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Abstract8

Little research has examined that inaccurate estimations of directional emissivity form a9

major challenge during both passive and active thermographic measurements. Especially10

with the increasing use of complex curved shapes and the growing precision of thermal11

cameras, these errors limit the accuracy of the thermal measurements. In this work we12

developed a technique to estimate the directional emissivity using updated numerical13

simulations. The reradiation on concave surfaces is examined by thermal imaging of a14

homogeneous heated curved metal and nylon test sample. We used finite element modelling15

to predict the reradiation of concave structures in order to calculate the parameters of an16

approximating formula for the emissivity dependent on the angle to the normal vector on17

each element. The differences between experimental and numerical results of the steel test18

sample are explained using electron microscopy imaging and the validation on different19

materials. The results suggest that it is possible to determine the errors of thermal imaging20

testing of complex shapes using a numerical model.21
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1. Introduction24

Most thermographic non-destructive testing research is performed on flat test samples25

like flat bottom hole plates to improve thermographic post-processing techniques [1]. In26

general thermographic applications, structural health monitoring inspections are performed27

on complex shaped structures. With the use of complex geometrical surfaces, there are28

several parameters which influence the measured radiation, including self-radiation and the29

angular dependency of the emissivity [2]. Self-radiation is defined as the emittance which is30

emitted back to the object in the infrared spectral bandwidth. For active thermal inspections31

a variety of techniques exist which use signal delay measurements and phase images instead32

of intensity maps to filter the signal from the ambient conditions [1, 3, 4]. Most applications33

use IR imaging for passive investigations [3] where the history of preheating is unknown and34

the influence of emissivity, reflections and ambient conditions are an important aspect of the35

image evaluation. To predict correct temperature profiles of complex shaped structures it36

is therefore useful to have a predictive tool to calculate the nominal measured temperature37

offsets due to directional emissivity of the complex structure versus the real temperatures.38

Most influences of thermal noise on the measured temperatures, such as the influence of39

ambient reflections and the influence of sensor noise, could be reduced by the use of multiple40

view points. Furthermore, the directional emissivity which results in different measured41

temperature profiles of concave and convex surfaces can only be predicted analytically for42

simple geometries. The directional emissivity errors are geometry and view point dependent.43

Nowadays, structures become more and more complex shaped because of the extensive44

implementation of high-end composite materials. Due to the increase in accuracy of thermal45

cameras over the past ten years, the need arises to eliminate geometry-caused errors in order46

to be able to measure more precisely and deeper in structures. In the 1970’s Kanayama47

already developed numerical models to describe the directional emittances for rough surfaces48

[5] theoretically using Fresnel’s formula. Furthermore it is well known and broadly discussed49

that the roughness of a surface influences the emissivity [6]. In the early 1960’s a numerical50

ray tracing technique was developed for V-shaped grooves [7, 8] which was further developed51

by Birkebak and Eckert [9] and Sacadura as shown in [6]. Besides, numerical simulations by52

finite element (FE) modelling of the directional emissivity on surfaces with random grooves53

were not considered sufficiently accurate in the 1990’s [10]. Recent studies show that with54

increasing calculation power, the use of finite element modelling to numerically estimate55

multiple scatterers in three dimensions delivers reliable results [11]. In recent years, major56

steps were taken towards a better understanding of the directional behaviour of thermal57

emittance in laboratories [12, 6, 13, 14, 15, 16]. We continue this research by implementing58

these techniques in realistic structures and designing a technique with which the numerical59

model can be adapted to the realistic manufacturing conditions.60

To estimate the influence of directional emissivity on temperature measurements for61

quality control, we developed a technique using numerical analysis to model the directional62

emissivity by updating the emissivity profile from experimental validation data. This paper63

proposes a methodology to evaluate the experimental directional emissivity with numerical64

simulation data. Therefore the paper starts with a theoretical overview of the directional65
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dependency of emissivity and the approximation methodologies. Next the experimental66

measurements of the directional emissivity for a simple concave and convex surface are67

described. We proceed with the description of the numerical model, followed by a discussion68

section where we validate the measurements of different samples, and we end with the69

conclusions.70

2. Materials & Methods71

Within this section we will first deliver some theoretical background of directional72

emissivity, then we will define the performed experimental measurements and finally we73

will describe the numerical modelling.74

2.1. Theoretical background75

The emissivity of a structure is dependent on multiple parameters such as the type of76

material, the surface roughness, the wavelength range and the angle between the camera77

and the structure [3, 1].78

The cosine law of Lambert [1] Eq.(1) shows that the emitted radiation intensity (∆Tp)79

has a maximum normal to the face angle and a minimum normal at larger angles δ, as can80

be seen in Figure 1:81

∆Tp ∼ ε
P cos(δ) ∆t)

