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SUMMARY: A method for measuring the directional 

emittance of paper and board samples was developed. 

The available literature showed that the influence of 

temperature and observation angle on the emittance of 

dry and moist paper had not been investigated in detail. 

Methods adapted for such investigations were not 

available. 

In the developed method, the emittance of a sample is 

determined by comparing its infrared radiation with the 

radiation emitted from a reference surface with known 

emittance. In order to investigate the influence of the 

wavelength range, two cameras, operating in the mid-

wavelength and long-wavelength infrared range, 

respectively, were used. The method allows for the 

adjustment of the directional emission angle in a range 

from 0º down to 80º, and variation of the sample 

temperature between 30ºC and 100ºC.  

A study was performed to evaluate the method. Here, 

the directional emittance of handsheets made from 

thermo-mechanical pulp was measured at different 

wavelength ranges, sample temperatures and emission 

angles. The obtained emittance values and trends were in 

agreement with previous experimental work and 

theoretical predictions. The emittance of the samples was 

also measured using Fourier-Transform Infrared 

spectroscopy. Given the methodological differences 

between the two measurement approaches, the results 

were in good agreement.  
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Thermography is a technique for non-destructive 

inspection, evaluation and testing of materials and 

processes. Within the pulp and paper industry, it has been 

used on many occasions, for example for analysis of the 

production process (Sheahen 1978; Vickery et al. 1978; 

Charles 1999), or research related to different product 

properties (Kiiskinen and Pakarinen 1998; Yamauchi and 

Murakami 1992; Hojjatie et al. 2001; Dumbleton et al. 

1973).  

In thermography, infrared detectors are used to measure 

the radiation emitted by objects due to their temperature 

(e.g. DeWitt and Nutter 1988; Vollmer and Möllmann 

2010). The radiation can be converted to a temperature 

measurement using the Planck’s law. Here, the emitted 

radiance as a function of wavelength and temperature are 

related for an ideal radiator, i.e. a blackbody. Most real 

objects are only emitting a fraction of the radiation that a 

blackbody would emit under identical conditions. This 

fraction, the emissivity, is a parameter unique to each 

material. When measured on samples where the limited 

thickness can influence the results, the emissivity is 

called emittance (McCluney 1994), in analogy with 

resistivity of a material and resistance of a limited piece 

of it. The emittance of a material may vary with emission 

angle, wavelength, and the temperature, structure and 

composition of the material. A value of the emittance 

must be provided to infrared cameras if temperature 

output values are to be obtained.  

Using the correct value for the emittance is crucial, as 

an absolute error of 15% in the emittance could introduce 

an error of 3% to the measured object temperature in 

Kelvin (Minkina and Dudzik 2009). For example, using 

an emittance of 0.82 when the true emittance is 0.71 

would cause an error of 10 K, if the measured object 

temperature is 343K (70ºC).  

Despite its importance for the quantitative measurement 

result, the emittance values were only stated in a few 

publications where thermography was used for pulp and 

paper industry applications (Banerjee et al. 2008; Charles 

1999; Fike 2004; Banerjee 2008). This can be explained 

partly by the fact that the majority of the studies were 

qualitative investigations rather than quantitative 

measurements.  

Methods for measuring emittance comprise 

standardized (ASTM 2008; ASTM 2004) and non-

standardized methods and equipment (e.g. Puram et al. 

1994; Madding 1999; Beecroft et al. 2005). Most 

experimental work on the determination of the emittance 

of paper used non-standardized methods (Trepanier 1984; 

Öhman 1999; Ojala 1993). Non-standardized methods 

include reflectivity methods, reference emitter methods 

and reference temperature methods. The methods may 

either measure the directional emittance, which is 

measured at a specific emission angle (usually normal to 

the surface), or the hemispherical emittance, which is 

integrated over all possible directions in the hemisphere 

above the object. Reflectivity methods determine 

emittance indirectly by measuring the reflectance and 

transmittance of the object and relating those properties 

to the emittance. Most reflectivity method measurements 

are performed with Fourier Transform Infrared 

spectroscopy (FTIR), which usually measures the 

hemispherical emittance. For additional information on 

FTIR spectroscopy see e.g. Griffiths & De Haseth (1986), 

or Smith (2011). Reference emitter methods determine 

emittance by comparing the radiation of the object to that 
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of a reference under identical conditions. Here, the 

emittance of the reference needs to be known (Öhman 

2001). Reference temperature methods determine the 

emittance of an object under the requirement that the 

temperature of the object is well known. Reference 

emitter and reference temperature methods require the 

sample to be opaque (have a transmittance of zero) but 

can be carried out with normal infrared cameras provided 

that the environment is well-controlled. Furthermore,  the 

sample has to be heated to temperatures above ambient 

temperature (Öhman 2001).  

