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Control of Net Radiative
Heat Transfer With a
Variable-Emissivity
Accordion Tessellation

Origami tessellations have been proposed as a mechanism for control of radiative heat
transfer through the use of the cavity effect. This work explores the impact of a changing
projected surface area and varying apparent radiative properties on the net radiative
heat transfer of an accordion fold comprised of V-grooves. The net radiative heat transfer
of an accordion tessellation is obtained by a thermal energy balance at the cavity open-
ings with radiative properties of the cavities given as a function of various cavity parame-
ters. Results of the analytical model are experimentally confirmed. An accordion
tessellation, constructed of stainless-steel shim stock, is positioned to achieve a specified
fold angle and placed in a vacuum environment while heated by Joule heating. A thermal
camera records the apparent temperature of the cavity openings for various fold angles.
Results are compared to apparent temperatures predicted with the analytical model. Ana-
Iytically and experimentally obtained temperatures agree within 5% and all measure-
ments fall within experimental uncertainty. For diffusely irradiated surfaces, the
decrease in projected surface area dominates, causing a continuous decrease in net radi-
ative heat transfer for a collapsing accordion fold. Highly reflective specular surfaces
exposed to diffuse irradiation experience large turn-down ratios (7.5 reduction in heat
transfer) in the small angle ranges. Specular surfaces exposed to collimated irradiation
achieve a turn down ratio of 3.35 between V-groove angles of 120 deg and 150 deg. The
approach outlined here may be extended to modeling the net radiative heat transfer for

other origami tessellations. [DOI: 10.1115/1.4042442]
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Introduction

The static behavior of radiative surface properties can prevent
optimal operation of thermal management systems that are
dominated by radiative heat transfer. As an example, consider a
spacecraft in low earth orbit [1]. Variations in spacecraft power
dissipation and large external heating variations can result in sig-
nificant fluctuations in heat loss. However, because the spacecraft
radiator’s surface properties and emitting area are inherently
static, radiators are designed to reject the maximum heat load
experienced by the spacecraft. Power consuming heaters are com-
monly utilized to maintain desired operating temperatures [1,2],
increasing the size, weight, and power of the spacecraft equip-
ment. An alternative solution is to provide a radiator with dynami-
cally variable radiative surface properties, giving the radiator the
ability to adjust radiative heat loss in response to a change in oper-
ating conditions. Such a radiator would be possible with variable
emissivity devices.

Several experimental variable emissivity devices exist [3,4],
including electrochromic [5—11] and thermochromic [12-14]
coatings. Utilizing changes to internal chemistry through applied
voltages or temperature changes, these devices exhibit a change in
emissivity as large as one order of magnitude [14]. However,
these surfaces have not yet shown satisfactory performance in a
vacuum setting [2,4,15]. As such, another approach to variable
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emissivity has been proposed [16—18], utilizing origami tessella-
tions and the cavity effect.

The cavity effect describes the increased absorbing and emit-
ting capabilities of cavities as compared to flat surfaces. Radiation
entering a cavity of any given geometry may be reflected multiple
times before potentially exiting the cavity. These inter-reflections
result in a greater fraction of absorbed irradiation as compared to
a flat surface with an equivalent size as the cavity opening and an
absorptivity are equal to that of the cavity material. Likewise, the
emissivity of the cavity opening is greater than the intrinsic emis-
sivity of the cavity material. The extent of the cavity effect is
quantified with apparent absorptivity and apparent emissivity
[19]. Apparent emissivity for an isothermal cavity is defined as
the ratio of the emitted heat rate from a real cavity opening as
compared to the emitted heat rate from a similar cavity (same
temperature and geometry) but with surfaces that have an intrinsic
emissivity of unity. Apparent absorptivity is defined as the ratio of
irradiation absorbed by the cavity compared to the total irradiation
incident on the cavity opening [20].

