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Abstract
The use of infrared (IR) thermography techniques is increasingly common in gas turbine
research. A current area of interest, for example, is the assessment of component overall cooling
effectiveness using IR full-surface temperature measurements. To achieve high accuracy in such
experiments, it is necessary to know the emissivity characteristics of the surfaces under test. For
many surfaces, there is high view-angle dependence of emissivity for observation angles above
55◦. Two common surface types used in gas turbine experiments are thermal barrier coatings
(TBCs) and high-emissivity paint. In this paper, we present experimental measurements of the
directional emissivity characteristics for a range of yttria-stabilised zirconia (YSZ) TBC
samples, and a range of high-emissivity paints sprayed onto a smoother metal (copper) surface
(as used for in-situ calibration assemblies). TBC samples were taken from engine parts.
Semi-physical curve fits to the data are explicitly provided. The purpose of this study is to
provide accurate directional emissivity characteristics that can be used by the experimental
community.

Keywords: yttria-stabilised zirconia, directional emissivity, thermal barrier coatings, emissivity,
infrared

Nomenclature

Romans

a, b, c Curve fit coefficients [-]
cp Specific heat capacity [J kg−1 K−1]
Eλ, T Spectral emissive power [W m−2 Sr−1]
hin Convective heat transfer coefficient inside test

enclosure [W m−2 K−1]
hnc Convective heat transfer coefficient of external

test enclosure surfaces [W m−2 K−1]
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k Thermal conductivity [W m−1 K−1]
kRoh Thermal conductivity of Rohacell [W m−1 K−1]
kS Equivalent sand grain roughness [µm]
kTP Thermal conductivity of thermal paste

[W m−1 K−1]
qcam Total incident radiation on IR camera in spectral

band of detector [W m−2 Sr−1]
qw Radiation emitted by target surface that is

incident on IR camera in spectral band of
detector [W m−2 Sr−1]

qR Radiation emitted by relatively isothermal
surroundings [W m−2 Sr−1]

q ′
R qR reflected off target surface and incident on IR

camera in spectral band of detector
[W m−2 Sr−1]

Ra Mean surface roughness [µm]
Tamb Surrounding environmental temperature [K]
Tb Blackbody temperature [K]
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Tbb Blackbody calibrator surface effective
blackbody temperature [K]

TCu Copper baseplate temperature [K]
Tw Wall (surface) temperature [K]
z Layer thickness [µm]
zTP Thermal paste layer thickness [µm]

Greeks

βTb Bias uncertainty in Tb [K]
βϵw Bias uncertainty in εw [-]
βθ Bias uncertainty in θ [deg]
ε Emissivity [-]
εF Emissivity of Fresnel (optically smooth) surface

[-]
εw Emissivity of target surface [-]
θ View angle [deg]
θCu View angle with respect to copper baseplate

[deg]
λ Wavelength [µm]
ρ Density [kg m−3]
ρw Reflectivity of target surface [-]
σ Stefan–Boltzmann constant [W m−2 Sr−1 K−4]
τ Transmittance [-]
τw Transmittance of target surface [-]

Subscripts

bb Blackbody calibrator surface
Cu Copper
ep Epoxy
F Fresnel (optically smooth) surface
In Inconel
Roh Rohacell
TP Thermal paste
w Surface (wall)

Abbreviations

APS Air plasma sprayed
EB-PVD Electron-beam particle vapour deposition
IR Infrared
LWIR Long-wavelength IR range
NGV Nozzle Guide Vane
PTC Positive temperature coefficient
RTD Resistance temperature detector
TBC Thermal barrier coating
TRL Technology Readiness Level
YSZ Yttria-stabilised zirconia

1. Introduction and literature review

The use of IR thermography techniques is increasingly com-
mon in gas turbine research to capture two-dimensional sur-
face (wall) temperature measurements non-intrusively. To
recover the surface temperature (Tw) from the blackbody tem-
perature measured by an IR camera (Tb), it is necessary to
know the directional emissivity characteristics of the sur-
face, ϵw(θ), where θ is the view angle (the angle between
the surface normal and a line connecting the surface to the
camera). The view-angle variation of ϵw can become signific-
ant for θ > 55◦.

Two common surface types encountered in gas turbine IR
experiments are thermal barrier coatings (TBCs) and high-
emissivity paints sprayed onto metal surfaces. We study
yttria-stabilised zirconia (YSZ) TBC of two different types:
air plasma sprayed (APS) TBC, with a layered (splatted)
microstructure with pores aligned parallel to the surface; and
electron-beam particle vapour deposition (EB-PVD) TBC,
with a columnar structure aligned perpendicular to the surface.
EB-PVD TBC coatings are generally applied in thinner (50–
250 µm thickness) layers, offer higher resistance to mechan-
ical stress and thermal shock, and have lower surface rough-
ness (mean surface roughness Ra = 1.3–1.6 µm) and higher
thermal conductivity (k = 1.2–1.6 W m−1 K−1). APS TBC
coatings are generally applied in a thicker layer (200–600 µm
thickness), and have higher surface roughness (Ra = 4–5 µm)
and lower thermal conductivity (k = 0.8–1.1 W m−1 K−1).
High-emissivity paints are often applied by aerosol spray in
a relatively thin layer (10–50 µm thickness), have similar
thermal conductivity to TBC (k = 0.5–1.5 W m−1 K−1) and
surface roughness in the range 1.5< Ra < 5.5 µm.