Since paper is a dielectric (insulator) the behaviour of 

paper emissivity is expected to conform to the general 

behaviour of dielectrics.  Here, the emissivity is expected 

to decrease with increased temperature (Gaussorgues 

1994; Öhman 2001),  increase with increased wavelength 

(Gaussorgues 1994; Öhman 1999), and behave roughly 

constant down to approximately 50⁰ observation angle 

from the normal angle (0º), where it starts to decrease 

(Maldague 2001).  

The most detailed investigations on the emittance of 

paper were performed by Trepanier (1984) and Öhman 

(1999). In addition, Ojala et al. (1992) and Lescanne 

(1992) measured the absorptance of paper, which 

according to Kirchoff’s law equals emittance. 

Furthermore, in the widely referenced work of Bramson 

(1968), where several Russian sources of thermography-

related material are collected, graphs are included that 

show the emittance of paper as a function of observation 

angle and temperature. However, it is not clear if the 

graph showing paper emittance and angle are based on 

theoretical or experimental work. Furthermore, emittance 

values are shown at temperatures that are well above the 

self-ignition temperature of paper (around 505 K, or 

230°C). Bramson also collects some Russian sources 

containing values for the normal emittance of paper, but 

does not give the spectral range of the measurements. 

Due to these unclarities, the results presented in Bramson 

(1968) will not be used as references in the present study. 

Trepanier (1984) used a reference temperature method 

to carry out his pioneering work on the normal emittance 

of dry and moist paper for different paper grades and 

grammages. Trepanier also studied the influence of one-

sided and two sided drying and calendaring on the 

emittance of paper. The measurements were performed in 

the 3.0-5.6 μm wavelength range (AGA 1979; Trepanier 

1984).  

Öhman (1999) used a reference emitter method to 

measure the normal emittance of a wide range of 

materials, including paper products, in two different 

wavelength ranges; 2.0-5.4 μm and 8.0-12 μm (AGEMA 

1994; Öhman 1999). 

Ojala et al. (1992) used FTIR spectroscopy to measure 

the hemispherical transmittance and reflectance of coated 

paper at wavelengths 1-20 μm. The values of the 

transmittance and reflectance were used to calculate the 

emittance of their samples. In 1993, Ojala used the same 

setup to study the impact of grammage and moisture 

content on the transmittance, reflectance and absorptance 

of their samples.  

Lescanne (1992) used a reflectivity method to measure 

the hemispherical transmittance and reflectance of 

softwood paper at wavelengths 2.5-15.0 μm. The 

emittance was then calculated from the reflectance and 

transmittance values in the same way as Ojala (1992). 

No literature was found where measurement results of 

the directional sensitivity of the emissivity of paper were 

reported. For other natural surfaces some investigations 

have been carried out for the purpose of thermal remote 

sensing. Labed and Stoll (1991) measured the angular 

dependence of the emissivity of soils and sand at 

wavelengths 3.0-13.5 µm. They found that the sensitivity 

to observation angle was higher at shorter infrared 

wavelengths than at longer infrared wavelengths. 

Additionally, it was found that the emissivity was 

approximately constant down to an angle of 60⁰ from the 

normal, where it started to decrease. For longer infrared 

wavelengths some samples showed an increase in 

emissivity around 50⁰ from the normal, before the 

emissivity started to drop.  

Based on the previously published work, it can be 

concluded that the influence of temperature and 

observation angle on the emittance of dry and moist 

paper has not been investigated in detail. Furthermore, 

detailed investigations on the influence of the raw 

material composition (type of pulp, filler) and pulp 

treatment have not been performed. In several published 

studies, the hemispherical emittance of paper was 

studied. However, thermographic cameras only detect 

radiation emitted in the direction of the camera sensor. 

During practical thermographic applications the 

observation angle between the camera and the target may 

vary, for example when imaging a pope roll or a drying 

cylinder Values for the directional emittance would 

therefore be more relevant.  

The objective of the present study was therefore to 

develop a new method for measuring the directional 

emittance of paper. The method should allow for 

investigation of how observation angle, wavelength 

range, temperature, raw material composition and 

moisture content influence the emittance. Furthermore, 

the measurement should be performed using a 

thermographic camera in order to get relevant emittance 

values. 

Theory and definitions 
All objects with temperature above the absolute zero emit 

radiation. For a wide range of object temperatures, most 

of the radiation is emitted in the infrared (Maldague 

2001). The infrared part of the electromagnetic spectrum 

is loosely defined as covering wavelengths between 0.8 

and 1000 μm. Commonly, two wavelength ranges, known 

as the Mid-Wavelength Infrared (“MWIR”, 

approximately 3-6 μm) and the Long-Wavelength 

Infrared (“LWIR”, approximately 8-15 μm) are used in 

thermography. Detection outside of these ranges is 

limited due to sensor material properties and atmospheric 

absorption.  