Apparent radiative properties for a given cavity are a function
of several parameters including cavity geometry, intrinsic radia-
tive surface properties, reflection type (specular/diffuse), irradia-
tion type, and boundary conditions [21,22]. As such, the apparent
radiative surface properties of a cavity may be controlled by
changing one or more of these parameters. Physical actuation of
origami tessellations may be used to achieve variation in apparent
radiative properties through a changing cavity geometry
[16-18,23,24]. For example, as an accordion tessellation (Fig. 1)
is collapsed, the aspect ratio of the V-groove cavities increases,
causing the apparent emissivity and apparent absorptivity of the
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Collimated
Irradiation

Fig. 1 Geometric features of the accordion tessellation,
including the cavity angle ¢, tessellation length Lp tessellation
width Wp projected area of the cavity openings normal to colli-
mated irradiation A,,..;, apparent surface area of the tessella-
tion A,, apparent temperature T, and the collimated irradiation
angle of incidence y

cavities to increase. Any origami tessellation with variable cavity geo-
metries, such as the Miura-Ori or Barreto’s Mars tessellations [18,25],
is capable of variable emissivity through this same mechanism.

However, the apparent radiative properties of a tessellation are
not the only changing variables affecting the net heat transfer rate.
As a tessellation is actuated to modify the apparent radiative prop-
erties, the apparent emitting area of the cavity openings likewise
changes. For most tessellations, the apparent surface area decreases
toward zero as apparent radiative properties increase, with some
exceptions such as Barreto’s Mars tessellation [25]. Published
works that explore origami tessellations and the cavity effect have
only considered the effect of a tessellation change on apparent radi-
ative properties and have not addressed the effect of a changing
apparent surface area on net radiative heat transfer [17,23,24].

The purpose of this work is to quantify the net radiative heat
exchange of an accordion origami tessellation as a function of
actuation position. The accordion tessellation was selected to utilize
the existing models that describe apparent emissivity and apparent
absorptivity for an infinite V-groove [20,23,24,26]. However, the
analytical approach has been generalized to allow for application to
any origami tessellation if a model of the apparent radiative proper-
ties can be obtained or developed. This work will consider specu-
larly or diffusely reflecting surfaces as well as collimated or diffuse
irradiation from the surroundings; such conditions are representa-
tive of the thermal environment encountered in space applications.

A general energy balance is developed to predict the net
radiative heat transfer for any origami tessellations. This energy
balance is then applied to the accordion tessellation. Next, an
experimental method used to verify the results from the analytical
model is described, and this is followed by a discussion of the
uncertainties for both the analytical and experimental approaches.
Results from the analytical model are presented for diffuse or col-
limated irradiation and for a diffuse or specular reflector, illustrat-
ing the net radiative heat transfer behavior of an accordion
tessellation as a function of geometry. The analytical results are
compared to the experimental results for validation in predicting
net radiative heat exchange of the accordion tessellation. Finally,
implications of the results for net radiative heat exchange with
regard to use of the accordion tessellation as a dynamic radiator
are discussed.

Analytical Methods

General Energy Balance. Consider an isothermal origami tes-
sellation, consisting of an array of cavities, suspended in space
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that is in radiative equilibrium with the surroundings. Emission
from the origami tessellation is assumed to be diffuse but the
tessellation surfaces may reflect either specularly or diffusely. The
tessellation may receive irradiation from diffusely emitting sur-
roundings and/or from collimated irradiation of a known heat flux
(G) at some angle of incidence (y ) with respect to the apparent
surface normal (Fig. 1). Net radiative heat exchange (gr.q)
between the tessellation and the surroundings is a balance of
emitted (¢,) and absorbed (¢.p) heat transfer rates, as given in the
following equation:

drad = qe — qabs = EaAz/zUT;1 - [“aAaO—T?u" + O(aAa,projC;collimaled]
M

The apparent absorptivity (e,) in Eq. (1) accounts for the reflec-
tions and rereflections of radiative power streaming into the cav-
ity. Likewise, emission from the opening is modeled by assigning
an apparent temperature to the cavity opening with a given appa-
rent emissivity (g,) to account for the reflections and reabsorptions
of emitted energy. The apparent area A, is the planar surface area
of all tessellation cavity openings and applies to diffuse emission
and diffuse irradiation, whereas A, . is the apparent projected
area of the array normal to the collimated irradiation (Fig. 1).
These apparent properties and the apparent area are functions of
tessellation geometry.