4π R2ρC dz
(◦C) (1)

where R is the distance between the point source and the object (m), δ the angle82

between the normal to the surface and the incident ray (rad), P is the heating power (W),83

ρ the density (kg/m3), ∆t the thermal pulse length (s), dz the depth of penetration of84

the heating front (m), C the specific heat (J/kg · ◦C), and ε the directional emissivity. In85

reality the intensity distribution is far more complex than a Lambert radiator [3]. Most86

active thermography techniques make use of previously recorded thermograms (ERT) to87

compensate the radiation distribution for non-planar surfaces [1]. This technique, fully88

described in [1] has multiple drawbacks:89

• Calibration recording before excitation is essential for each part and makes the90

technique very slow.91

• A high-powered source is required of which only a fraction is used.92

• The maximum workable workspace and distance are limited.93

• Restricted to limited curvature as the cos(δ) is unknown.94

By using an updated FE model it is possible to predict the thermal response of a95

complex curved structure by estimating the cos(δ) from the geometry data.96

By the use of active thermography, the inspected object is heated by a heat source for a97

short time period. Due to direct emissivity, a certain part of the by itself emitted energy98
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will be reabsorbed again by the structure due to self-radiation. The amount of re-absorbed99

energy is dependent on the amount of radiation received from the emitting surface, as100

shown schematically in Figure 1 by the different sized arrows. In this figure, the blue solid101

arc represents a curved structure and the gradient arc represents the observed temperature102

distribution. For the comparison of thermography measurements with theoretical values it103

is essential to model this viewing angle dependent emissivity. Therefore we need to estimate104

the angle dependence of the emissivity by defining a custom function. Based on a general105

Lambertian function dependent of angle δ this function is built for a specific structure by106

iterative updating of a FE model in order to estimate the directional dependency weights107

using the Monte Carlo ray tracing routines. The temperature profile of the FE model is108

compared with the measured temperature profile of the experimental measurements.109

Figure 1: Schematic overview of the directional dependency of emissivity. The relative size of the directional
emissivity factor for the reradiation of the concave surface is represented by the length and color of the
arrows and an estimated temperature distribution along the concave surface is plotted above the solid tube
section.

2.2. Experimental measurements110

To investigate the self-radiation of concave structures, we homogeneously heated a111

steel and nylon tube section to a temperature above 40◦C using a hot fluid medium on112

a homogeneous temperature and placing them vertically to deliver an equal convection113

flux over the full arc in an ambient atmosphere of 22◦C. The tube section is placed in a114

thermal stable environment with homogeneous ambient reflections and has an elevated115

homogeneous temperature in advance, in contrast to the absorbing background walls. We116

expect that the surface temperature at the outer surface of the tube section delivers a117

horizontal profile with a constant temperature, as self-radiation is impossible at a convex118

surface. For the inside of the tube we expect a completely different profile as self-radiation119

influences the measurements of the concave surface. The directional emissivity of the120

concave surface is shown in Figure 2. In the concave measurement profile we found two121
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regions of remarkably high temperature measurements at the side of the concave surface.122

Note that the structure itself is globally 43◦C Celsius but that the outer sides of the concave123

surface show a higher temperature due to self-reflectivity and self-radiation. The true124

material temperatures without reflection and self-radiation are measured from the convex125

side of the tube section. The experimental measurements were performed with a Xenics126

Gobi640 Gige-E microbolometric camera with 640 × 480 resolution with a NETD of 50 mK127

and a spectral range of 7-14 µm with negligible external radiation. The camera is placed128

in front of the tube section under three different angles which are averaged out for each129

geometrical point of the tube. The tube section is heated to a temperature between 40130

and 50 ◦C which has its maximal spectral emission in the spectral range of the camera.131

As we know that the temperature of the surface is the same for each point at initial132

conditions (homogeneously heated), the only possible explanation for this measurement is133

the view-angle dependency of the emissivity as explained in [1, 3]. As the concave surface134

is subjected to self-radiation, the emitted radiation in directions with a large angle has135

less energy than the radiation normal to the face. This is graphically shown in Figure136

1. To improve the emissivity and eliminate the influences of roughness and reflections,137

the surfaces of the steel tube are coated with an acrylic paint coating which improves the138

emissivity to an estimated emissivity of 0.9, providing a smooth absorbing surface.139

X axis

Z
-a

xi
s

30

32

34

36

38

40

42

44

Figure 2: The measured temperature due to directional emissivity at the concave surface of a homogeneous
heated surface at 43 ◦C viewing the ZX plane.
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2.3. Numerical estimation140

The numerical FE model of the directional emissivity is built with the Monte Carlo141

ray-tracing technique for radiating surfaces in the commercial Siemens NX 8.5 software.142