YSZ TBC has favourable spectral emissivity and reflectiv-
ity characteristics in engine applications, where the peak of
the blackbody spectrum (wavelength of λ= 2.4 µm at Tw =
1200 K) coincides with a region of low emissivity (and there-
fore absorption) and higher reflectivity. These, in combination,
reduce heat load due to radiation (lower absorption). Taking
the surface temperature of a typical cooled nozzle guide vane
(NGV) as 1200 K in the engine environment (see, for example
[1],), and 300 K in a high-technology readiness level (high-
TRL) experimental facility environment (see, for example [2]),
and taking the spectral emissivity (ϵw(λ)), reflectivity (ρw(λ))
and transmittance (τw(λ)) characteristics of typical YSZ TBCs
from [3], we can plot characteristics (with the wavelength) of
background radiation intensity and emissivity for both envir-
onments. This is shown in figure 1.

Consider first the engine condition; the peak spec-
tral blackbody emissive power occurs at a wavelength
of 2.4 µm. At this wavelength, YSZ TBC has high
reflectivity (ρw(λ= 2.4 µm) = 0.638) and low emissivity
(ϵw(λ= 2.4µm) = 0.132). The remaining 23.0% of incident
radiation is transmitted through the TBC (τw(λ= 2.4 µm) =
0.230) and interacts with the underlying substrate (a bond
coat or the metal component). Now consider the typical rig
condition (Tw = 300 K). Peak emission is at λ= 9.7 µm, at
which wavelength YSZTBC is opaque (τw(λ= 9.7 µm) = 0),
with very high emissivity (ϵw(λ= 9.7µm) = 0.944) and very
low reflectivity (ρw(λ= 9.7 µm) = 0.056). This difference
is relevant to the design of experimental IR measurement
techniques.

Laboratory experiments using IR techniques to evaluate
surface temperatures commonly use long-wavelength IR range
(LWIR) cameras, which detect radiation in the range 7.5<
λ < 14 µm. The integrating window of a typical uncooled
microbolometer array (a microelectronic component com-
monly used to detect IR radiation in LWIR cameras) is indic-
ated in figure 1. In typical laboratory conditions (Tw = 300 K),
the LWIR range is well matched to the emitting spectral range
and, fortuitously, in a range where the emissivity of YSZ TBC
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Figure 1. (top) Normalised emissive power at typical engine and rig
wall temperatures as a function of the wavelength; (bottom) normal
spectral emissivity, reflectivity and transmittance (data from [3]) as
a function of the wavelength.

is also high (see figure 1): approximate average values over the
integrating range of the camera are ϵw = 0.938, ρw = 0.060,
τw = 0.002. This means that the total radiation received by the
camera is dominated by radiation directly emitted from the tar-
get surface, and is not strongly affected either by reflected sur-
rounding radiation or by the substrate temperature below the
TBC (because τw ≈ 0). There are also no absorption bands for
atmospheric gases (CO2, H2O)within the spectral range of the
camera, allowing the air between the camera and the target to
be considered a perfect transmitter (τ = 1).

Although there are some limited data in the literature for
normal and directional emissivity, reflectivity and transmit-
tance of YSZ TBC [3–7], there are, as far as the authors know,
no published data for YSZ TBC samples from typical engine
components (same deposition process, same typical rough-
ness, etc), nor data which are through-calibrations with typical
LWIR cameras (accounting for integrating range, etc). Current
open-literature measurements [3–7] have been conducted with
laboratory-prepared samples and in facilities with IR spec-
trometers, giving detailed spectral emissivity and transmit-
tance data. The emissivity and transmittance of TBC have been
shown by these studies to be affected by many factors, includ-
ing surface roughness, topcoat thickness, surface microstruc-
ture, chemical composition and view angle. With regard to
directional emissivity, data reported in the open literature are
typically the total emissivity (the integral over the full spec-
tral range of the spectrometer used). Because the integration
ranges of LWIR cameras would, in general, be different from
the spectrometers used in such studies, it would be hard to
translate published results to effective directional emissivity

relationships for particular surface-camera pairings that are
common in experimental work.

The purpose of the present study is to provide accurate
directional emissivity through-calibrations for TBC samples
from real turbine components paired with typical LWIR cam-
eras. The results are of practical importance for temperature
measurements in laboratory turbine experiments. We study
TBC test coupons extracted from the airfoils (EB-PVD TBC)
and endwalls (APS TBC) of nozzle guide vanes from a
modern turbofan engine. We also study three types of high-
emissivity paint commonly used in laboratory turbine experi-
ments. Paint of various types was sprayed onto smooth metal
(copper) coupons. We use an optical profilometer to charac-
terise the surface roughness and coating thickness (from sec-
tioned coupons) of each coupon. The directional emissivity
characteristics of the coupons were measured in the range
0◦ ⩽ θ ⩽ 85◦. We provide semi-physical curve fits to allow
direct implementation of the measured directional emissivity
characteristics in IR processing codes.

2. Basic physics of the problem

We now briefly discuss the fundamental physics of IR temper-
ature measurement for real, non-blackbody, surfaces. Figure 2
shows a conceptual system in which an LWIR camera is
being used to measure the temperature (Tw) of a wall. The
wall has emissivity ϵw(θ), and reflectivity ρw(θ). Here, θ is
the angle from the surface normal. In this simplest system,
there are no intermediate optics (windows) in-between the
camera and the target surface. The target surface and camera
are surrounded by radiating surfaces at an, assumed uniform,
temperature, Tamb.

