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a b s t r a c t 
Spacecraft thermal control is entirely reliant upon radiative heat transfer with its surroundings for tem- 
perature regulation. Current methods are often static in nature and do not provide dynamic control of 
radiative heat transfer. As a result, modern spacecraft thermal control systems are typically ‘cold-biased’ 
with radiators that are larger than necessary for many operating conditions. Deploying a variable radiator 
as a thermal control technique in which the projected surface area can be adjusted to provide the appro- 
priate heat loss for a given condition can reduce unnecessary heat rejection and reduce power require- 
ments. However, the radiative behavior of the apparent surface representing the expanding/collapsing 
radiator changes in addition to the projected surface area size. This work experimentally quantifies the 
spectral, directional emissivity of an apparent surface comprised of a series of V-grooves (e.g. corrugated 
surface), as a function of angle and highlights its emission characteristics that trend toward black behav- 
ior. The experimental setup for quantifying this apparent radiative surface behavior is described and uti- 
lized to show the influence of surface geometry, direction and wavelength. Experiments on test samples 
were performed at 573 K. The experimental design is validated and demonstrated using fully oxidized, 
nearly diffuse, copper, corrugated test samples. The results presented in this work demonstrate, for the 
corrugated oxidized copper surfaces tested, that (1) higher emissivity values correspond to higher wave- 
lengths in the spectral range of 2.5 to 15.4 µm (2) apparent emissivity values increase with decreasing 
V-groove angle resulting in less spectral variation in emissivity and greater blackbody like behavior, (3) 
azimuth dependence can be relatively small despite the obvious pattern associated with a corrugated 
surface, and (4) as the V-groove angle decreases, higher emissivity values are associated with θ → 0 ◦
and φ → 0 ◦. Results provide a foundation for future radiator design, improved spacecraft thermal control 
methods, and improved emissivity testing methods for patterned or angular surfaces. 

© 2022 Elsevier Ltd. All rights reserved. 

1. Introduction 
Spacecraft thermal management is a challenging application 

due to the harsh environment of space, buildup of heat within 
vital electrical components, and fluctuations in external and in- 
ternal thermal loads. A particular issue with spacecraft thermal 
management is that the only method by which excess heat may 
be rejected is through radiative heat transfer. This is commonly 
achieved through exterior, extended surfaces known as radiators, 
which act as static, passive cooling systems with constant geome- 
try and radiative properties [1] . As such, heat rejection varies only 
according to the relative temperature difference between the inter- 
nal components of the spacecraft and the surroundings when using 
a static, passive cooling system. 
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Static, passive thermal control is widely adopted due to its sim- 
plicity in design of specialized radiating surfaces. However, space- 
craft radiators are sized sufficiently large such that they are capa- 
ble of emitting the highest cooling load expected during the life- 
time of the spacecraft, a strategy called cold-biasing [2] . With the 
variable nature of internal and external heat loads during space- 
craft operation, cold-biasing results in the use of actively controlled 
heaters to provide supplementary heating when the heat loss is 
greater than desired. Such heating scenarios are common and the 
required additional heating elements, batteries and solar panel ca- 
pacity conflict with the goal of reduced size, weight and power 
requirements. 

One proposed method to reduce the amount of supplementary 
heating is through the use of dynamic cooling strategies that pro- 
vide control in spacecraft emission [3] . Single panel radiators that 
operate like a gate or shutter in order to conceal or reveal a ra- 
diating surface have been explored as a dynamic cooling strategy 
[4–7] . An example of a powered, multiple-panel, dynamic strat- 

https://doi.org/10.1016/j.ijheatmasstransfer.2022.123745 
0017-9310/© 2022 Elsevier Ltd. All rights reserved. 

https://doi.org/10.1016/j.ijheatmasstransfer.2022.123745
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2022.123745&domain=pdf
mailto:bdiverson@byu.edu
https://doi.org/10.1016/j.ijheatmasstransfer.2022.123745


K.S. Meaker, E. Mofidipour, M.R. Jones et al. International Journal of Heat and Mass Transfer 202 (2023) 123745 
Nomenclature 
E Emissive power [W m −2 ] 
FTIR Fourier Transform Infrared Spectrometer 
h Height of sample [mm] 
I Intensity [W m −2 sr −1 ] 
! n Normal vector [-] 
N Number of data sets collected [-] 
r Repeatability [-] 
R Response function [W −1 m 2 sr µm] 
S Measured signal by FTIR [-] 
S 0 Background compensation function [-] 
T Temperature [K] 
u Uncertainty [-] 
γ V-groove angle [ °] 
ε Emissivity [-] 
θ Polar angle [ °] 
λ Wavelength [µm] 
ρ Reflectivity [-] 
ρ′′ Bidirectional reflectivity [-] 
σ Stefan-Boltzmann constant [W m −2 K −4 ] 
φ Azimuthal angle [ °] 
Subscripts and superscripts 
[ ] b Indicates that [ ] is an ideal blackbody quantity 
[ ] bb Indicates that [ ] is a laboratory blackbody quantity 
[ ] d Indicates that [ ] is a diffuse quantity 
[ ] e Indicates that [ ] is an emitted quantity 
[ ] i Indicates that [ ] is an incident quantity 
[ ] r Indicates that [ ] is a reflected quantity 
[ ] s Indicates that [ ] is a sample quantity 
[ ] sp Indicates that [ ] is a specular quantity 
[ ] surr Indicates that [ ] is a surroundings quantity 
[ ] tot Indicates that [ ] is a combined specular and diffuse 

quantity 
[ ] θ Indicates that [ ] is directionally dependent 
[ ] λ Indicates that [ ] is spectrally dependent 
[ ] µ Indicates that [ ] is an averaged quantity 
[ ] ⌓ Indicates that [ ] is a hemispherical quantity 
[ ] ′ Indicates that [ ] is a directional quantity 

egy has also been explored by Mulford et al. [8] , where the turn- 
down ratio (or fraction of largest possible emitted energy to small- 
est possible emitted energy) of an actively controlled radiator was 
determined. The multiple panels considered by Mulford et al. col- 
lapsed and expanded to provide an appropriate amount of heat 
loss for given operating and environmental conditions. The chang- 
ing geometry results in a variable apparent emissivity (spectral, di- 
rectional emissivity of the representative surface for the collaps- 
ing, multiple-panel radiator) which depends on radiator panel po- 
sitioning, wavelength, and direction. One contribution of the cur- 
rent work is to demonstrate the directional behavior of emission 
from multiple panel radiators (e.g. corrugated surfaces) for varying 
geometrical conditions. 
1.1. Apparent surfaces 

Emission and absorption of multiple panel radiators is altered 
by the fact that surfaces that comprise such a radiator are seen 
by other surfaces comprising the radiator. These effects can be 
combined into an apparent surface behavior representing the area 
formed by the collection of cavities comprising the multiple- 
surface radiator. For corrugated surfaces or origami-inspired sur- 
faces [8–12] , these cavity openings are repeating in nature. When 
the vertices associated with the cavity openings all lie in the same 

plane, the apparent surface is a 2D plane representing the cavity 
openings (see Fig. 1 ). 