The Monte Carlo ray-tracing technique has already proven its success in the simulation143

of directional emissivity [17, 2]. We made use of a multi-layered 3D mesh of 4500 linear144

quad elements. The material properties are defined in Table 1. The directional emissivity is145

defined as an angular dependent thermo-optical property. This is formula-based according146

to equation Eq. (2) dependent of two unknown parameters.147

The directional emissivity will be approximated with:148

ε(θ) = max(cos(
√

P1θ + P2 ∗ π), 0) (2)

where P1 and P2 are the optimized parameters to reshape the cosine function during the149

iterative FE updating progress to fit the experimental model.150

Table 1: Material properties FE model.

Optimization method Tube Coating

Material Steel Acrylic paint [18]
Density ρ (kg/m3) 7 829 1 200
Thermal conductivity k (W/m · ◦C) 54.8-55.7 [50 − 20 ◦C] 0.205
Specific heat capacity Cp (J/(kg · ◦C)) 434 1 500

The solved numerical model can be described using the following equations Eq. (3-8)151

assuming a three dimensional heat flow with negligible external radiation.152

The standard heat equation inside a solid material is defined by:153

∂T

∂t
= α

(
∂2T

∂x2
+
∂2T

∂y2
+
∂2T

∂z2

)
(3)

where Tinit is the initial temperature:154

T (x, y, z, t = 0) = Tinit; 0 < x < H; 0 < y < L; 0 < z < d; (4)

Most boundary conditions are defined according to reference [19, 20] straightforwardly,155

only the boundary condition of the convex and concave surfaces should receive special156

attention.157

The boundary condition of the convex surface:158

−k∂T
∂x

= −k∂T
∂y

= h (T − T∞) + σε
(
T 4 − T 4

∞
)

; t > 0; 0 < x < H; 0 < y < L; (5)

and the boundary condition of the concave surface:159

−k∂T
∂x

= −k∂T
∂y

= h (T − T∞) + ε(θ)(G− eb(T )) (6)
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The y direction is chosen tangential to the arc and the X direction longitudinal with160

front faces of the 3D tube section perpendicular on the Y axis. As we see in Eq. (5) and (6)161

some of the boundary conditions are non-linear homogeneous differential equations. Here T162

defines the temperature in Kelvin, α is the thermal diffusivity in (m2

s
), k is the thermal163

conductivity in (W((m · K))), L, H and d are respectively the arc length, the height and164

thickness of the tube section in (m), h is the coefficient of convection in (W((m2.K))), σ is165

the Stephan-Boltzmann constant, Γ is the reflectivity coefficient and ε is the emissivity in166

function of θ, the angle between the ray and the normal vector (◦). G and J are respectively167

the incoming and outgoing radiative flux in (W/m2). The coefficient of convection is168

calculated by the software according to [21] from the knowledge that it is a vertical plate169

considering natural convection with a vertical length of the plate equal to the height H of170

the tube section. The ambient temperature mathrmT∞ = 295K.171

The radiation and irradiation are calculated using the Monte Carlo ray tracing method-172

ology whereby a fixed amount of 2000 rays are emitted from each concave surface element173

to calculate the local irradiation, symbolized by Gm. Besides, part of the rays are emitted174

towards the environment. This is calculated by the ambient radiation field factor F∞ and175

with n as the refraction index of the solid body. The outgoing radiative flux for each176

element of the model is calculated by:177

J = ΓG+ ε(θ)eb(T ) (7)

whereby the power radiated across all wavelengths and the incoming radiative flux is defined178

by:179

eb(T ) = n2σT 4 and G = Gm(J) + F∞eb(T∞); t > 0; 0 < x; y < L (8)

3. Results and discussion180

In the next section we will present and discuss the results from the FE updating of the181

unknown parameters for the directional emissivity. We will start with a discussion of the182

experimental results, proceed with the numerical results and end with the results after the183

model updating and a discussion of the obtained accuracy.184

3.1. Experimental results185

The experimental measurements of the tube section demonstrate a clear difference186

between the convex and concave surface with an equal temperature. An equal temperature187

perpendicular to the camera is measured as is shown in Figure 3. We can further see that188

the concave surface has an increased measured temperature at the sides which are oriented189

towards each other due to the directional emissivity.190

We can explain the measured temperature rise between 5 and approximately 25 mm191

on the diametrical distance as a result of the directional emissivity, furthermore we can192

explain the temperature drift between 70 and 90 mm. If we look closely we can see a local193

temperature peak in the middle. As this is the location of the camera we suppose that this194

increase is caused by the external reflection of the camera body and should be neglected.195
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Figure 3: The measured temperature at the concave and convex horizontal mid-arc of a homogeneous
cooling surface at 51◦C.

