstrated that the radiation heat exchange
between the heat transfer surface and the fluidizing
particles can be quantitatively predicted by equation (8)
with Ψ . This equation for estimating the net radiation
heat exchange shows that using a fluidized bed with high
emissivity enhances the net radiation heat exchange.
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APPENDIX

Uncertainty analysis

The experimental uncertainty indicated intable I and
the figures are numerically evaluated by the following
uncertainty analysis. We will first show the derivation of
the uncertainty of the bed emissivity,σε .

In the measurement of the bed emissivity, the temper-
ature of the bed and the heat transfer surface were main-
tained at 30◦C and the surroundings temperature was
controlled at 20◦C. These temperatures fluctuate dur-
ing the measurements and causeσε. In addition to this,
the uncertainty is also caused by the temperature of ref-
erence blackbody and the radiation measurements, be-
cause the radiation energies emitted from the bed and
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the reference blackbody are measured and used for eval-
uation of σε . Taking account of these elemental error
sources, we evaluateσε by using the following equa-
tion:

σ 2
ε =

(
∂εbed

∂Diso-bed

)2

σ 2
D +

(
∂εbed

∂Db(Tref)

)2

σ 2
Dref

+
(
∂εbed

∂Tbed

)2

σ 2
Tbed
+
(
∂εbed

∂Tsur

)2

σ 2
Tsur

+
(
∂εbed

∂Tref

)2

σ 2
Tref

(A.1)

where σD and σDref are the uncertainty of radiation
measurements for the bed and the reference blackbody,
respectively.σTbed, σTsur andσTref are the uncertainty of
the temperature of the bed, the surroundings and the
reference blackbody, respectively.

The radiation measurements were carried out us-
ing the IR imager. Since these measurements are re-
peated 40 times, and the averaged values ofDiso-bed and
Db(Tref) are adopted to estimate the bed emissivity, it is
consideredσD andσDref in equation (A.1) are small and
the first and second terms on the right-hand side are neg-
ligible.

Using equations (1)–(3), the derivative in the third
term of equation (A.1) can be rewritten as∣∣∣∣ ∂εbed

∂Tbed

∣∣∣∣= ∣∣∣∣ ∂εbed

∂Eb(Tbed)

∣∣∣∣ · ∣∣∣∣∂Eb(Tbed)

∂Tbed

∣∣∣∣
=
∣∣∣∣ Cεbed/Db(Tref)

1−Eb(Tsur= 20◦C)/Eb(Tref= 30◦C)

∣∣∣∣
·
∣∣∣∣∂Eb(Tbed)

∂Tbed

∣∣∣∣
=
∣∣∣∣ εbed/Eb(Tref)

1−Eb(Tsur= 20◦C)/Eb(Tref= 30◦C)

∣∣∣∣
·
∣∣∣∣∂Eb(Tbed)

∂Tbed

∣∣∣∣ (A.2)

Using the calibration table of the IR imager, the magni-
tude of the derivative can be calculated as∣∣∣∣ ∂εbed

∂Tbed

∣∣∣∣
Tbed=30◦C, Tsur=20◦C, Tref=30◦C

= 0.115εbed[K−1] (A.3)

In the same manner as above, the derivatives of the
forth and fifth terms in equation (A.1) are given as,
respectively,∣∣∣∣∂εbed

∂Tsur

∣∣∣∣= ∣∣∣∣ ∂εbed

∂Eb(Tsur)

∣∣∣∣ · ∣∣∣∣∂Eb(Tsur)

∂Tsur

∣∣∣∣
=
∣∣∣∣ (1− εbed)/Eb(Tref)

1−Eb(Tsur= 20◦C)/Eb(Tref= 30◦C)

∣∣∣∣
·
∣∣∣∣∂Eb(Tsur)

∂Tsur

∣∣∣∣ (A.4)∣∣∣∣∂εbed

∂Tsur

∣∣∣∣
Tbed=30◦C, Tsur=20◦C, Tref=30◦C

= 0.085(1− εbed) [K−1] (A.5)

and∣∣∣∣∂εbed

∂Tref

∣∣∣∣
=
∣∣∣∣ ∂εbed

∂Eb(Tref)

∣∣∣∣ · ∣∣∣∣∂Eb(Tref)

∂Tref

∣∣∣∣
=
∣∣∣∣−(εbedEb(Tbed)+ (1− εbed)Eb(Tsur))/Eb(Tref)

2

1−Eb(Tsur= 20◦C)/Eb(Tref= 30◦C)

∣∣∣∣
·
∣∣∣∣∂Eb(Tref)

∂Tref

∣∣∣∣ (A.6)∣∣∣∣∂εbed

∂Tref

∣∣∣∣
Tbed=30◦C, Tsur=20◦C, Tref=30◦C

= 0.115(0.7− 0.3εbed) [K−1] (A.7)

Substituting equations (A.3), (A.5) and (A.7) into equa-
tion (A.1) and givingσTbed, σTsur andσTref , the whole un-
certainty of the bed emissivityσε can be calculated. The
elemental errors observed through the entire experiments
areσTbed=±0.2 K, σTsur=±0.5 K andσTref =±0.1 K.
The resultant uncertainties forεbed, which are calculated
by using these values, are shown intable I.

The error bars (the whole uncertainty) infigures 6,
8–10 are evaluated by the same manner as described
above. In the evaluations, the uncertainty for the tem-
perature of the heat transfer surface, which is neces-
sary to evaluate the whole uncertainty, was given by
σTw =±0.1 K.
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