Introducing a surface representing a series of cavities enables 
the specification of radiative properties for the “apparent” radiative 
behavior of a surface comprised of these cavities. Further, apparent 
surfaces comprised of cavities are unique in that their emissivity 
depends not only on material properties but also on the geome- 
try of the cavities which comprise it, allowing variable control of 
the apparent emissivity through variation of cavity geometry. Such 
control was demonstrated in previous work where the relation- 
ship between measured thermal radiation and a collapsing radia- 
tor was established experimentally [ 8 , 13 ]. However, previous works 
only considered total, hemispherical apparent surface behavior. Un- 
derstanding the effects of geometry on the spectral, directional ra- 
diative behavior is explored in this work through measurement of 
the radiative behavior of corrugated surfaces. Corrugated geome- 
tries are amenable to modeling, achievable with accessible man- 
ufacturing methods, and can be validated with previous V-groove 
studies for simplified conditions. 

Fully specifying the emission from a planar surface requires 
quantifying the spectral, directional emissivity ε λ,θ . The spectral, 
directional emissivity is the ratio of the emitted spectral intensity 
of a surface I λ,θ ,e and the spectral intensity of a blackbody I λ,b at 
the same temperature. 
ε λ,θ ( λ, T , θ , φ) ≡ I λ,θ ,e ( λ, T , θ , φ) 

I λ,b ( λ, T ) (1) 
I λ,θ ,e is the rate at which radiant energy is emitted at wavelength 
λ in the ( θ , φ) direction (see Fig. 1 ) per unit area of the emitting 
surface normal to this direction, per unit solid angle about this di- 
rection, and per unit wavelength interval about λ. Understanding 
the directional dependence of the apparent emissivity is an impor- 
tant step in developing techniques for dynamic control of appar- 
ent radiative surface properties and affecting radiative heat transfer 
through surface orientation. For example, this understanding could 
be used to minimize or maximize solar absorption or emission as 
needed, for thermal control. 
1.2. Spectral, directional emissivity 

Multispectral radiation thermometry and its contactless mea- 
surement approach have enabled an increasing amount of sur- 
face property characterization in recent years [14–19] . The spec- 
tral, normal emissivity has been investigated for a number of sur- 
faces and materials, often limited to some spectral range associated 
with the detector of the measurement device [ 14 , 15 , 20–28 ]. Addi- 
tionally, many have investigated methods to measure the spectral, 
directional emissivity of nominally flat surfaces, though generally 
only for surfaces in which the variation in φ was neglected (weak 
emissivity dependence on the azimuthal angle is typically due to 
random orientation of grains in most surfaces making this ap- 
proximation appropriate [29] ). Wang et al. heated a stainless steel 
330 sample using electromagnetic induction in an atmosphere con- 
trolled apparatus (water cooled chamber capable of supporting 
various testing environments, e.g. vacuum) and performed direc- 
tional measurements over the range 0 ≤ θ ≤ 86 ◦ in a spectral band 
of 2 – 6 µm [30] . A simpler experimental setup was built by Yu 
et al. that did not rely on an enclosed, controlled environment 
but provided a broad directional measurement range ( 0 ≤ θ ≤ 82 ◦) 
over a limited spectral range (0.95 – 1.60 µm) due to the use of 
a visible light spectrometer [31] . Teodorescu et al. incorporated 
an FTIR spectrometer into their experimental setup, allowing for a 
larger wavelength range of measurement (2 – 20 µm), though their 
directional measurement apparatus was limited to 0 – 72 ° mea- 
sured at 6 ° increments [32] . Improved fidelity in angle measure- 
ment was achieved by Guo et al. through the use of a computer 
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Fig. 1. Hemispherical coordinate system and nomenclature for an apparent surface comprised of cavity openings all lying in the same plane resulting in a 2D apparent 
surface. 
controlled rotary stage with a resolution of 0.01 ° while still em- 
ploying an FTIR spectrometer to provide a wide wavelength span 
(1.28 – 28.6 µm), though over a slightly smaller directional range 
( 0 ≤ θ ≤ 60 ◦) [33] . Del Campo et al. achieved a high fidelity angle 
measurement (through use of a stepper motor) while maintaining 
a broad directional and spectral range ( 0 ≤ θ ≤ 80 ◦ and 1.28 – 25 
µm) in a controlled atmosphere [34] . As noted above, existing lit- 
erature has largely neglected directional dependence on φ, with 
all directional measurements made by varying θ alone (see also 
Fig. 1 ). For previous studies, this was sufficient due to the assump- 
tion of constant emissivity in the φ direction for the surfaces in- 
vestigated. 

Little work has been done to measure the emissivity of appar- 
ent surfaces comprised of repeating angular cavities, with existing 
literature limited to determining the total, hemispherical emissiv- 
ity [ 8 , 11 , 13 , 35 , 36 ]. As previous spectral, directional emissivity mea- 
surement techniques were not capable of determining dependence 
on φ, a methodology that is capable of measuring the spectral, 
directional emissivity of a surface comprised of angular cavities 
would be valuable as reference data for validation of approaches 
that seek to capitalize on the directional behavior of apparent sur- 
faces for net radiation heat transfer. 
1.3. Problem statement 

This work develops a methodology to experimentally measure 
the apparent spectral, directional emissivity of complex surfaces. 
The methodology is applied to determine the directional radiative 
surface properties of a multi-panel, corrugated radiator comprised 
of repeating V-groove cavities. This directional dependence is pre- 
sented to highlight the significant variance in apparent radiative 
behavior of corrugated angular surfaces (e.g. origami inspired sur- 
faces) and enable designers to utilize preferred directions of emis- 
sion and absorption to control radiative heat transfer. A corru- 
gated surface was selected as the demonstration geometry as it is 
amenable to future modeling, is achievable with accessible manu- 
facturing methods and since the surface simplifies to a single V- 
groove for which previous studies can apply. 
2. Methods 

Directional emission behavior of corrugated surfaces was ex- 
plored using multiple surfaces of varying V-groove angle as dis- 
cussed in Section 2.1 . The spectral, directional emissivity of each 

surface was determined by comparing the spectral intensity of a 
sample in a given direction and at a given temperature with that 
of a blackbody at the same temperature. Effort s to account for any 
effects on the measured signal due to attenuation of the emitted 
radiation as well as radiation incident on the detector from the 
surroundings is found in Section 2.2.1 . We report in Section 2.2.2 a 
measurement system capable of providing (1) directional control 
of the position of the detector on the hemisphere above the sam- 
ple surface; (2) a method of heating the sample in a controlled 
manner to produce a strong and stable signal; (3) a detector that 
is sensitive to signals in the mid-IR range; and (4) a blackbody 
that can be heated to the same temperature as the sample. Be- 
fore producing the desired data for the prepared samples of inter- 
est, the experiment was validated ( Section 2.2.5 ) by measuring two 
known quantities, namely the spectral intensity of a blackbody at 
a specified temperature (given by the Planck distribution) and the 
spectral, normal emissivity of stably oxidized, highly polished cop- 
per (tabulated and published results easily obtained for compar- 
ison). Additionally, while performing the core data collection for 
the three copper samples, repeat measurements for each sample 
were made in order the determine the uncertainty associated with 
the results ( Section 2.2.4 ). 
2.1. Sample characteristics and control 

A corrugated surface, comprised of a repeating pattern of V- 
grooves, was selected to demonstrate the directional emission be- 
havior of surfaces comprised of cavity emission. Three sample sur- 
faces were prepared, as shown below in Fig. 2 . A second flat sam- 
ple, identical to that shown below, was also prepared and polished 
for the purpose of validation. All surfaces were supplied by Central 
Utah Tool (centralutahtool.com). 