The relationship between object temperature and 

wavelength of the emitted radiation can be explained by 

Planck’s law. For any wavelength λ in the 

electromagnetic spectrum, Planck’s law relates the 

emitted spectral radiance Lbbλ of a true blackbody to the 
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temperature T of the emitting object. For a small 

wavelength interval dλ, it is expressed as: 

                     
2

5 /

2
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bb hc kT

hc
L d d
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 [1] 

where h is Planck's constant, c is the speed of light in 

vacuum, λ is the wavelength at which the light is emitted, 

and k is Boltzmann's constant.  

Using Eq [1] the spectral radiance for a perfect 

blackbody has been calculated and the spectral radiance 

is shown in Fig 1 for three temperatures; room 

temperature at 24°C, a temperature of 50°C and a 

temperature of 70°C. 

Fig 1 indicates that when measuring an object with a 

temperature of 70°C in a room where the ambient 

temperature is 24°C, the background radiation (or 

“noise”) will be nearly half that of the object signal. It is 

thus important to measure and compensate for the 

background (or “ambient”) radiation.  

Distinguishing the background radiation from the 

radiation emitted by the object can be done with 

knowledge of the object’s reflectance, transmittance and 

absorptance. For a general material with a smooth surface 

and a thick bulk volume the reflectivity ρ is the fraction 

of the reflected radiation in relation to the incident flux. 

Correspondingly, the transmissivity τ and absorptivity α 

are the fractions of the transmitted and absorbed 

radiation, respectively, in relation to the incident flux. 

Values for the reflectance, transmittance, and absorptance 

can be measured experimentally. They are material-

dependent and in the range of 0 to 1. In addition, their 

sum has to be equal to 1:  

                            1a      [2] 

Under thermodynamic equilibrium, all absorbed 

radiation is re-emitted and the absorptivity is equal to the 

emissivity (Kirchoff’s law): 

                                    [3] 

Emissivity and absorptivity are also equal under non-

equilibrium conditions provided that their values are 

given for the same wavelength and direction (Dewitt and 

Nutter 1988). This equality is often used to derive 

emittance values from measured reflectance and 

transmittance measurements. In the present work it is 

therefore assumed that absorptance is equal to emittance  

 

Fig 2. The directional emittance is derived from radiance 
measurements within the solid angle dω at the observation 
angle θ relative to the surface normal (z-axis) and the 
azimuthal angle Φ relative the XZ-plane. 

when using literature sources where absorptance is given 

but not emittance.  

Finally, thermography only detects radiation emitted in 

the direction of the camera sensor, within the 

wavelength range where the sensor detects radiation, and 

within a solid angle dω determined by the entrance pupil 

of the camera lens. A material might emit radiation 

differently in different directions, e.g. the radiance can 

be dependent on the polar observation angle θ and 

azimuthal angle Φ, see Fig 2. Consequently, the 

emittance may vary with emission angle. As mentioned 

in the previous section it can be measured as either 

directional or hemispherical emittance, dependent on 

measurement method.  Hemispherical emittance is 

mainly used for radiative heat transfer calculations. 

Experimental  

A “Directional Emittance Measurement” (DEM) method 

was developed in the present work. It is based on the 

reference emitter methodology, i.e. the radiation from a 

sample is compared to that from a reference with known 

emittance under otherwise identical conditions.  

In FLIR System infrared cameras the emitted radiance 

from an object generates a camera output signal voltage 

U, in volts, that is proportional to the power input, i.e. the 

camera is “power linear” (Öhman 2001). The signal 

voltage can be directly obtained as output data from the 

camera, given in “S-units”. Alternatively, the camera can 

automatically convert the output signal to a temperature 

value through a calibration procedure, if parameters such 

as the emittance are given. When the emittance is to be 

determined, signal voltage is the necessary output data to 

be obtained from the camera. 

In the developed method, paper samples and emittance 

reference are placed inside an oven whose temperature 

can be controlled. The infrared camera is mounted onto a 

goniometer, e.g. a holder that can be pivoted around the 

oven in order to change the observation angle. When the 

desired oven temperature is reached, the lid of the oven is 

opened and the samples are imaged with the infrared 

camera.  