The IR camera measures the total incoming radiance, qcam.
Using a camera-lens-specific blackbody calibration, the equi-
valent blackbody temperature measured by the camera, Tb,
is inferred from qcam. The total incoming radiance, qcam, is
the sum of two terms: the radiation directly emitted by the
target surface, qw; and the component of surrounding radi-
ation (qR) reflected off the target surface, q ′

R. That is, qcam =
qw + q ′

R. If the surrounding environment can be assumed to
have a uniform equivalent blackbody temperature, this can be
expressed as

σT4b (θ) = σϵw(θ)T
4
w +σρw(θ)T

4
amb (1)

where σ is the Stefan–Boltzmann constant, and Tamb is the
equivalent blackbody temperature of the surroundings. If the
surface is opaque (a good approximation for most laborat-
ory experiments with TBC and over-painted surfaces) over the
spectral band of the camera, ρw(θ) = 1− ϵw(θ). To recover the
true wall temperature from the equivalent blackbody temperat-
ure, we need to determine the radiative flux from the surround-
ing surfaces (qR) and the emissivity and transmittance of the
target surface. There are established solutions to the first part
of this problem, namely, in-situ calibration techniques capable
of determining qR in environments with both uniform (see [8])
and non-uniform (see [9]) surrounding radiance. The second
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Figure 2. A schematic of a simple IR system for measurement of a wall temperature Tw.

part of this problem (determination of ϵw(θ) and, by extension,
ρw(θ), is the subject of this paper.

3. Experimental method

This section considers the details of the test sample prepara-
tion and characterisation, the test facility design and operation,
the calculation of the observation angle and measurement of
emissivity. We also consider the measurement bias uncertainty
in the emissivity and observation angle.

3.1. Test coupon preparation and characterisation

In total, 13 coupons, ten YSZ TBC test coupons and three
coupons coated with high-emissivity paints, were studied. A
summary of the coupon descriptions, their thickness (z) and
their equivalent sandgrain roughness height (kS), is given in
table 1. The ten TBC test coupons were spark eroded from a
new (non-engine-deteriorated) nozzle guide vane from a mod-
ern turbofan engine. Seven EB-PVD coupons (coupons 1–7)
were extracted from the (trailing vane) airfoil of the NGV pair.
Three APS coupons (coupons 8–10) were extracted from the
NGV endwalls. Three additional coupons (coupons 11–13)
were of high-emissivity paint, directly over-sprayed onto the
copper baseplate. These included: Autotek VHT black paint,
a high-temperature-capable acrylic-based self-priming paint;
RSmatt black spray paint, a matt acrylic-based paint marketed
for its high opacity; and NEXTEL Velvet 811-21, an acrylic-
based paint marketed for its high-emissivity (up to 98%). For
completeness, we note that the EB-PVD and APS TBC types
have different chemical compositions, and the APS TBC has
an intermediate MCrAlY bond coat between the topcoat and
the metal substrate.

All coupons were cleaned of dielectric (used in the elec-
trical discharge machining process) after machining, and then
mounted onto a heated copper baseplate with a thin layer of
high-thermal-conductivity epoxy. The surface roughness and
thickness of the TBC or paint layers were characterised using
optical profilometry (Alicona InfiniteFocus machine). For the
surface roughness, three 500× 500 µm areas per coupon were

Table 1. A summary of coupon descriptions, coating thickness (z)
and equivalent sandgrain roughness height (kS).

Test coupon Description z (µm) kS (µm)

1 EB-PVD TBC 76 2.41
2 EB-PVD TBC 136 3.41
3 EB-PVD TBC 150 3.35
4 EB-PVD TBC 154 3.37
5 EB-PVD TBC 182 5.76
6 EB-PVD TBC 185 6.22
7 EB-PVD TBC 189 3.21
8 APS TBC 287 15.60
9 APS TBC 320 14.84
10 APS TBC 343 22.48
11 Autotek VHT black paint 12 4.66
12 RS matt black paint 22 5.49
13 NEXTEL Velvet paint 46 9.55

measured (the resolution is 0.1 µm). At each measurement
location, the equivalent sandgrain roughness height (kS) was
calculated by following the methodology of Bons [10]. An
average of the three measurements (per coupon) was taken.
Thickness measurements were performed using the same
equipment viewing coupon sections. The thickness was calcu-
lated by measuring the mean distance between the top of the
underlying (metal) substrate and the exposed topcoat surface.
For the APS TBC coupons, the thickness of the bond coat was
subtracted from the measurement.

3.2. Test facility design and operation

A schematic of the test facility developed for this study
is shown in figure 3. It consists of: a thick copper base-
plate (5 mm thick) designed to maintain near-isothermal con-
ditions; 13 coupons attached to (or over-sprayed on) the
copper baseplate; an enclosure made of low thermal con-
ductivity Rohacell foam (kRoh = 0.03 W m−1 K−1), designed
to ensure near-isothermal conditions during the heating
phase; a self-regulating PTC heater mounted (thin layer of
thermal paste of thickness zTP = 0.2 mm and conductivity
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Figure 3. A schematic of the directional emissivity calibration system.

kTP = 6.5 W m−1K−1) on the rear surface of the copper plate,
capable of temperatures of around 105 ◦C; a fast-acting shutter
system, which opens the enclosure shutter in less than 0.1 s.

The copper plate temperature (TCu) is monitored by three
class-1 platinum RTDs (overall accuracy ±0.21 K at nom-
inal PTC heater temperature). During operation, the plate and
enclosure are heated until steady conditions are obtained (the
typical change in TCu over 15 min is ∆TCu ⩽ 0.15 K). A low-
order thermal model was used to confirm that the outer wall
temperature (Tw) of the coupons with highest thermal resist-
ance was the same as the copper plate temperature to within
0.1 K. Therefore, after this heating period, all samples are iso-
thermal at the nominal facility operating temperature (Tw =
378 K). The data-acquisition averaging period was the 0.1 s
period after the shutter was fully open. The thermal model
(which included natural convection terms) was used to demon-
strate that the coupons remained isothermal (in the through-
wall direction) to within 0.1 K during this period. Further
details of the thermal model are given in appendix A.