Sample surfaces were machined out of C110 copper bar stock 
(5.08 cm by 5.08 cm), which has a purity of 99.9% and a conduc- 
tivity of 401 W m −1 K −1 . The top surface of each sample was pre- 
cisely machined using wire EDM to achieve the corrugation with 
minimal rounding at the bottom of the V-groove valley. Surface 
roughness testing of the flat sample was performed, which re- 
ported an Ra value of 0.566 µm ( Table 1 ). Four equally spaced 
cartridge heater holes were bored into each sample, with three 
smaller holes being spaced between the cartridge holes for ther- 
mocouples (as shown in Fig. 3 ). Thermocouples provided feedback 
temperature control, as well to ensure temperature uniformity. A 
summary of the sample conditions is given in Table 1 . The flat, 
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Fig. 2. Fabricated copper samples used to model a radiator over various degrees of folding. The top surface of the flat sample was also machined using the same process 
used to produce the folded surfaces, namely, wire EDM. 
Table 1 
Sample specifications and geometry. V-groove surfaces were assumed to have the 
same surface roughness as the flat, nearly diffuse sample since their surface finish- 
ing procedure was the same. 

Sample Height ( h ) Angle ( γ ) Surface Roughness (Ra) 
Flat, Nearly Diffuse 12.70 mm 180 ° 0.566 µm 
Flat, Nearly Specular 12.70 mm 180 ° 0.047 µm 
V-groove 1 18.97 mm 30.93 ° 0.566 µm 
V-groove 2 18.13 mm 14.83 ° 0.566 µm 

Fig. 3. Side profile of a sample surface with dimensions corresponding to values 
listed in Table 1 (in cm). The 0.16 cm diameter holes were used for thermocouples, 
while the 0.64 cm diameter holes were used for cartridge heaters. 
nearly diffuse sample was produced to represent a corrugated ra- 
diator in a fully open position. 

A fourth flat surface, that was polished to achieve specular be- 
havior after cutting to the desired size, was produced with the 
same polishing methods as those outlined in comparative literature 
[ 37 , 38 ]. Surface roughness testing was also performed for this sam- 
ple, which was found to have an Ra value of 0.047 µm ( Table 1 ). 

The height of each sample was designed so that the minimum 
distance between the cartridge heaters and exposed sample sur- 
face would be constant between each sample (top surface of flat 
samples or V-groove bottom for corrugated samples). V-groove an- 
gles were selected based on reasonable machining capability while 
also providing an intermediate position relative to a flat sample. 
Additionally, for both V-groove samples, the angles were chosen 
such that a cavity would lie at the center of the sample, since the 
cavity effect was of interest during testing and the design of the 
setup meant that the detector would view the center of the sam- 
ple when placed in the experiment apparatus. Finally, the angles 
were also adjusted so that only whole cavities would exist in the 
sample designs. 

The heaters and thermocouples were evenly spaced from each 
other to ensure temperature uniformity ( Fig. 3 ) with the center 
thermocouple being used for the thermal control system feedback. 

These thermocouples were measured to be within ± 1 K of each 
other during testing. Additional assurance of temperature unifor- 
mity was obtained with infrared imaging from the side of each 
sample at the operating temperature of 573 K. Representative re- 
sults plotted at the base of the V-grooves for sample V-groove 2 
indicate a standard deviation of 2.6 K (see Supplementary Mate- 
rial, Sample Temperature Uniformity). 

Heating of the samples occurred using a SOLO basic single loop 
PID temperature controller assembled with four cartridge heaters 
(McMaster-Carr, Part 3618K412 in series and a type K thermo- 
couple (Omega, Part HTTC36-K-116U-1.5) for feedback. In order 
to limit the amount of heat transfer occurring between the sam- 
ple and testing apparatus, a 0.32 cm thick composite insulation 
(McMaster-Carr insulation sheet 9323K11; thermal conductivity of 
0.005 W m −1 K −1 calculated using the thickness and reported R- 
value of 0.6) with a maximum rated temperature of 866 K was 
placed between the sample mount and the small rotating stage 
(as shown in Fig. 4 a) used to control rotation in φ. Gains were 
adjusted within the control system until a stability of ±1 K was 
achieved for the control thermocouple. Additionally, the tempera- 
ture of the lab was maintained at approximately 293 K using the 
HVAC system, with humidity reduced to below 30% using a dehu- 
midifier. 
2.2. Spectral, directional emissivity 

Development of the method to determine spectral, directional 
emissivity consisted of a model to relate measurable quantities 
with spectral, directional emissivity and designing/constructing a 
validated experimental apparatus. These topics are addressed in 
Sections 2.2.1 through 2.2.5 . 
2.2.1. Emissivity Model 

An FTIR (ThermoFisher 8700 spectrometer) with an MCT liquid 
nitrogen cooled detector and KBr beam splitter was used to mea- 
sure emission from sample surfaces. The intensity incident on the 
port ( I λ,i ) results in a signal from the detector ( S λ,θ ,s ). In the case 
of this experiment, the intensity incident on the port is comprised 
of the intensity emitted and reflected from the sample surface in 
a given direction after the intensity has been attenuated by the 
experimental setup, participating medium, reflectivity of the op- 
tical path, etc. (see Figs. 4 b and 5 a). Additionally, background ra- 
diation (originating from sources other than a sample of interest) 
also contributes to the spectral intensity incident on the detector 
port. Therefore, the signal generated by the FTIR is proportional 
to a combination of the attenuated intensity emitted and reflected 
from the sample and the background radiation, as follows. 
S λ,θ ,s = R ( λ) [I λ,θ ,e ( T s ) + I λ,θ ,r ( T surr ) ] + S 0 ( λ) (2) 

Changes or attenuation to the spectral intensity of the sample 
that occur in the optical path are modeled in the response func- 
tion R (λ) . The signal associated with background radiation is mod- 
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Fig. 4. (a) Side view of Sample Positioning Assembly, with angles θ and φ controlled using the rotating stages shown. (b) Side view of the Mirror Mount Assembly for the 
parabolic mirror used to collimate sample and blackbody data. 

Fig. 5. Assembly diagram of the spectral, directional emissivity experiment with isometric views for measuring (a) sample signal S λ, θ ,s , and (b) blackbody signal S λ,bb . Note 
that directional control of φ and θ are shown in (b). 
eled in the background compensation function S 0 (λ) . For a non- 
blackbody sample, the spectral intensity is the emitted spectral in- 
tensity from the sample (assuming uniform sample temperature) 
combined with the reflected irradiation associated with the sur- 
roundings (assuming isothermal surroundings). 
S λ,θ ,s = R ( λ) [ε λ,θ ,s ( λ, T s , θ , φ) I λ,b ( λ, T s ) + ρ⌓′ 

λ,s 
( λ, T s , θ , φ) ε λ,θ ,surr ( λ, T surr , θ , φ) I λ,b ( λ, T surr ) ] + S 0 ( λ) 

(3) 
Here, S λ,θ ,s is the signal associated with the sample being 

tested at a given wavelength, ε λ,θ ,s ( λ, T s , θ , φ) is the spectral, 
directional emissivity of the sample, I λ,b ( λ, T s ) is the spectral 
intensity of an ideal blackbody as predicted by Planck’s Dis- 
tribution at the temperature of the sample, ρ⌓′ 

λ,s ( λ, T s , θ , φ) is 
the spectral, hemispherical-directional reflectance of the sample, 
ε λ,θ ,surr ( λ, T surr , θ , φ) is the spectral, directional emissivity of the 
surroundings, and I λ,b ( λ, T surr ) is the spectral intensity of an ideal 
blackbody as predicted by Planck’s distribution at the temperature 
of the surroundings. 