As the tube section can be considered as a perfect cylindrical face, we can use the assumed196

reflection of the camera in the middle as reference point to map the concave and convex197

plot. We need to remark an unexpected fast transition between the elevated temperature198

at the sides and the decreasing profile in the middle of the concave surface. It is assumed199

that this a result of a different surface roughness of the steel below the coating. This will200

be further discussed in section 3.3 but it should be remarked that this means that the201

acrylic coating is semi-transparent for the IR spectrum investigated, which means that the202

sub-level structure is inspected.203

3.2. Numerical results204

From the numerical simulations we can see the influence of the directional emissivity205

on the concave surface. The numerical results are performed in conformity with the setup206

as explained in 2.3. By using the Monte Carlo ray tracing technique the results show the207

increased received radiation at the sides relative to the middle of the tube section. We are208

only interested in the data of the mid-plane of the concave surface. The convex surface is209

neglected in the numerical simulation as the numerical calculations deliver temperature210

results for the surfaces perpendicular to the element. A plot of the numerical results is211

shown in Figure 4. We need to remark the difference between the experimental and the212

numerical results of the concave surface. We will focus further on this in the next subsection.213
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Figure 4: Temperature distribution obtained from the finite element model results of the concave surface.
As expected, the numerical model shows the same temperature distribution with a higher temperature at
the sides and a lower temperature in the middle.

3.3. Discussion214

The temperature profile of the side sections of the steel tube section is different for215

the experimental and numerical data as shown in Figure 5. The curvature follows the216

same profile in the middle section, but at the two side sections the experimental curve217

is flattened while the numerical model predicts a continuous increasing temperature. We218

found a possible explanation by validating the results with the measurements on the nylon219

tube section which is an homogeneous polymer. This is shown in Figure 6 and here we find220

a better match between the numerical and experimental data. From this it can be concluded221

that the updated FE model matches the experimental data for non-reflecting polymer222

materials. The geometrical and experimental conditions of both tube sections (nylon and223

steel) are exactly the same and the estimated emissivities have the same amplitude due224

to the acrylic coating. Now, it can be concluded that the major difference between the225

two results is the surface treatment of the steel tube section. Therefore, we investigated226

the surface structure of the tube using a Quanta scanning electron microscope (SEM) in227

a second stage to understand the different behaviours of the two experimental cases. We228

inspected two samples of the steel tube without the acrylic coating, one from the middle229

section and one from the side at the location of the discontinuous profile. In Figure 7 we230

can see that the surface structure of the two zones differs. In the middle of the tube we231

have a microscopic homogeneous rough surface (Figure 7a) and at the side of the tube the232

surface is harder with less scratches. The main scratch direction at the sides follows the233

direction of the tube. This is the z direction in the numerical analysis plot of Figure 4. If234
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we compare the atomic substance distribution we remark a high oxide percentage which is235

higher for the side section than for the middle section. This suggests a remaining oxidized236

layer between the acrylic coating and the steel tube. This explains the difference between237

the middle and side section and shows that it is possible to detect the oxidized layer.238
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Figure 5: Comparison of the numerical data with the
experimental data of the Steel tube section.
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Figure 6: Comparison of the numerical data with the
experimental data of the Nylon tube section.

(a) The surface at the middle of the tube with
the bright spot at the left and a homogeneous
diffuse rough surface.

(b) surface at the side of the tube with smoother
surface and in general one main scratch direc-
tion.

Figure 7: Comparison of the surfaces at the middle of the tube and at the side.

4. Conclusions239

This paper has investigated the accuracy of numerical modelling of directional emissivity.240

Firstly, it is shown experimentally that temperature differences occur in complex shaped241

surfaces due to directional emissivity. Conform to literature it is shown that acrylic coatings242

are semi-transparent for IR radiation which results in an influence of the sub-level surface243

roughness on the measured temperatures. Secondly, numerical simulations are used to244
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estimate the directional emissivity. For the nylon model the numerical simulation gives an245

accurate prediction of the experimental measurements. For the steel tube the correlation246

is more complex. Due to a local sub-level remaining oxidized layer shown by scanning247

electron microscopy, the reradiating surfaces have a different surface roughness than the248

mid-plane which delivers an offset for the side regions. Returning to the hypothesis posed249

at the beginning of this article, it is now possible to state that it is possible to estimate250

the errors of thermal imaging testing of complex shapes using a numerical model. This251

methodology can be used to accurately predict and optimize thermography experiments of252

complex shaped structures using numerical models as performed on flat test samples in253

[22]. Further work needs to be done to evaluate the accuracy of the updating routine for254

multiple curved realistic samples in industrial conditions.255
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