IR measurements were taken using two LWIR cameras:
a MicroEpsilon TIM640 camera, and a FLIR A655sc cam-
era. Further details, including the spectral ranges, are given
in table 2. An in-house blackbody calibration was performed
for both cameras using a CI-systems SR-800N blackbody
surface (NIST traceable). We relate the raw camera output
(an unsigned 16-bit integer proportional to the total radiation
incident on the detector array in the spectral range of the cam-
era) to T4b with a linear best fit. The calibration was performed
over the range 308 K⩽ Tb ⩽ 393 K.

Table 2. The IR camera specifications.

Camera

Spectral
range
(µm)

Frame
rate
(Hz) Detector

MicroEpsilon
TIM640

7.5–13 32 Uncooled microbolometer

FLIR A655sc 7.5–14 25 Uncooled microbolometer

The IR cameras were orbited around the central vertical
axis of the copper baseplate in 5◦ increments in the range
0⩽ θCu ⩽ 85◦, where θCu is the rotational angle of the camera
about the vertical centreline of the copper plate. The distance
between the axis of rotation and the camera was 0.5 m in all
tests. The camera centreline was aligned for each position with
an alignment guide marked onto the worksurface. The align-
ment guides were lines drawn from the vertical centreline of
the copper baseplate to the camera tripod centre position. The
test facility was bolted into the work surface to prevent move-
ment between tests. The camera tripod was locked for all tests
at the same vertical height.

3.3. Observation angle calculation

As not all coupons lie on the centreline of the copper plate,
and as the target surface of most coupons is not exactly paral-
lel to the copper plate surface (due to surface curvature, etc.),
further correction is required to determine the local observa-
tion angle (θ) of each coupon from the rotational angle of the
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camera about the vertical centreline of the copper plate (θCu).
A high-resolution 3D scan of the copper baseplate (and test
facility) was performed using anArtec Space Spider. The point
cloud produced by the scan has an accuracy of±0.05 mm. For
each coupon, a 6 mm diameter circular region of interest was
specified in the centre of the coupon, and the mean surface
normal vector of the region of interest was calculated. Using
this, for every camera rotational angle (θCu), the local surface
observation angle (θ) was calculated on a per-coupon per-test
basis. Where necessary, to reduce error (to capture data at low
θ for coupons close to the edges of the plate), the cameras were
positioned at two vertical heights.

3.4. Emissivity calculation

Taking the approximation ρw(θ) = 1− ϵw(θ) (transmissivity
of zero) we can rearrange equation (1) in terms of the emissiv-
ity for each coupon. We get

ϵw(θ) =
T4b (θ)−T4

amb

T4w −T4
amb

(2)

where we recall that Tb(θ) is the equivalent blackbody temper-
ature measured by the camera, Tw is the surface temperature of
the coupon and Tamb is the equivalent blackbody temperature
of the surroundings. In our test, we take Tb(θ) as the average
over the central 6 mm diameter circle of our coupon, and we
measure Tamb using a digital thermometer in the room (we have
low sensitivity to background radiation in our experiment due
to high coupon emissivity, and higher coupon temperature). In
this formulation it is assumed that the surrounding surfaces are
diffusely reflecting and uniformly radiant (overhead lighting
and other heat sources were eliminated, and nearby reflective
surfaces were covered).

3.5. Bias uncertainty

We now estimate the total bias uncertainty of measured (Tb,
Tw, Tamb, and θCu) and derived (ϵw and θ) quantities. All uncer-
tainties are quoted to 95% confidence. For the derived quant-
ities, a Monte Carlo analysis was used.

First consider the directly measured quantities. Here, Tw
was measured using three class-1 platinum RTDs, each with
a quoted uncertainty of ±0.36 K at the nominal temperature.
The bias uncertainty in the measured average temperature was
therefore estimated to be ±0.36/

√
3=±0.21 K, to 95% con-

fidence. Tamb was measured using a digital thermometer with a
manufacturer-quoted uncertainty of ±1 K to 95% confidence.
The bias uncertainty in the in-house calibrated blackbody tem-
perature is a function of the accuracy, stability and uniform-
ity of the blackbody calibration surface temperature Tbb (com-
bined RMS error ±0.2 K), the uncertainty of the emissivity
of the calibration surface (ϵbb = 0.99± 0.01) and the uncer-
tainty in Tamb. A Monte Carlo analysis was used to estim-
ate the bias uncertainty in the equivalent blackbody temper-
ature measured by the camera (Tb). Perturbed variations of the
original calibration dataset (Tbb, Tatm and ϵbb) are formed by
adding offsets of appropriate magnitude (randomly sampled
from Gaussian distributions of width appropriate to the cor-
responding bias error) to the underlying calibration datasets.

Table 3. Nominal values and associated bias uncertainties of
measured variables.

Parameter
Bias uncertainty
(95% confidence) Nominal value

Tw [K] ±0.21 378
Tamb [K] ±1 290
Tbb [K] ±0.2 308–393
ϵbb ±0.01 0.99
Tb [K] ±0.4 318–378
θCu [

◦] ±1 0–85
[x, y, z] [mm] ±0.05 —

The bias uncertainty in the equivalent blackbody temperature
measured by the camera, βTb , is defined as twice the stand-
ard deviation of the distribution of the perturbed calibration
curves so formed. We obtain a value of βTb =±0.4 K to 95%
confidence. The estimated uncertainty in θCu at all camera pos-
itions was ±1◦. The accuracy of the 3D scanned point cloud
coordinates (i.e. [x, y, z]), used to calculate θ on an individual-
coupon individual-view basis, was estimated as ±0.05 mm to
95% confidence (manufacturer-quoted errors). The bias errors
(95% confidence) and associated nominal values of the dir-
ectly measured quantities are given in table 3.