For a signal provided by a blackbody source (such as the labo- 
ratory blackbody shown in Fig. 5 ), since there is no reflected irra- 
diation, the equation above simplifies to the following, 
S λ,bb = R ( λ) ε bb I λ,b ( λ, T bb ) + S 0 ( λ) (4) 
where S λ,bb is the signal from a laboratory blackbody, ε bb is the to- 
tal, hemispherical emissivity of the laboratory blackbody (assuming 

ε bb < 1 ), and I λ,b ( λ, T bb ) is the spectral intensity of an ideal black- 
body as predicted by the Planck distribution at the temperature of 
the laboratory blackbody. 

The response function and background compensation function 
can then be quantified by performing measurements of the labora- 
tory blackbody signal at two different temperatures. 
S λ,bb1 = R ( λ) ε bb I λ,b ( λ, T bb1 ) + S 0 ( λ) (5) 
S λ,bb2 = R ( λ) ε bb I λ,b ( λ, T bb2 ) + S 0 ( λ) (6) 

Eqs. (5) and (6) are a two-equation, two-unknown ( R (λ) and 
S 0 (λ) ) system which can be solved for the response function and 
background compensation function using the measured laboratory 
blackbody signals and known emissivity and spectral intensities, as 
follows. 
R ( λ) = S λ,bb1 − S λ,bb2 

ε bb [I λ,b ( λ, T bb1 ) − I λ,b ( λ, T bb2 ) ] (7) 
S 0 ( λ) = S λ,bb2 I λ,b ( λ, T bb1 ) − S λ,bb1 I λ,b ( λ, T bb2 ) 

I λ,b ( λ, T bb1 ) − I λ,b ( λ, T bb2 ) (8) 
Returning to Eq. (3) , since the surroundings of the experiment 

are large and approximately isothermal, the surroundings can be 
modeled as a blackbody at T surr . This approximation results in 
ε λ,θ ,surr ≈ 1 over all wavelengths and directions, and also means 
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that the surface is diffusely irradiated. Therefore, in accordance 
with the literature, the following is true [29] . 
ρ⌓′ 

λ,s ( λ, T s , θ , φ) = ρ ′ ⌓
λ,s ( λ, T s , θ , φ) (9) 

In other words, the spectral, hemispherical-directional reflectiv- 
ity is equal to the spectral, directional-hemispherical reflectivity. If 
a given sample is an opaque surface (true for all surfaces in the 
current work), the following also is true. 
ε λ,θ ,s ( λ, T s , θ , φ) = 1 − ρ ′ ⌓

λ,s ( λ, T s , θ , φ) (10) 
Thus, Eq. (3) becomes, 

S λ,θ ,s = R ( λ) [ε λ,θ ,s ( λ, T s , θ , φ) I λ,b ( λ, T s ) 
+ (1 − ε λ,θ ,s ( λ, T s , θ , φ) )I λ,b ( λ, T surr ) ] + S 0 ( λ) . (11) 

Solving for ε λ,θ ,s ( λ, T s , θ , φ) , we obtain the following. 
ε λ,θ ,s ( λ, T s , θ , φ) 

= S λ,θ ,s − S λ,bb + R ( λ) [ε bb I λ,b ( λ, T s ) − I λ,b ( λ, T surr ) ]
R ( λ) [I λ,b ( λ, T S ) − I λ,b ( λ, T surr ) ] (12) 

Here, emissivity is dependent upon wavelength and direction, 
as desired. Calculation of the total, directional emissivity requires 
weighted integration of the spectral, directional emissivity, using 
the spectral blackbody emissive power as follows. 
ε θ ,s ( T s , θ , φ) = 1 

σ T 4 s ∞ 
∫ 
0 ε λ,θ ,s ( λ, T s , θ , φ) E λ,b ( λ, T s ) dλ (13) 

Therefore, by first determining the response function (measured 
during each test) and then measuring the sample and laboratory 
blackbody signal at the same temperature ( T s ), one can determine 
the spectral, directional emissivity and total, directional emissivity 
of a sample surface from measured FTIR signals associated with 
a surface of interest and a laboratory blackbody reference. This 
approach is developed and used in the literature to measure the 
spectral, directional emissivity of various surfaces, though often 
applied to surfaces where no variation in φ was assumed [ 31 , 34 ]. 

Comparison of the magnitude of both terms in 
Eq. (2) , namely the attenuated signal from the sample, 
R (λ)[ I λ,θ ,e ( T s ) + I λ,θ ,r ( T surr ) ] , and the background compensa- 
tion function, S 0 (λ) , was performed for the flat, nearly diffuse 
sample in the normal direction. Additionally, a comparison of 
the response functions and background compensation functions 
obtained for each test was performed. These results are contained 
in Supplementary Material. 
2.2.2. Experimental setup 

To determine the spectral, directional emissivity in any direc- 
tion of the hemisphere above a sample surface, the sample posi- 
tioning assembly is fitted with two rotating stages allowing posi- 
tion changes in φ and θ ( Fig. 4 a). This approach in altering the 
orientation of the sample, as opposed to moving the detector for 
measurement, is preferred when changing the position of the de- 
tector is not feasible. Here, the optical path for measurement re- 
mains fixed while the sample rotates. 

The Sample Positioning Assembly provides precise control over 
the location and orientation of the sample using two translating 
stages and a goniometer ( Fig. 4 a). The location and orientation of 
the parabolic mirror is also precisely controlled with a kinematic 
mount and rotating stage ( Fig. 4 b). This parabolic mirror is used to 
redirect and collimate the radiation into the FTIR from either the 
sample ( Fig. 5 a) or blackbody ( Fig. 5 b). Fig. 6 illustrates the mir- 
ror location indicating that the mirror and sample are aligned such 
that the parabolic mirror is focused on the center of the apparent 
surface of the V-groove located in the center of the sample. 

To determine the response function and background compensa- 
tion function, a spectral signal from a laboratory blackbody (552 

Quickcal R Blackbody) is obtained at two temperatures ( S λ,bb1 , 
S λ,bb2 ) in the assembly configuration of Fig. 5 b using the FTIR de- 
tector. For the blackbody, a reported value of ε bb = 0 . 99 was used. 
With the spectral intensity of a blackbody specified I λ,b ( λ, T bb ) ac- 
cording to Planck’s distribution at T bb1 = 568 K and T bb2 = 578 K 
(5 K above and below the target sample temperature of 573 K), 
Eqs. (7) and (8) were used to calculate the response function and 
background compensation function. The laboratory blackbody was 
allowed to reach steady state behavior over 15 min with less than 
0.2 K variation in temperature with time. 