 

Fig 1. Spectral radiance as a function of wavelength at room 
temperature and temperatures 50°C and 70°C. 
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Ambient radiation emitted from the surroundings is 

measured by imaging a high-reflectance surface at the 

same position as the samples. The emittance of the 

sample material can then be determined based on the 

measured directional radiance of the sample, high-

reflectance surface, and reference, according to: 

                 
sample amb

sample ref

ref amb

U U

U U
 





 [4] 

where εref  is the emittance of the reference, Usample is the 

signal voltage from the camera due to the emitted 

directional radiance of the sample, Uamb is the signal 

voltage from the camera  due to the emitted radiance of 

ambient surroundings, reflected into the camera by a 

high-reflectance surface, and Uref is the signal voltage 

from the camera due to the emitted radiance of a well-

established emittance reference. Here, it is assumed that 

the scattering properties of the paper samples, the high-

reflectance surface and the reference are identical. 

Eq [4] is valid for opaque objects. Its derivation can be 

found in Öhman (2001). 

Goniometer for radiance measurements  

The DEM method comprises an oven, a goniometer for 

the positioning of the camera at the right observation 

angle θ, an infrared camera, an inclinometer, a high-

reflectance rough gold surface with lambertian scatter 

distribution, and an emittance reference; see Fig 3 and 

Fig 4. 

Using the goniometer, the camera can be positioned to 

an arbitrary angular position θ on a hemicircular metal 

plate. The position of the camera is locked using a brake. 

The system is stabilized by a counter-weight allowing 

camera weights up to 10 kg. The oven is connected by an 

arrangement to the goniometer. The sample location in 

the oven is positioned at the same height as the rotational 

axis of the inclination positioned. The centre of the 

sample area is on the same height as the rotational axis of 

the inclination positioner. This minimizes length 

projections of the sample area as the angle is varied. The 

samples are heated using a specially-designed oven 

developed by AGEMA Infrared Systems (Öhman 1996;  

 

Fig 4. Image of the directional emittance measurement setup, 
including the goniometer and oven. 

 

Fig 5. Illustration of oven with the horizontally sliding lid, the 45⁰ 

inclined mirror linings, temperature sensor (located below the 
aluminium plate), aluminium plate (samples and Nextel 
emittance reference), and the high-reflectance gold surface. 

Öhman 2001). An illustration of the oven is shown in  

Fig 5. The oven was designed to heat the samples 

homogeneously prior to the emittance measurements. 

Furthermore, the influence of radiation emitted by the 

interior of the oven onto the sample area is minimized. 

Such radiation would introduce a significant error to the 

measurement results. Radiation from the oven walls onto 

the sample during a measurement is minimized by the 

interior mirror lining and the horizontally sliding lid. 

Having a horizontal lid instead of a vertical lid is also 

expected to reduce temperature changes due to air flows 

during the opening of the lid. 

Stable and even heating is achieved by a combination of 

a heating element and a fan. The temperature is set in the 

control unit. A temperature sensor, located just below the 

aluminium plate, measures the temperature of the sample. 

This temperature reading is used in the control loop of the 

control unit. According to Öhman (1996), the oven 

temperature has an accuracy of ±(0.3ºC +0.004*T), 

where T is the set temperature in ºC. 

The observation angle θ is measured by the Digital 

Angle Gauge from Wixley (0 to180º range, 0.1º 
resolution, ± 0.1º accuracy). Ambient radiation is 

measured using a high-reflectance lambertian gold 

surface; Infragold 5’ x 5’ from Labsphere (reflectance 

 

Fig 3. Illustration of the Directional Emittance Measurement 
(DEM) setup showing the goniometer and the oven. 
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0.94-0.96 at λ = 2-20 μm). Emittance reference comprises 

a plate of rugged aluminium painted with five layers of 

Nextel Velvet 811-12 from Mankiewicz Corp. Nextel 

Velvet 811-12 has a high emittance which is well-studied 

for several wavelengths, angles and temperatures 

(Koirala 2004; Kwor and Matteï 2001). In this study a 

Nextel emittance value of 0.92 was used for the MWIR 

measurements, and a value of 0.94 was used for the 

LWIR measurements (see following sections).  

Two cameras were used for evaluation. The FLIR 

SC6000 camera (www.flir.com) has a cooled IR-detector 

and operates in the MWIR range (3.0-5.0 μm). According 

to the company's data sheet, the accuracy of the absolute 

temperature reading is ±2.0ºC, or ±2.0% for other kinds 

of output (such as signal voltage). SC6000 was used with 

a 25 mm lens. The FLIR SC640 (www.flir.com) has an 

uncooled detector and operates in the LWIR range (7.5-

13.0 μm). It is specified to have the same measurement 

accuracy as the SC6000. The SC640 was used with a 38 

mm lens.  