Bias uncertainties for the derived quantities ϵw and θ (βϵw

and βθ, respectively) were also calculated using Monte Carlo
analysis. For ϵw, perturbed values of Tb, Tw and Tamb are
picked from Gaussian distributions to calculate the output
ϵw distribution. The uncertainty βϵw is defined as twice the
standard deviation of the resulting ϵw distribution. Separate
simulations were performed across the range 0.5⩽ ϵw ⩽ 1
(0.01 increments) to determine the worst-case bias uncertainty
across this range. The resulting worst-case βϵw was estim-
ated to be ±0.0143 (1.47% at ϵw = 0.97), to 95% confid-
ence. To calculate βθ, the Monte Carlo analysis considered
the uncertainties in θCu and the per-coupon per-view correc-
tion determined from the 3D scan. In each simulation, the
3D point cloud was perturbed by a common randomly gener-
ated offset of form (∆x, ∆y, ∆z,) and with the standard devi-
ation of the manufacturer-quoted scanner accuracy (0.05 mm
to 95% accuracy). Here, θCu was also randomly perturbed (bias
error of±1◦), and θ was calculated for each coupon following
the method described previously. Separate simulations were
performed across the range 0◦ ⩽ θCu ⩽ 85◦ in increments of
1◦ to determine the worst-case bias uncertainty across this
range. The resulting bias uncertainty in θ was±1.28◦, to 95%
confidence.

4. Results

We now discuss the experimentally determined directional
emissivity characteristics (ϵw as a function of θ). The func-
tional form for the fits is given by

ϵw(θ) = ϵF(a,θ)+ becθ (3)

where ϵF (a,θ) is the Fresnel emissivity, and becθ is a term to
correct for rough surfaces. With regard to fitting, a, b, c are
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Figure 4. Best fits for individual coupons measured using the FLIR A665sc camera, and the best fit for all the coupons.

Figure 5. Best fits for individual coupons measured using the MicroEpsilon TIM640 camera, and the best fit for all the coupons.

Figure 6. Comparison of the best fits for the FLIR A665sc and MicroEpsilon TIM640 cameras.

free constants determined by non-linear least squares fitting
of the data in MATLAB. The physical basis for this form of
equation is discussed in more detail in appendix B.

In figure 4 we show best-fit curves on a per-coupon basis,
and for all coupons of a particular surface type, as measured
using the FLIR A665sc camera. The left, middle and right
frames show trends for EB-PVD TBC, APS TBC, and paints,
respectively. For EB-PVD TBC and APS TBC surface types,
multiple coupons were used for each surface type (see table 1).
Best-fit curves on a per-coupon basis are shown with faint
lines, and the overall best fit (for all coupons of a given sur-
face type) as a bold line. Corresponding plots showing (almost
identical) data collected with the TIM640 camera are shown in
figure 5. A comparison between overall best-fit trends for data

taken with the FLIR A665sc and TIM640 cameras is shown
in figure 6. Deviation of individual data points from the over-
all best-fit trend (using data from both cameras) is shown in
figure 7.

We now progress the analysis under three headings:
measurement differences between cameras; individual-
coupon variability; and summary directional emissivity
characteristics.

4.1. Measurement differences between cameras

First consider the effect of measurement differences between
cameras. Differences in the measured directional emissivity
characteristics can arise due to variations in the integration
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Figure 7. The differences in the best fits obtained using the FLIR A665sc camera and TIM640 cameras; scatter of individual ϵw
measurements around the overall best fit (data from both cameras).

characteristics of the cameras, the bias uncertainties in the
individual camera calibrations and uncertainties in individual
experimental data points from which the best fits are formed.
The all-coupon best-fit curves for the five surface types (two
TBC types, three paint types) as measured by both cameras,
are compared in figure 6. For a given surface type, the cam-
eras deliver extremely similar calibrations: this is true for all
five surface types. This is shown most clearly by looking at
the differences in the best-fit ϵw characteristics,∆ϵw, as func-
tions of the angle. These are shown in figure 7. The average
values of ∆ϵw across the range 0◦ ⩽ θ ⩽ 85◦ were 0.0022 for
EB-PVD TBC and 0.0025 for APS TBC. The correspond-
ing maximum values in this range were ∆ϵw = 0.006 and
0.009, respectively. For both sample types, the maximum dif-
ference between cameras is less than the bias uncertainty in
emissivity (βϵw = 0.0143). This suggests that the as-measured
emissivities of both TBC types are insensitive to the integra-
tion characteristics of the LWIR cameras (for the two cameras
used). For Autotek, RS matt and NEXTEL paints, the aver-
age values of ∆ϵw across the range 0◦ ⩽ θ ⩽ 85◦ were 0.007,
0.002, and 0.002, respectively. The corresponding maximum
values were ∆ϵw = 0.015, 0.017 and 0.015, respectively. For
each paint, the maximum difference occurs at θ = 85◦. When
restricting the range to θ < 80◦, the maximum values of ∆ϵw
reduce to 0.009, 0.007 and 0.003 (within the bias uncertainty
of the measurement). As we found for the TBC surfaces,
the directional emissivity characteristics of the paint surfaces
were insensitive to the integration characteristics of the LWIR
cameras.

4.2. Individual-coupon variability

We now examine the measurement coupon variability for the
five types of surfaces tested, i.e. the scatter around the best-
fit curve. For the two TBC types, for which we tested several
coupons of each type, we consider the coupon-to-coupon vari-
ability as well as the measurement coupon variability overall.