In order to determine the spectral, directional emissivity, a sam- 
ple surface is affixed to the sample positioning assembly ( Figs. 4 a 
and 5 a), oriented to a desired direction and allowed to reach the 
desired setpoint temperature of 573 K over 30 min. Steady state 
was determined to be when the sample temperature varied less 
than ±2 K over 10 min. This variation in temperature was taken 
to be the uncertainty in temperature associated with the sample. 
Spectral signals from the sample were then collected as the sample 
rotated through various positions, with θ varying from -80 ° to 80 °
in 20 ° increments and φ varying from 0 to 90 ° in 30 ° increments. 
The resulting data, comprised of 36 distinct data sets correspond- 
ing to 36 angle pairs, is then processed by calculating the spectral 
emissivity in each direction where measurements were made. This 
calculation is performed with Eq. (12) using sample data collected 
in a given direction ( S λ,θ ,s ) , measured blackbody data at the same 
temperature as the sample ( S λ,bb ) , and the empirically determined 
response function and background compensation function. The re- 
sult is 36 data sets for emissivity in a given direction, each as a 
function of wavelength. The average emissivity over the spectral 
range is also calculated for each data set (i.e. direction). Spectrally 
dependent and spectrally integrated (total) data for a given direc- 
tion are identified and reported in the results section. 
2.2.3. Uncertainty analysis 

The square of the uncertainty for a calculated dependent vari- 
able is equal to the sum of the square of each independent vari- 
ables’ uncertainty multiplied by the partial derivative of the de- 
pendent variable with respect to that independent variable. In this 
manner, the uncertainty associated with spectral, directional emis- 
sivity ( Eq. (12) ) was determined for each measured direction and 
wavelength. 
(ε 2 λ,θ ,s = (∂ ε λ,θ ,s 

∂ S λ,θ ,s (S λ,θ ,s )2 
+ (∂ ε λ,θ ,s 

∂ S λ,bb (S λ,bb )2 

+ (∂ ε λ,θ ,s 
∂R (R )2 

+ (∂ ε λ,θ ,s 
∂ ε bb (ε bb )2 

+ ( ∂ ε λ,θ ,s 
∂ I λ,b ( λ, T s ) ∂ I λ,b ( λ, T s ) 

∂ T s (T s )2 

+ ( ∂ ε λ,θ ,s 
∂ I λ,b ( λ, T surr ) ∂ I λ,b ( λ, T surr ) 

∂ T surr (T surr )2 
(14) 

The derivatives of ε λ,θ ,s were evaluated using Eq. (12) and the 
intensity derivatives were evaluated using the Planck distribution. 
In order to evaluate the uncertainty associated with the response 
function, (R , a similar analysis was performed for Eq. (7) , as fol- 
lows. 
(R 2 = ( ∂R 

∂ S λ,bb1 (S λ,bb1 )2 
+ ( ∂R 

∂ S λ,bb2 (S λ,bb2 )2 
+ ( ∂R 

∂ ε bb (ε bb )2 

+ ( ∂R 
∂ I λ,b ( λ, T bb1 ) ∂ I λ,b ( λ, T bb1 ) 

∂ T bb1 (T bb1 )2 

+ ( ∂R 
∂ I λ,b ( λ, T bb2 ) ∂ I λ,b ( λ, T bb2 ) 

∂ T bb2 (T bb2 )2 
(15) 

6



K.S. Meaker, E. Mofidipour, M.R. Jones et al. International Journal of Heat and Mass Transfer 202 (2023) 123745 

Fig. 6. Top down views demonstrating the interrogation region of the sample surface including a (a) schematic design of the parabolic mirror and location of the focus (used 
with permission from Thorlabs, Inc., part number MPD169-P01) and (b) the experimental setup with sample and mirror mount assemblies. Component positioning is such 
that the mirror is focused on the center of the apparent surface of the V-groove located in the center of the sample. 
Table 2 
Uncertainty terms with their associated values or methods. 

Uncertainty Value or Method 
(S λ,θ ,s Determined as the standard deviation of S λ,θ ,s over repeat tests 
(S λ,bb Determined as the standard deviation of S λ,bb over repeat tests 
(R Determined as the standard deviation of R using Eq. (15) 
(ε bb ±0.005 from blackbody manufacturer Quickcal 
(T s ±1 K from control system manufacturer SOLO 
(T surr ±0.3 K from temperature meter manufacturer BFOUR 
(S λ,bb1 Determined as the standard deviation of S λ,bb1 over repeat tests 
(S λ,bb2 Determined as the standard deviation of S λ,bb2 over repeat tests 
(T bb1 ±0.1 K from blackbody manufacturer Quickcal 
(T bb2 ±0.1 K from blackbody manufacturer Quickcal 

The derivatives of (R were evaluated using Eq. (7) . Uncertain- 
ties for each variable appearing in Eqs. (14) and (15) and the meth- 
ods used to obtain or determine them are summarized in Table 2 . 
2.2.4. Repeatability analysis 

Repeatability associated with spectral, directional emissivity 
measurements was determined by performing repeat testing on 
each sample shown in Fig. 2 . Three identical tests were performed 
per sample, providing three data sets for each measured direction. 
Repeatability ( r) in reported spectral, directional emissivity values 
was calculated using the standard deviation between data sets 
r λ,θ = 

√ 
∑ (

ε λ,θ − ε λ,θ ,µ

)2 
N (16) 

where r λ,θ is the repeatability associated with a measured direc- 
tion and wavelength, ε λ,θ is the emissivity in a measured direction 
with an associated wavelength, ε λ,θ ,µ is the average of all emis- 
sivities in a measured direction at a given wavelength, and N is 
the number of data sets collected for a measured direction and 
wavelength. Additionally, each time testing was performed, θ was 
varied from -80 ° to 80 ° (as opposed to 0 to 80 °), providing repli- 
cate data relative to θ = 0 ◦. Given the symmetrical design of each 
sample, spectral emissivity in a measured direction is expected to 
agree with the value obtained at the accompanying angle of sym- 

metry, with any difference due to the repeatability of the measure- 
ment method. Therefore, six data sets for each direction were used 
to calculate the repeatability. For all data presented in the results 
section, average repeatability values for each test performed (indi- 
cating a standard deviation among repeat measurements) are be- 
low 0.02; these low values indicate high repeatability with excel- 
lent agreement from measurement to measurement. 
2.2.5. Experiment validation 

Validation of the spectral, directional emissivity experiment 
consisted of three main tasks: (1) measurement of the spectral 
intensity of a laboratory blackbody using the blackbody measure- 
ment assembly of Fig. 5 b for comparison with the Planck distri- 
bution; (2) measurement of the spectral, normal emissivity of a 
polished, flat, stably oxidized copper sample at 573 K and com- 
parison with comparable conditions reported in the literature; and 
(3) measurement of the spectral emissivity of silicon carbide (SiC) 
at 220 °C with comparison data from the literature. 

The first validation task was accomplished by measuring the 
response function and background compensation function as out- 
lined above using Eqs. (7) and (8) . Rearranging Eq. (4) , it was then 
possible to determine the spectral intensity of a blackbody us- 
ing the response function, background compensation function, and 
measured spectral signal from the blackbody at an operating tem- 
perature of 573 K. Results of the first validation effort are shown in 
Fig. 7 . Agreement between the Planck distribution at 573 K and the 
measured spectral intensity of the laboratory blackbody set at 573 
K can be seen in the two data sets; the average percent difference 
was 0.056%, indicating excellent agreement. 