The paper samples for the initial study comprised 

standard handsheets (ISO 5269-1:2005) made from 

Thermo-mechanical pulp (TMP, 75.0 ml CSF), that is 

used for producing improved newsprint. The 16 x 16 cm
2
 

sized sheets had a grammage (w) of 60 g/m
2
. The sheets 

were assumed to have an isotropic structure. If a surface 

is isotropic the emittance can be assumed to be constant 

with respect to azimuthal (in-plane) observation angle Φ 

(Dewitt and Nutter 1988). However the emittance may 

still vary with inclination angle (θ). If measurements were 

to be made on industrially manufactured sheets the 

assumption of isotropy might not be valid due to a more 

pronounced fibre orientation in the machine direction.  

Equipment for FTIR measurements 

In order to compare the emittance results obtained with 

the DEM method with results obtained with a different 

method, FTIR spectroscopic measurements were 

performed on the same samples. The measurements were 

performed with a single-beam spectrophotometer (Bruker 

Tensor 27). The equipment measures at room temperature 

and generates spectral-hemispherical (integrated over all 

angles) reflectance and transmittance spectra between 

wavelengths 2.5 μm and 22.2 μm. The golden reflectance 

standard used to obtain calibration spectra had a 

reflectance of 0.98 ± 0.02. 

Experimental procedure of DEM measurements 

The measurements were executed in a windowless room. 

The light source in the room was selected to emit very 

little at infrared wavelengths, and was directed away 

from the measurement area. Stronger sources of infrared 

radiation in the room, such as hot water pipes, were 

shielded off using aluminium sheets. During the course of 

the measurements the air temperature was assumed to 

equal the ambient temperature (the temperature 

representative of the surroundings in the room). The 

average measured air temperature was 24ºC. During all 

measurements the samples were heated long enough to 

become bone dry, implying 98-99% solids content. 

Four 5 cm x 5 cm samples were cut out from each TMP 

handsheet. The samples were taped onto a 5 mm thick 

aluminium plate using temperature resistant masking tape 

in an arrangement as shown in Fig 5. Special care was 

taken to eliminate air pockets between paper samples and 

plate which would otherwise cause local variations in 

conductive heat transfer. The Nextel-painted reference 

plate was placed next to the paper samples. The sensor of 

the camera was corrected for local non-uniformity 

according to a FLIR standard procedure and set to a 

frame rate of 15 Hz. 

When evaluating the temperature dependency of the 

emittance, the reference plate and the samples were 

placed in the oven and heated to temperatures between 

30ºC and 100ºC, in 10ºC intervals. The camera was 

mounted at normal observation angle (θ = 0º) with 220 or 

500 mm distance, dependent on the type of camera, 

between objective and sample surface. The oven was 

heated until reaching equilibrium at the desired 

temperature, and then heated an additional 5 min to 

assure an even temperature distribution. The fan was then 

turned off and the oven was allowed to rest for 20 s to 

stabilize the internal air flow. Video recording was 

started and the lid of the oven was opened, exposing the 

camera sensor to the samples. Approx. 0.3 to 0.5 s 

elapsed between lid opening and imaging of the samples. 

After the imaging of the samples the infrared high-

reflecting surface was placed in the field-of-view, imaged 

and subsequently removed. This procedure ensured that 

the reflecting surface had ambient temperature, giving an 

accurate measurement of the radiation from the 

surroundings. Placing, imaging and removing the 

reflecting surface took approximately 10 s. The lid was 

then closed, the fan turned on, the temperature setting 

raised and the procedure described above repeated at the 

next measurement temperature.  

For measurements of the angular dependent emittance, 

samples were put into the oven and heated to 70ºC. The 

camera was mounted at normal observation angle and 

subsequently inclined in 10º intervals down to 80º. Video 

recording for each angle was performed with the same 

procedure as described above. 

To evaluate the spectral variation in directional 

emittance, the angular- and temperature-dependent 

measurement were performed using the two different 

cameras; the FLIR SC6000 MWIR (sensitive between  

3.0 and 5.0 μm) and the FLIR SC640 (sensitive between 

7.5 and 13.0 μm).  

To assess the repeatability of the method, each 

measurement investigating the angular, thermal and 

spectral variation was repeated five times.  

To investigate the influence of a possible transparency 

and bulk effect of the samples, a measurement series was 

performed where one, three, and five TMP samples were 

put on top of each other. Two stacks of each were taped 

to the aluminium plate. The sample stacks were then 

heated to 70ºC and imaged at normal observation angle. 

The measurements were repeated five times using the 

same samples. 

Emittance data for the reference plate was not available 

for every angle. The emittance of the reference was thus 

determined through reference temperature measurements. 

The Nextel-painted reference plate was put in the oven 

and heated during 2 hours at 70ºC. Imaging was then 
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performed with the same procedure as the angular 

dependent measurements.  