First consider the data for EB-PVD TBC. For this sur-
face type we had seven coupons. First consider the coupon-to-
coupon variability. This is shown by individual, per-coupon,
lines of best fit, shown in figures 4 and 5. The data from the

two cameras are very similar. For the 14 individual charac-
teristics (i.e. particular coupon, particular camera) the mean
(across 14 coupon–camera pairs) RMS deviation of data sets
from their own characteristics was ∆ϵw = 0.0044 across the
range 0◦ ⩽ θ ⩽ 85◦. When restricting the range to 0◦ ⩽ θ ⩽
60◦, the mean RMS deviation falls to ∆ϵw = 0.0036. These
are extremely small numbers, showing excellent agreement
with the form of equation (3) for data acquired for individual
coupons with an individual camera. Now, taking the RMS
deviation of all data for EB-PVD TBC (all coupons, both
cameras) from the overall best fit (data from all coupons and
both cameras) we get values of∆ϵw = 0.0997 and 0.0062 over
the ranges 0◦ ⩽ θ ⩽ 85◦ and 0◦ ⩽ θ ⩽ 60◦, respectively. The
deviation of all individual data points from the overall best fit
is shown in figure 7. We have already noted that the measure-
ment difference between cameras (the solid line in figure 7)
is extremely small. RMS deviations from the overall best fit
are approximately two times larger than RMS deviations from
individual (per coupon, per camera) fits. These values are still
sufficiently small so that the overall best fits are adequate in
most problems. However, in situations where extremely high
accuracy is required, it may be necessary to perform an indi-
vidual calibration (specific surface, specific camera through-
calibration).

For completeness we note three additional detailed points
for the data for EB-PVD TBC. Firstly, there is generally
increasing scatter of the data with increasing θ. This is, per-
haps obviously, partly attributable to the increasing steepness
of the ϵw(θ) characteristic at high θ, which amplifies the impact
of uncertainty in θ on the RMS deviation of individual coupons
around the overall best-fit trend. Secondly, test coupons 1 and
7 (see table 1) have outlying trends (as measured by both
cameras), particularly in the range θ > 60◦. Test coupons 1
and 7 are significantly smoother than average (kS = 2.41 µm
and kS = 3.21 µm, respectively, compared to an average value
of kS = 3.96 µm), and there is a known positive correlation
between surface roughness and emissivity, particularly at large
θ (see [11]). This appears to explain the outlying trends. It is
worth noting that data for test coupons 1 and 7 contribute sig-
nificantly to the higher RMS deviations of all data from the
overall best fit, particularly in the range θ > 60◦. As the NGV
vane surfaces (the EB-PVD-coated part of the component)

8



Meas. Sci. Technol. 36 (2025) 115902 M Stokes and T Povey

can normally be viewed at relatively low θ (compared to the
endwalls) in most test facilities, we conclude that EB-PVD-
type TBC is suitably described by the global overall best-fit
trend over the practical range of viewing angles. Finally, we
note that all seven EB-PVD coupons have very similar nor-
mal emissivity (θ = 0◦) values, despite the significant range of
TBC thicknesses covered by the coupons (76⩽ z⩽ 189 µm;
see table 1): indeed, all data are within the range of experi-
mental uncertainty (βϵw =±0.0143). This is contrary to some
previous studies (see, for example [3]), which have observed
a reduction in normal emissivity with decreasing TBC thick-
ness. We conclude that for EB-PVD of the type tested, nor-
mal emissivity is fairly insensitive to thickness for the typ-
ical range of thicknesses encountered in turbine airfoil coating
applications.

Now we consider the data for APS TBC. For this sur-
face type we had three coupons. First consider the coupon-to-
coupon variability. This is shown by individual, per-coupon,
lines of best fit, shown in figure 4 (FLIR A665sc camera) and
figure 5 (TIM640 camera). The data from the two cameras are
very similar. For the six individual characteristics (i.e. partic-
ular coupon, particular camera) the mean (across six coupon–
camera pairs), RMS deviation of data sets from their own char-
acteristics was ∆ϵw = 0.0057 across the range 0◦ ⩽ θ ⩽ 85◦.
When restricting the range to 0◦ ⩽ θ ⩽ 60◦, the mean RMS
deviation falls to ∆ϵw = 0.0041. Now, taking the RMS devi-
ation of all data for APS TBC (all coupons, both cameras)
from the overall best fit (data from all coupons and both cam-
eras) we get values of∆ϵw = 0.0097 and 0.0069 over the range
0◦ ⩽ θ ⩽ 85◦ and 0◦ ⩽ θ ⩽ 60◦, respectively.

The deviation of all individual data points from the over-
all best fit is shown in figure 7. We have already noted that
the measurement difference between cameras (solid line in
figure 7) is extremely small. RMS deviations from the over-
all best fit are approximately 1.7 times larger than RMS devi-
ations from individual (per coupon, per camera) fits. With
regard to EB-PVD TBC, we feel that the overall best fits for
APS TBC are sufficiently good that they could be used in the
majority of studies without the need for individual calibration
(specific surface, specific camera through-calibration).

As we observed for the EB-PVD TBC coupons, we note
that the scatter of the APS TBC data increases with increas-
ing θ. This is likely due to increasing steepness of the ϵw(θ)
characteristic at high θ. We also note that coupon 10 has a
notably higher emissivity at high (θ > 60◦) viewing angle (as
measured by both cameras). The equivalent sand grain rough-
ness height for coupon 10 (kS = 22.48 µm)was almost double
that for coupons 8 and 9 (kS = 15.60 µm and kS = 14.84 µm,
respectively). We have noted the known positive correlation
between surface roughness and emissivity, particularly at large
θ (see [11]).