The second validation task involved the same procedure de- 
scribed in Section 2.2.2 (measuring the spectral, directional emis- 
sivity) but examining the spectral signal in the normal direc- 
tion ( θ = 0 and φ = 0 ). Consistent with other surfaces in the lit- 
erature, a flat copper sample was highly polished using a palm 
sander, sanding lubricant, and sandpaper (progressively through 
40 0, 80 0, 150 0, and 20 0 0 grit) then heated to become stably oxi- 
dized [ 37 , 38 ]. To achieve stable oxidation, the sample was heated 
for 10.5 hours before measurement, with the heating time deter- 
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Fig. 7. Comparison of the measured spectral intensity of the laboratory blackbody 
to that predicted by the Planck distribution. 

Fig. 8. Spectral, normal emissivity of highly polished, stably oxidized flat copper at 
573 K. The average emissivity over the measurable wavelength range is 0.42, with a 
maximum of 0.64 at a wavelength of 14.97 µm and a minimum of 0.27 at a wave- 
length of 5.51 µm. 
mined by comparing measured signals taken every 30 min until 
negligible changes between spectral signals were observed. 

Results from the second validation task are shown in Fig. 8 , 
where the normal emissivity of highly polished, stably oxidized 
copper at 573 K is plotted as a function of wavelength. Anoma- 
lous peaks at 4.3 and 15 µm correspond with significant drops in 
the measured FTIR signals ( S λ,θ ,s ) at these CO 2 absorption wave- 
lengths; data in these regions is omitted from Fig. 8 . Similar peaks 
were also reported in comparison literature [37] , and is likely not 
associated with the surface emission. Further, noise in the spectral 
regions < 3 µm and between 5.5 – 7.5 µm is due to water vapor ab- 
sorption. An average value emissivity of 0.42 was obtained over the 
entire measured wavelength range. A total, hemispherical emissiv- 
ity of 0.50 is reported for highly polished, stably oxidized copper at 
600 K, representing a 16% difference [38] . This discrepancy is likely 
due, at least in part, to the fact that emissivity was obtained at an 
elevated temperature relative to the current work (difference of 27 
K), especially since emissivity is shown to increase with temper- 

ature. Peaks in the measured signal are affected by the thickness 
and dielectric characteristics of the oxide layer, as well as surface 
roughness [37] . 

Additionally, Yu et al. measured the spectral, normal emissivity 
of copper during the process of oxidation at 573, 673, 773, and 873 
K [37] . Although one temperature matches with our test condition 
a 573 K, some differences in testing conditions exist between the 
current work and that reported by Yu et al. Samples were heated 
for up to 60 min at temperature (as opposed to 10.5 hours in the 
current work), with emissivity measurements made at 10 min in- 
crements. Although Yu et al. also employed an FTIR (a Bruker 70V) 
for measurement, a less sensitive, thermoelectrically cooled DTGS 
detector was used as opposed to the liquid-nitrogen-cooled, MCT 
detector used in the current work. Nevertheless, Yu et al. reported 
a 0.421 normal emissivity for copper after 60 min of oxidization at 
573 K at a wavelength of 9 µm; this agrees well with the measured 
value of 0.413 at 9 µm for the current oxidation conditions. In light 
of the experimental differences mentioned above, some disagree- 
ment may be expected. However, the wavelength of 9 µm for com- 
parison was selected in a range where little noise was present in 
measured data. Such agreement in reproducing blackbody behavior 
and reported emissivity values gives confidence in the experimen- 
tal approach and corresponding data. 

The third validation task was similar to the oxidized copper 
sample above. However, the spectral emissivity was obtained for 
silicon carbide in two different configurations, with good agree- 
ment relative to published data. Details for this measurement and 
comparison are provided in Supplementary Material. 
3. Results 

The methods described above were used to produce spectral, 
directional emissivity results for each sample surface. In Section 
3.1 , spectral variations are considered by comparing the spectral, 
normal emissivity of each sample surface. Directional effects at a 
constant wavelength (10.38 µm, corresponding to the most diffuse 
distribution at φ = 0 ◦ for the flat, nearly diffuse sample) are pre- 
sented in Section 3.2 as well as directional effects observed when 
integrated over the entire spectral range measured (2.5 to 15.4 µm) 
in Section 3.3 . Section 3.4 considers the effect of both directional 
and spectral variation by allowing wavelength and θ to vary while 
φ is held constant at 90 ◦. Notable trends are mentioned in each 
section, with further discussion provided in Section 4 . Uncertainty 
values are summarized in figure captions. 
3.1. Effects of surface geometry on spectral, normal emissivity 

The spectral, normal emissivity of each sample surface is pre- 
sented in Fig. 9 , with corresponding uncertainty summarized in 
the figure caption. As shown in the figure, with decreasing V- 
groove angle γ , a clear increase in emissivity over the entire mea- 
sured spectral range is apparent. This increase in spectral, normal 
emissivity is consistent with the behavior of a V-groove; as the 
cavity opening of the V-groove decreases, it behaves more like a 
blackbody. Further, as the spectral, normal emissivity approaches 
unity, the spectral distribution becomes more constant over the 
measured wavelength range. For each surface, the highest spectral 
emissivity values correspond with longer wavelengths. 

The influence of water vapor and CO 2 absorption bands is also 
present in Fig. 9 . Water vapor absorption is observed in the spec- 
tral regions < 3 µm and from 5.5 – 7.5 µm. The effect of CO 2 ab- 
sorption is also observed at 4.3 and 15.0 µm; these anomalies are 
consistent with results reported in prior literature [39] . Finally, a 
peak is observed in the results for each sample surface at approx- 
imately 9.2 µm; this peak was also observed by Yu et al. and is a 
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Fig. 9. Comparison of the spectral, normal emissivity for each sample. The average 
percent uncertainty of the flat, nearly diffuse sample is 4.20%, with maximum and 
minimum uncertainties of 7.73% and 3.04%, respectively. The average percent uncer- 
tainty of V-groove 1 is 1.13%, with maximum and minimum uncertainties of 1.75% 
and 0.95%, respectively. The average percent uncertainty of V-groove 2 is 0.93%, 
with maximum and minimum uncertainties of 1.55% and 0.77%, respectively. 
consequence of the interference between the oxide film and metal 
substrate [37] . 
3.2. Effects of geometry on directional emissivity at a given 
wavelength 

The directional emissivity of each sample is shown in Fig. 10 . 
Data in these plots are obtained at a wavelength of 10.38 µm, 
which was found to be the wavelength corresponding to the most 
diffuse directional emissivity of the flat, nearly diffuse sample, out- 
side of wavelength bands associated with gas absorption. This dif- 
fuse nature is demonstrated quantitatively by the standard devia- 
tion of emissivity over θ at φ = 90 ◦. As noted in Section 2.2.4 , the 
standard deviation of this directional emissivity measurement at 
10.38 µm is very small ( < 0.02; only 4.2% of the average emissiv- 
ity over θ at φ = 90 ◦). Further, uncertainty in the presented data 
is sufficiently small that the error bars would interfere with inter- 
preting neighboring data points and, therefore, are not provided on 
the plots. However, average and minimum/maximum uncertainties 
are summarized in the figure caption. 