Data analysis of DEM measurements 

Camera recordings were evaluated using the ThermaCam 

Researcher Professional 2.9 software from FLIR 

Systems. Here, radiation power values were displayed as 

signal output voltage (“S-units”). From each sequence of 

images (corresponding to one measurement) only one 

frame (snapshot) was used for evaluation. This frame was 

chosen as the fourth frame after full oven lid opening 

(e.g. when the full scene is viewed by the camera), 

around 0.3 to 0.5 s after opening of the lid. This allows 

for some air stabilization after the opening while not 

giving the samples too much time to cool down. 

One needs to consider cooling effects during analysis of 

the images. Paper loses heat quickly when the lid is 

removed. When the sample has been heated to a 

temperature of 70ºC and the atmospheric temperature is 

24ºC the paper samples will cool 3.0 to 4.5ºC per second 

after the lid has been opened. Typical times from lid 

opening to imaging of the samples are 0.3 to 0.5 seconds. 

Between lid opening and imaging, samples further away 

from the lid (e.g. the bottom row of samples in Fig 6) will 

have slightly more time to cool than samples closer to the 

lid. The Nextel-painted aluminium reference plate retains 

heat better and cools approx. 1.3ºC per second. Since the 

reference and paper samples are imaged at the same time 

the reference plate will have a different temperature than 

the paper samples. The estimated error due to this effect 

was included in the error analysis. 

The emittance of the reference was determined by the 

built-in reference temperature emittance determination 

feature of ThermaCam Researcher. The temperature of 

the reference was assumed to be 69.8 ± 0.2ºC in the first 

frame fully imaging the reference. The results were used 

to compensate for the spectral-, thermal- and angular 

dependence of the Nextel emittance reference. The 

normal emittance of the reference plate was found to be 

0.92 in the MWIR and 0.94 in the LWIR. The measured 

directional behavior of the reference plate can be found in 

Hyll et al. (2011). 

The emittance of the paper samples was determined 

through the following analysis. The average recorded 

signal value was taken over an approx. 2 cm x 2 cm area 

in the centre of each paper sample, the emittance 

reference, and the high-reflectance gold surface (Fig 6). 

The average emittance of each individual sample was 

calculated from Eq [4], using Matlab routines. The 

average emittance value of the four samples was taken as 

the result of the measurement. Each measurement was 

repeated five times and the mean value of the five 

measurements was determined and taken as the final 

result. The standard deviation of the fives measurement 

values was also determined. 

A theoretical measurement error was estimated through 

mean error propagation of Eq [4]. Estimations of both 

random and systematic error were included in the 

estimation. The result of the error propagation indicated 

the LWIR measurements exhibit a greater theoretical 

 

 

Fig 6. Example of an infrared image of four paper samples and 
Nextel reference plate during opening of the lid. The analysis 
area for the determination of the mean value is shown. Due to 
its higher emittance, the Nextel reference appears relatively 
brighter in the image compared to the paper samples. The 
image was taken with the FLIR SC6000 MWIR camera. 

error than the MWIR measurements. In addition, it was 

found that – as expected - the largest theoretical errors 

occur for temperatures around ambient temperature 

(below 50⁰C), as the numerator of Eq [4] approaches 

zero. The contribution to the error from the numerator 

should be random. The theoretical error should therefore 

be compared to the experimental standard deviation 

between measurement sets. A low experimental standard 

deviation even at temperatures below 50ºC would 

indicate that the theoretical error is over-estimated. 

However, systematic errors could still be present. The 

estimated error in the emittance for temperatures above 

50ºC should give an estimation of the systematic error, 

since the effect of the numerator should be low at those 

temperatures.  

The total error was taken to be the sum of the standard 

deviation of the five measurement sets (estimation of 

reliability) and the mean error given by the theoretical 

error propagation (estimation of accuracy) for 

temperatures above 50ºC. 

Experimental procedure and analysis of FTIR 
measurements 

Reflecting gold surfaceectance and transmittance 

measurements were performed separately. Each 

measurement was performed on two different samples 

made from the same pulp. The effective measurement 

area was 1 cm
2
. The output spectra from the FTIR 

equipment were the average of 100 scans on the same 

measurement area.  

The emittance spectrum was calculated from the 

reflectance- and transmittance spectra, under the 

assumption that the sum of reflectance, transmittance and 

emittance are equal to one at any given wavelength (Eq 

[2]-[3]). The resulting emittance spectrum was then 

linearly averaged over the MWIR and LWIR 

wavelengths ranges, respectively, to obtain results 

comparable to those obtained with the DEM method. 
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Results and discussion 
The normal emittance of the stacks comprising one, three, 

and five TMP samples is presented in Table 1. First of 

all, we note that the normal emittance of TMP is higher at 

in the LWIR wavelength range than in the MWIR. This is 

in agreement with the results of Öhman (1999), Ojala 

(1992) and Lescanne (1992). Furthermore, the difference 

in emittance for different numbers of samples in the 

stacks was within the standard deviation of the 

measurements. It could therefore be concluded that one 

sample of TMP had sufficiently low transmittance in both 

the MWIR and the LWIR to be considered opaque at the 

measured wavelength range. In the following, 

measurements were therefore performed with only one 

sample.  