Finally, we consider the data for the three types of paint.
For each type of paint, we tested a single coupon. Individual
lines of best fit are shown in figure 4 (FLIR A665sc camera)
and figure 5 (TIM640 camera). For the six individual charac-
teristics (i.e. particular paint coupon, particular camera), the
mean (across six paint coupon and camera pairs) deviation
of the datasets from each characteristic was ∆ϵw = 0.0033

across the range 0◦ ⩽ θ ⩽ 85◦. When restricting the range to
0◦ ⩽ θ ⩽ 60◦, themean RMS deviation falls to∆ϵw = 0.0026.
Now, taking the RMS deviation of all data for a particu-
lar paint coupon from the overall best fit for that coupon
(i.e. data for both cameras for a single coupon), we get
mean values of ∆ϵw = 0.0052, 0.0035, 0.0029 for Autotek,
RS and NEXTEL paints, respectively, over the view-angle
range 0◦ ⩽ θ ⩽ 85◦. When restricting the angle range to
0◦ ⩽ θ ⩽ 60◦, the mean deviations are reduced to ∆ϵw =
0.0041, 0.0031, 0.0024, respectively. The deviation of indi-
vidual data points of a given paint type from the overall best
fit for the same paint type is shown in figure 7. Deviations are
small across the entire angle range. The difference in calib-
rations between the two cameras is also given in figure 7 for
each paint type.We see that the differences between cameras is
extremely small. For all three paint types, the RMS deviation
from the overall best fit (data from two cameras) for a given
paint type is approximately 1.2 times larger than the RMS
deviations for an individual paint–camera pairing. This near-
unity multiplier shows that the differences between cameras is
small, allowing a single (common) calibration to be used with
reasonable accuracy. We observe very mildly increasing scat-
ter with increasing view angle. This is likely due to increasing
steepness of the ϵw(θ) characteristic at high θ.

4.3. Summary directional emissivity characteristics

We now present the key results of this paper, which are the
summary directional emissivity characteristics for EB-PVD
TBC, APS TBC, and three types of black paint. These char-
acteristics are shown in figure 8. Equations of the form of
equation (3) have been used to best fit all data (all coupons
for a particular surface type; both cameras) for a particu-
lar surface type. The results are almost identical to those
which would be achieved by averaging the individual charac-
teristics for the two cameras—for a particular surface type—
shown in figure 6. Best-fit coefficients a, b and c (for use with
equation (3)) are presented in table 4. Coefficients of determ-
ination (so-called R-squared values) are also given.

First consider the best-fit characteristics for EB-PVD TBC
and APS TBC. Both surface types have very high normal
emissivity: for EB-PVD TBC we measure ϵw(0◦) = 0.970,
and for APS TBC we measure ϵw(0◦) = 0.966. In the range
0◦ < θ < 45◦, there was essentially no sensitivity of emissiv-
ity to the angle, with the ratio ϵw(θ)/ϵw(0◦) taking values
above 0.99 for both types of TBC. For θ > 45◦, we start to
see angular sensitivity of ϵw with significant deviation from
the normal emissivity values for θ > 60◦ and above. The angu-
lar sensitivity of EB-PVD TBC is greater than for APS TBC:
this is likely due to the greater surface roughness of APS
TBC, which delays emissivity reduction with the angle. The
average roughness for APS TBC coupons was kS = 17.6 µm;
the average roughness for EB-PVD TBC coupons was
kS = 3.96 µm.

We now consider the best-fit characteristics for the three
types of paint tested. The measured normal emissivity values
for the Autotek VHT, RS matt, and NEXTEL Velvet paints
were 0.933, 0.941 and 0.965, respectively: values in a similar
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Figure 8. The overall best-fit directional emissivity characteristics
for EB-PVD TBC, APS TBC, Autotek VHT black paint, RS matt
black paint and NEXTEL Velvet paint.

Table 4. Coefficients (for use in equation (3)) associated with the
overall best-fit characteristics of figure 8.

TBC a (–) b (–) c (–) R-squared (–)

EB-PVD TBC 1.411 7.4246 × 10−06 0.1260 0.914
APS TBC 1.458 2.0331 × 10−05 0.1171 0.943
Autotek VHT 1.699 1.3482 × 10−04 0.0930 0.986
RS matt 1.644 9.7238 × 10−05 0.0995 0.961
NEXTEL Velvet 1.462 7.3867 × 10−05 0.1003 0.994

range to the TBC types tested. In the range 0◦ < θ < 54◦, there
was essentially no sensitivity of emissivity to the angle, with
the ratio ϵw(θ)/ϵw(0◦) taking values above 0.99 for all three
types of paint. This is in agreement with the widely accep-
ted approximation that variation in emissivity with the view
angle is insignificant for view angles up to 55◦ for electrically
non-conductive surfaces. For θ > 54◦, we start to see angu-
lar sensitivity of ϵw with significant deviation from the normal
emissivity values for θ > 65◦ and above.

5. Conclusions

In this paper, we have presented detailed experimental meas-
urements of the directional emissivity characteristics of a num-
ber of surface types common in gas turbine IR experiments:
specifically, TBCs and high-emissivity paints. In total, five
surface types were assessed: two types of TBC, and three
types of high-emissivity paint. TBC samples were extrac-
ted as coupons from nozzle guide vanes from a modern
production gas turbine engine. Measurements were conduc-
ted as through-calibrations with two different LWIR cam-
eras: an FLIR A665sc camera; and a MicroEpsilon TIM640
camera. These cameras have different integration character-
istics, allowing sensitivity to this effect to be determined.
For the two types of TBC tested (EB-PVD TBC and APS
TBC), several coupons per type were measured to determine

the coupon-to-coupon scatter in the emissivity characteristics.
Measurements were taken in the viewing angle range 0◦ ⩽ θ ⩽
85◦. Overall best fits to the data were performed using a modi-
fied version of the Fresnel emissivity equation. Coefficients for
these best fits are provided to allow other researchers to use the
measured emissivity characteristics. Detailed analysis of the
data showed: very little difference in the through-calibrations
for the two camera types used; high normal emissivities for all
five surface types tested (ϵw(0◦) = 0.970, 0.966, 0.933, 0.941
and 0.965); insensitivity of emissivity to the viewing angle
in the range θ < 45◦ for all five surface types; steep surface-
specific decreases in emissivity with the viewing angle in the
range θ > 60◦; and relatively limited difference between the
emissivity characteristics for TBC samples of a particular type,
allowing overall best-fit curves to be used in most cases with
sufficient accuracy.