The flat, nearly diffuse sample varies little over θ and φ, with 
differences in directional emissivity essentially within the uncer- 
tainty of the measurement. This is to be expected given the dif- 
fuse nature of oxidized copper (with top surface cut by wire EDM) 
and the chosen wavelength, as described above. In the case of V- 
groove 1 and 2 samples, directional effects begin to be observed 
due to the angular nature of the surfaces as compared to the flat, 
nearly diffuse sample. In particular, both V-groove samples demon- 
strate increasing directional emissivity with decreasing φ, for any 
given θ . Note that, at φ = 0 ◦, no data for θ = 80 ◦ is reported. For 
φ = 0 ◦, the observation path of the parabolic mirror is aligned with 
the axis of the V-groove, effectively seeing through the length of 
the V-groove. At these shallow angles, variability in the emissivity 
was high as the measured signal is comprised, in part, of empty 
space between V-groove peaks, resulting in large uncertainty. For 
this reason, data at θ = 80 ◦ was excluded for the case of φ = 0 ◦, 
only. 

For the V-groove samples, which exhibit directional depen- 
dence, an increase in directional emissivity is observed with de- 

creasing θ (towards the normal direction), for any given φ. Ad- 
ditionally, we observe that the directional emissivity distribution 
as a function of θ at φ = 60 ◦ and φ = 90 ◦ are in close agreement 
for both V-groove samples, with an average percent difference of 
1.08% and maximum percent difference of 2.24% (for V-groove 1 
with γ = 30 . 93 ◦) . By comparison, when considering the directional 
emissivity distribution as a function of θ at φ = 90 ◦ and φ = 0 ◦, 
the average percent difference is 6.55%, with a maximum differ- 
ence of 17.60% (for V-groove 1 with γ = 30 . 93 ◦) . These results not 
only indicate that φ dependence deceases as φ approaches 90 ◦, but 
that even in the most extreme comparison (e.g. when φ = 90 ◦ or 
φ = 0 ◦), the φ dependence of the V-groove samples is relatively 
small. This small dependence of directional emissivity on φ is fur- 
ther demonstrated by comparing the emissivity values over all φ
at θ = 60 ◦ for V-groove 1 sample, where the average emissivity is 
0.72, the maximum is 0.79 (10.71% increase), and the minimum 
is 0.66 (7.20% decrease). These comparisons reveal a relatively low 
variation in directional emissivity over φ despite the obvious pat- 
tern associated with a corrugated surface. Note that these results 
are specific to the nature of the surface reflection which, for this 
case, is diffuse in nature for the wire EDM cut and fully oxidized 
surface. 

Finally, even with V-grooves comprised of nearly diffuse inte- 
rior surfaces (as indicated by Fig. 10 a), a 27% decrease in spectral 
directional emissivity for V-groove 1 and 17% decrease for V-groove 
2 are observed between θ = 0 ◦ and θ = 80 ◦ (for φ = 90 ◦), demon- 
strating directional dependence with θ in apparent surface emit- 
tance. When comparing across all samples ( Fig. 10 a-c), an average 
percent increase of 67.5% in directional emissivity was observed 
as the V-groove angle decreased from 180 ◦ to 14 . 83 ◦ (increase of 
41.4% when the V-groove angle is decreased from 180 ◦ to 30 . 93 ◦). 
This behavior, which was also observed in Fig. 9 , is consistent with 
the behavior of a V-groove in that the surface behaves more like a 
blackbody. 
3.3. Effects of geometry on total, directional emissivity 

The spectral, directional emissivity of each sample surface, nu- 
merically integrated over the entire measured wavelength range 
(2.5 to 15.4 µm) using Eq. (13) , is shown in Fig. 11 . These plots ap- 
proximate the total, directional emissivity even though they do not 
span all wavelengths due to the majority of the blackbody emissive 
power distribution being contained between 2.5 to 15.4 µm at this 
temperature (as shown in Fig. 7 ). Uncertainty in the presented data 
is again so small that the error bars would interfere with interpret- 
ing neighboring data points and, therefore, are not provided on the 
plots. However, average and minimum/maximum uncertainties are 
summarized in the figure caption. 

When comparing Figs. 10 and 11 (at a given wavelength and av- 
eraged over all measured wavelengths), it is readily apparent that 
there are significant similarities. Although Fig. 11 a indicates slightly 
less diffuse behavior for the flat sample when averaging over all 
wavelengths (as compared to that observed at 10.38 µm, Fig. 10 ), it 
is clear that the sample is still observably exhibiting diffuse behav- 
ior over the measured spectral range. This diffuse behavior is con- 
firmed quantitatively by a low average standard deviation ( < 0.02) 
of the total, directional emissivity over all θ at φ = 90 ◦. This small 
standard deviation represents a small variation in emissivity over 
θ , characteristic of a nearly diffuse surface. Similar trends as noted 
in Section 3.2 apply; an increase in total, directional emissivity is 
observed with decreasing V-groove angle γ ( Fig. 11 a-c) and with 
decreasing θ (towards the surface normal), for both V-groove sam- 
ples. 

Despite the similarities mentioned, a notable difference is 
present in the directional emissivities reported in Figs. 10 and 11 . 
In particular, the reported total, directional emissivity is lower than 
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Fig. 10. Directional emissivity of the (a) flat, nearly diffuse (b) V-groove 1 and (c) V-groove 2 samples at the wavelength exhibiting the most diffuse behavior (10.38 µm). 
The average percent uncertainty of the flat, nearly diffuse sample is 3.42%, with maximum and minimum uncertainties of 4.26% and 2.85%, respectively. The average percent 
uncertainty of V-groove 1 is 2.00%, with maximum and minimum uncertainties of 4.83% and 0.87%, respectively. The average percent uncertainty of V-groove 2 is 0.94%, 
with maximum and minimum uncertainties of 1.81% and 0.73%, respectively. 

Fig. 11. Total, directional emissivity of the (a) flat, nearly diffuse (b) V-groove 1 and (c) V-groove 2 samples. The average percent uncertainty of the flat, nearly diffuse 
sample is 5.51%, with maximum and minimum uncertainties of 6.30% and 4.74%, respectively. The average percent uncertainty of V-groove 1 is 2.19%, with maximum and 
minimum uncertainties of 4.41% and 1.27%, respectively. The average percent uncertainty of V-groove 2 is 1.50%, with maximum and minimum uncertainties of 2.27% and 
1.25%, respectively. 
that for the directional emissivity at 10.38 µm in a given direction. 
This is consistent with expectations considering that most of the 
measured spectral range is below 10.38 µm, and the emissivity is 
observed to be generally lower at shorter wavelengths (see also 
Fig. 9 ). 
3.4. Effects of geometry and wavelength on spectral, directional 
emissivity 

The spectral, directional emissivity of each sample, at a con- 
stant value of φ = 90 ◦, is shown in Fig. 12 . In particular, Fig. 12 il- 
lustrates the change in spectral, directional emissivity at different 
wavelengths across the measured spectral range, with uncertain- 
ties provided again in the figure caption. As expected, the same 
trend of increasing spectral, directional emissivity is observed with 
decreasing V-groove angle γ ( Fig. 12 a-c). Additionally, the higher 
emissivity trends observed in Fig. 9 at higher wavelengths can be 
seen in all three sample results, with V-groove 2 demonstrating 
particularly high emissivity values at a wavelength of 14 µm. This 
is quantitatively demonstrated in achieving a spectral directional 
emissivity, averaged over θ , of 0.90, only ∼10% below an ideal 
blackbody ( φ = 90 ◦, λ = 14 µm). Strong agreement is seen in all 

three plots at 4 and 8 µm, with the increased emissivity values 
of 11 µm once again following observed trends demonstrated by a 
percent increase in average spectral, directional emissivity over all 
θ of 5.61%. It is worth noting that the flat, nearly diffuse sample 
has the largest gap in emissivity values between wavelengths, with 
the gap growing smaller as the surface folds. This is seen graphi- 
cally by comparing Fig. 12 a–c, and indicates the same trend noted 
in Section 3.1 , namely that spectral dependence decreases with de- 
creasing V-groove angle γ . Once again, the flat, nearly diffuse sam- 
ple exhibits a diffuse distribution, with much greater variance in 
emissivity values over θ observed in both folded samples. 
4. Discussion 

In Section 3.1 , we observed that for each sample, higher spec- 
tral, normal emissivity values corresponded to longer wavelengths. 
In fact, the highest measured spectral, normal emissivities for the 
flat, V-groove 1, and V-groove 2 samples were 0.80, 0.92, and 0.96, 
respectively, which all corresponded to the highest wavelength in 
the measurement range (15.4 µm). This was further demonstrated 
in section 3.4 , where the highest emissivity distribution (over θ at 
φ = 90 ◦) for each sample corresponded to a wavelength of 15 µm. 