The emittance of the TMP samples was also measured 

with hemispherical FTIR spectroscopy. FTIR 

spectroscopy measured over a range of discrete 

wavelengths and thus allowed the spectral behaviour of 

the emittance to be investigated in greater depth.  The 

measured reflectance-, transmittance- and emittance 

spectra of TMP are shown in Fig 7. 

The spectrally averaged results from the FTIR 

measurements are presented in Table 2. 

The FTIR measurements confirmed the above-stated 

speculation of high reflectance and low transmittance of 

the TMP samples. When comparing the directional 

emittance (Table 1) and the hemispherical emittance 

(Table 2) there is a 6% difference in the MWIR 

wavelength range and a 2% difference in the LWIR. The 

similarity in results from the two methods is good, given 

the methodological differences. However the higher 

discrepancy in the MWIR is surprising. A possible factor 

that could create a difference between the two 

wavelength ranges is the roughness of the surface. The 

TMP samples have a notable surface roughness, in 

particular in a wavelength range related to the width of 

  

 

 
Fig 7. FTIR reflectance, transmittance and emittance spectra of 
TMP for improved newsprint. The MWIR and LWIR wavelength 
ranges are indicated. 

Table 1. Normal emittance of TMP measured with the DEM 
method at temperature 70ºC. The results are averaged over five 
measurement sets. As error range, ± the total error (standard 
deviation of the average + estimated accuracy) is given. 

 MWIR LWIR 

Stack of 1 sample 0.61±0.03 0.87±0.04 

Stack of 3 samples 0.61±0.03 0.88±0.04 

Stack of 5 samples 0.61±0.03 0.87±0.04 

Table 2. Hemispherical reflectance, transmittance and 
emittance of TMP samples, measured with FTIR and averaged 
over wavelengths 3.0-5.0 μm (MWIR) and 7.5-13.0 μm (LWIR). 

 MWIR LWIR 

Reflectance ρ 0.28±0.02 0.14±0.02 

Transmittance τ 0.05±0.02 0.01±0.02 

Emittance ε 0.67±0.03 0.85±0.03 

 

the fibres, approximately 20 to 55 µm. At shorter 

wavelengths the surface appears rougher from the 

perspective of the radiation than at longer wavelengths. 

The influence of the surface roughness should thus be 

less pronounced in the LWIR. 

It is desirable to know how the results obtained with the 

DEM method relate to paper emittance values measured 

with similar or other methods. Directional and 

hemispherical emittance values of the literature and our 

study is shown in Fig 8 and Fig 9. First, results for the 

MWIR wavelength range are presented. A general 

observation is that the spread in measured emittance for 

the published works appear to be large. However when 

comparing the different studies, one needs to consider 

differences in paper type, raw material, grammage, and 

measurement methodology. From Fig 8 we note that 

Trepanier’s result deviates from the remaining results by 

exhibiting a significantly higher emittance. A possible 

 

 

Fig 8. Results from this work and available literature for MWIR 
wavelengths. Left group of bins: directional emittance. Right 
group of bins: hemispherical emittance. Values are given for 
dry paper made of different raw material. Results from this 
work are given as normal emittance ± total error. 
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Fig 9. Results from this work and available literature for LWIR 
wavelengths. Left group of bins: directional emittance. Right 
group of bins: hemispherical emittance. Values are given for 
dry paper. Results from this work are given as normal 
emittance ± total error. 

explanation could be the influence of the ambient 

radiation from the oven walls in his experimental set-up. 

In his measurement set-up, the oven walls will have a 

temperature similar to that of the paper samples (standard 

newsprint) and thus emit radiation of similar magnitude. 

If the studied samples has a high reflectance, radiation 

from the oven walls will be reflected by the sample 

surface, or absorbed by the sample and then remitted. 

Both phenomena will lead to a higher amount of radiation 

detected by the sensor than actually is emitted by the 

sample itself. Öhman (1999) used a similar methodology 

as the present study. However, he measured on 

paperboard and used different emittance values for the 

Nextel reference. 

Results from our study and from the literature for the 

LWIR wavelength range is shown in Fig 9. 