It is hoped that these data will be of practical value to the
research community working on high-accuracy IR techniques.
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Appendix A. Facility thermal model

A one-dimensional thermal model was used to determine
the errors arising from: the assumption that the steady-state
coupon surface temperature and copper-plate temperature (as
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Figure A1. The low-order thermal model of the experimental
facility.

measured byRTDs) are the same; the assumption that the lapse
in coupon surface temperature in the 0.1 s period after the shut-
ter opens (during which time data are acquired) is negligible.

We model the coupon with the greatest thermal resist-
ance: coupon 10 has a layer of APS TBC of thickness z=
343 µm. The model (which represents the experimental setup;
see figure 3) consists of six layers in the wall-normal direc-
tion; Rohacell (the outer shutter); an air gap; the APS TBC
layer; Inconel; epoxy; the copper baseplate; and the thermal
paste layer between the copper baseplate and the (assumed
constant temperature) PTC heater. This is shown schematic-
ally in figure A1.

Each layer is discretised with 15 nodes in the through-wall
direction. An explicit time-marching schemewas used to solve
for each node temperature. Solutions were demonstrated to
be independent of grid size and time step. Material properties
(density ρ, specific heat capacity cp, thermal conductivity k)
and layer thicknesses are given in table A1.

On the bottom surface, a constant temperature boundary
condition is set at the nominal PTC heater temperature TPTC =
378 K. The outer surface of the Rohacell lid exchanges heat
with the surroundings (Tamb = 290 K) through natural con-
vection (heat transfer coefficient, hnc = 7 W m−2 K−1) and
radiative heat transfer (ϵroh = 0.95). The natural convective
heat transfer coefficient is from an empirical correlation for
the mean heat transfer coefficient on a vertical plate [12].
Convective heat transfer between the TBC top surface and
the inner surface of the lid (heat transfer coefficient hin =
4 W m−2 K−1) is determined by an empirical correlation for
flow in a vertical cavity with different sidewall temperatures
[12]. Net radiative heat transfer in the enclosure cavity is

Table A1. The physical properties used in the low-order thermal
model.

Layer z (mm) ρ
(
kg m−3) k

(
Wm−1K−1) cp

(
J kg−1K−1)

Rohacell 30 71 0.03 1620
TBC 0.343 5000 0.7 450
Inconel 4 8440 15 435
Epoxy 0.2 4000 11 600
Copper 5 8940 420 385
Thermal
paste

0.2 3000 6 800

Figure A2. The temperature difference between the coupon surface
and PTC heater in the steady state (after 45 min of heating) and in
the transient period directly after the shutter opens.

also modelled. The temperature of the air in the enclos-
ure (Tair) is determined from conservation of energy, assum-
ing no losses and no mass transfer out of the enclosure
volume.

The model is run to steady state (lid closed) to represent
pre-heating, and also with the boundary conditions of the shut-
ter opening (to see the temporal variation immediately after-
wards). In this second mode, the Rohacell layer is removed
from the model and the natural convective boundary condi-
tions (hnc) are applied directly to the upper TBC node. The
differences between the heater temperature (TPTC) and the sur-
face node temperature (TTBC) are plotted in figure A2 as a
function of time, for both the steady-state (pre-heating) mode
and the unsteady (directly after shutter opened) mode. After
45 min of heating, we see that the steady-state solution has a
temperature difference ∆T= TPTC −TTBC = 0.08 K. This is
equivalent to an offset in emissivity of ∆ϵw = 0.0015 (results
from perturbation of equation (2) at ϵw = 0.97). The unsteady
solution has an exponential decay from the steady state solu-
tion. We average data over a period of 0.1 s after the shutter
opens. During this period, the unsteady solution has a mean
temperature difference∆T= TPTC −TTBC =−0.17 K. This is
equivalent to an offset in emissivity of ∆ϵw = 0.0028, which
is small compared to the estimated bias uncertainty of ϵw in
our measurement.
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Appendix B. Form of best-fit curves

For an optically smooth, opaque, electrically non-conductive
surface, the theoretical variation in emissivity with the view
angle is described by the Fresnel equations of reflectivity for
S- and P-polarised light. The so-called Fresnel emissivity (ϵF)
and reflectivity (ρF) are described by

ϵF (a,θ) = (1− ρF (a,θ))

= 1−
1

2


∣∣∣∣∣ cosθ−

√
a2 − sin2θ

cosθ+
√
a2 − sin2θ

∣∣∣∣∣
2

+

∣∣∣∣∣a2 cosθ−
√
a2sin2θ

a2 cosθ+
√
a2sin2θ

∣∣∣∣∣
2
 .

(B1)

where a is the refractive index of the surface. In this study, we
determine curve fits of the form of equation (3) (rewritten here
for clarity)

ϵw(θ) = ϵF (a,θ)+ becθ (3)

where becθ is an additional exponential term to account for
roughness-induced effects (based on theoretical modelling
of specular reflection off rough surfaces [11]). Here, a, b, c
are determined by non-linear least squares fitting of the data
in MATLAB. The goodness of a particular fit is measured
using the R-squared value of the curve fit to the underlying
data.
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