10 



K.S. Meaker, E. Mofidipour, M.R. Jones et al. International Journal of Heat and Mass Transfer 202 (2023) 123745 

Fig. 12. Spectral, directional emissivity at φ = 90 ◦ of the (a) flat, nearly diffuse (b) V-groove 1 and (c) V-groove 2 samples. The average percent uncertainty of the flat, nearly 
diffuse sample is 3.85%, with maximum and minimum uncertainties of 5.35% and 2.69%, respectively. The average percent uncertainty of V-groove 1 is 2.53%, with maximum 
and minimum uncertainties of 4.82% and 1.02%, respectively. The average percent uncertainty of V-groove 2 is 1.17%, with maximum and minimum uncertainties of 2.09% 
and 0.69%, respectively. 
In the case of the V-groove 2 sample, an average (over θ ) emis- 
sivity value of 0.94 was reported, just 6.4% below an ideal black- 
body emissivity of 1. Given that this trend is observed for the flat, 
nearly diffuse sample, the data supports the condition that the sur- 
faces are comprised of oxidized copper that are diffuse in nature. 
This result is not due to the changing geometry of the sample but 
rather is specific to the interior testing surface (which may differ 
for a given application). 

Of greater interest are the trends regarding γ observed in 
Sections 3.1 and 3.4 , namely that the spectral dependence of ap- 
parent emissivity for corrugated surfaces decreases with decreas- 
ing V-groove angle γ . This decrease in spectral dependence is 
demonstrated graphically in the flattening of the spectral, normal 
emissivity plots as γ decreases ( Fig. 9 ) as well as the shrinking gap 
between spectral, directional distributions ( Fig. 12 ) with decreas- 
ing V-groove angle. It implies that the wavelength dependence of 
the interior surface has less influence on the amount of emitted 
or absorbed thermal radiation as the V-groove angle γ decreases, 
despite the strong spectral dependence observed for the intrinsic 
surface emissivity of the flat, nearly diffuse sample ( Fig. 9 ). Such 
findings could play a critical role in future thermal control designs, 
such as the selection of radiator interior surface finishes. 

Another important observation can be made by examining the 
results of Section 3.2 , regarding the distribution of emissivity val- 
ues over φ at a constant θ value of 60 ◦. It was found that emis- 
sivity dependence on φ is small, shown by the maximum emis- 
sivity being only 10.71% higher than the average emissivity over 
this range. In most applications, this is likely a negligible differ- 
ence, one that may not warrant the additional work required to 
make measurements over φ. However, with the magnitude of this 
dependence now quantified, designers now have this dependence 
quantified and can make decisions regarding how to utilize pre- 
ferred directions of emission to control radiative heat transfer. Nev- 
ertheless, such small φ dependence is not necessarily characteristic 
of all corrugated surfaces and may differ for specific design cases 
(e.g. possibly for specular surfaces). Regardless, the measurement 
methodology and experimental design presented here provide a 
foundation for future studies of the spectral, directional emissivity 
of angular/origami surfaces. 

On the other hand, strong directional dependence on θ was 
observed in the results presented in Sections 3.2 and 3.2 . At the 
wavelength corresponding to the most diffuse directional emissiv- 
ity of the flat sample (10.38 µm), large percent decreases in emis- 

sivity of 27% for V-groove 1 and 17% for V-groove 2 were ob- 
served between θ = 0 ◦ and θ = 80 ◦. These results were specific 
to φ = 90 ◦, with directional dependence on θ actually decreasing 
as φ approached 0 ◦. In fact, the most diffuse distribution for V- 
groove 1 and 2 corresponded to φ = 0 ◦. This trend (directional de- 
pendence on θ increasing as φ → 90 ◦) was also present in the re- 
sults of Section 3.3 for both V-grooves, indicating that this trend 
is not specific to λ = 10 . 38 µm, but rather is general to the en- 
tire measured wavelength range. These finding, which quantify the 
directional dependence of the apparent emissivity of a corrugated 
surface, allow one to control or affect net radiative heat transfer 
by the orientation of the apparent surface relative to other bod- 
ies/surfaces. This is especially critical in spacecraft applications, 
where the absence of convection and conduction cause greater 
dependence on the radiative heat transfer exchange between the 
craft and other vessels/celestial bodies. 

One final noteworthy trend observed in the results is the in- 
crease in apparent emissivity with decreasing V-groove angle. For 
example, in Section 3.2 , an average percent increase of 67.5% in di- 
rectional emissivity was observed as the V-groove angle decreased 
from 180 ° to 14.83 °. Even though directional dependence is still 
present, the high emissivity values and aforementioned decrease in 
spectral dependence indicate that the surface is approaching black- 
like behavior with decreasing V-groove angle γ . This result, which 
is an excellent demonstration of the cavity effect, underscores the 
capability of corrugates surfaces to provide variable thermal con- 
trol through the variable geometric positioning. This finding, com- 
bined with the experimental quantification of the directional and 
spectral dependence of the folding apparent surface, enable de- 
signers to utilize preferred directions of emission and absorption, 
as well as the geometry of the surface itself, to control radiative 
heat transfer. 
5. Conclusion 

In this work, a method to measure directional surface quantities 
over the hemisphere of a corrugated surface was developed. The 
spectral, normal emissivity of fully oxidized copper over the wave- 
length range of 2.5 to 15.4 µm was measured, along with the spec- 
tral, directional emissivity of a fully oxidized, copper corrugated 
surface over the same wavelength range. For the surfaces tested, 
we observe that (1) higher emissivity values correspond to higher 
wavelengths in the spectral range of 2.5 to 15.4 µm, (2) apparent 
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emissivity values increase with decreasing V-groove angle resulting 
in less spectral variation in emissivity and greater blackbody like 
behavior, (3) azimuth dependence can be relatively small despite 
the obvious pattern associated with a corrugated surface, (4) as the 
V-groove angle decreases, higher emissivity values are associated 
with θ→ 0 ° and φ→ 90 °. The quantified spectral, directional depen- 
dence of the apparent emissivity combined with the variation in 
apparent emissivity observed with changes in V-groove angle pro- 
vide a foundation for further design and utilization of collapsible 
radiators in thermal control of spacecraft as well as all other ap- 
plications where thermal radiation plays a major role in heat ex- 
change with the surroundings. 
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