A general conclusion from Fig 9 is that the spread in 

emittance for different measurement methods and paper 

types appears to be much smaller if the emittance is 

determined in the LWIR wavelength range. This implies, 

that when using a LWIR camera (e.g. microbolometer) in 

practice, choosing a generic paper emittance should not 

impart a great error to the quantitative temperature 

values.  

So far there is evidence that the emittance of TMP is 

significantly higher in the LWIR wavelength range than 

in the MWIR. It is also demonstrated that the emittance 

values measured with the DEM method are within 10% 

from previously published works for the given 

wavelength range, with the exception of work by 

Trepanier (1984). The remaining sections will focus on 

results from the DEM method where temperature and 

observation angle has been varied. The influence of the 

sample temperature on the emittance of TMP is shown in 

Fig 10. 

The temperature dependence of the emittance of the 

samples is very low. As stated in the introductory section, 

the emittance of a dielectric is expected to decrease  

  

 

Fig 10. Normal emittance as a function of temperature at two 
different wavelength ranges. Error bars show the standard 
deviation of the measurement results. 

 

Fig 11. Directional emittance as a function of observation angle 

for TMP in two different wavelength ranges. An angle of 0⁰ 

corresponds to normal observation. Error bars show the 
standard deviation of the measurement results. 

slightly with increased temperature. From the results 

shown, such a slight decrease could be concluded; 

however, it is within the error margins. 

From the theoretical error propagation one would expect 

a significant error when the sample temperature is close 

to the ambient temperature, e.g. for temperatures 30-

50ºC. However this was not seen in the experimental 

standard deviation. This implies that the experimentally 

observed error is much better than that predicted by the 

theoretical error estimation. The results in Fig 10 also 

confirm that the emittance in the MWIR range is lower 

than the emittance in the LWIR range. 

The influence of the observation angle on the emittance 

is shown in Fig 11. 

The results show that the emittance exhibits an almost 

constant emittance between angles 0º-40º in the MWIR 

range and between angles 0º -70º in the LWIR range. The 

emittance then starts to decrease. Again, this is in good 

agreement with the expected behaviour of a dielectric. 

Between 0° and 80° the emittance drops by 21% in the 

MWIR range and 11% in the LWIR range. In the LWIR 
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range, a slight increase in emittance is noted between 

angles 30°-50°. A similar behaviour was noted by Labed 

and Stoll (1991) for the emissivity of soils and sands, 

though the cause remains unexplained. 

Summary and conclusions 
A goniometric method for measuring the directional 

emittance of paper and board samples was developed. 

Here, the emittance of a sample is determined by 

comparing its emitted infrared radiance with the radiance 

emitted from a reference surface with known emittance. 

The method allows the use of infrared cameras for the 

measurement of the emittance. In order to investigate the 

influence of the wavelength range, two cameras, 

operating in the mid-wavelength (MWIR) and long-

wavelength infrared (LWIR) range, respectively, were 

used. Furthermore, the method allows for the adjustment 

of the observation angle in a range between 0º (normal to 

the surface) and approximately 80º. The sample is located 

in an oven, where it can be heated to a temperature 

between 30 and 100ºC.  

A study was performed to evaluate the method. Here, 

the directional emittance of handsheets made from 

thermo-mechanical pulp (TMP) was measured at 

different wavelengths ranges, sample temperatures and 

observation angles. The obtained emittance values and 

trends were in agreement with previous experimental 

work and theoretical predictions. Furthermore, the 

emittance of the TMP samples was also measured using 

an established method based on a hemispherical 

measurement; FTIR spectroscopy. Given the 

methodological differences between the two 

measurement approaches, the results were in good 

agreement.  

Using the developed method, it is possible to determine 

accurate quantitative emittance values adapted to a 

specific camera, observation angle and paper type. The 

calculated temperature values will therefore be much 

more accurate, thus allowing for a quantitative analysis of 

not only the temperatures differences, but also the 

absolute temperature values for process analysis 

purposes. In the future, the method will be used to 

determine the emittance of paper samples made of 

different furnishes. The influence of moisture content on 

the emittance will be also investigated. Improvements to 

the method could be made by successively analyzing the 

paper sample rows and the emittance reference plate as 

they are uncovered, instead of analyzing them all in the 

same image frame. Successive analysis would reduce the 

error due to cooling. Additionally, using Nextel-painted 

paper as a reference instead of Nextel-painted aluminium 

would reduce the error due to the different cooling 

properties of the paper samples and the reference plate. 

In addition to emittance measurements, the developed 

equipment could also be used for measurement of the 

directional radiation-related properties in other 

wavelength ranges. By just exchanging the IR-camera 

with another camera, for example a camera sensitive in 

the visual or NIR wavelength range, optical properties 

can be analyzed as a function of observation angle or 

temperature in other wavelength ranges. 
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