Accordion Tessellation. The net heat rate for an accordion tes-
sellation using Eq. (1) may be obtained by defining the opening
area of a single V-groove as a function of ¢ and multiplying by
the number of cavity openings on the top and bottom of the sur-
face, giving the apparent area in Eq. (2) as pictured in Fig. 1. For
the apparent projected area, the apparent area of only the top sur-
face is multiplied by the cosine of the collimation angle of inci-
dence, resulting in Eq. (3). In Egs. (2)—(3), Wp is the width of one
panel and the panels are assumed to be of sufficient length (Lp)
that end effects are neglected (e.g., Lp/Wp>>1). Emission from
the bottom side of the panels furthest to the left and right is
neglected in this analysis

Ay = 2(]Vpa.nels - 1)VVPLP sin (?) 2)

A“,Proj = NpanelsWPLp sin (%) Cos(y) (3)

These area terms are then substituted into Eq. (1). After
simplification, the net radiative heat exchange for an accordion tes-
sellation experiencing irradiation from a diffuse source and/or colli-
mated irradiation may be described with the following equation:

Graa = 2WpLp sin (%) |:(Npanels - ])a(gaT3 - O‘uT?urr)

— o,G (N—p;"els) cos(y)} 4

Apparent Radiative Properties. Results for Eq. (4) require
the apparent radiative properties (¢, and o) as a function of intrin-
sic emissivity (¢ ), V-groove angle (¢), and irradiation incidence
angle (y ), where applicable. Recalling that apparent absorptivity
is dependent on the type of irradiation (diffuse irradiation versus
collimated irradiation) and reflection (specular versus diffuse),
four separate models for apparent absorptivity are necessary.
Apparent emissivity is independent of the behavior of irradiation
entering the cavity, and therefore, only two apparent emissivity
models are required, one each for specular and diffuse reflection.
Ohwada [27] has shown that the apparent emissivity of an
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Table 1

Apparent emissivity and apparent absorptivity models for specularly reflecting V-groove surfaces

Property Conditions Reference Specular reflection model
€, Diffuse emission for an [24,28] e n ) ¢
isothermal gray surface &a = 7 I—¢ Z P! <1 — sin <k 5))
with specular reflection sin (§> k=1
n= % where n is the integer portion of ¢ /z*
o, Diffuse irradiation on a [27,28] Same as above
gray surface with specular
reflection
Oy Collimated irradiation with [20,24] n—l] . [P [ m—1:| e
full-illumination (¢/2 > 7) 1=(=ax)(1=2)" Jsin( 747 ) +[1- (12 )1 -2) S'"<7_V)
on a gray surface with specular -
reflection ¢ 2cos(y)sin(¢p/2)
m— 1 1
n:( % ") +§ :M+§ where n and m are rounded down"
X _sin[(n—1/2)¢+7] Y _sin[(m—1/2)¢p—7]
sin(¢/2+7) sin(¢/2—7)
o, Collimated irradiation with [24] tg=1—(1—oX)(1—a)""
partial-illumination (¢/2 <) -2y ) .
on a gray surface with specular n< + 1 where 7 is rounded down
reflection ;o osin[(n—=1/2)¢p+9] s sin(y — ¢/2)
X = - =—
sin(#/2+7) sin(t — $/2—7)
Y _x

IfX <X, then: X' = 0; If X' > X", then: X = =%

“The number of reflections (7 and/or m) must be rounded down to the nearest whole number; if the calculation of n and/or m yields a whole number, that

value should be deprecated by unity [24].

isothermal, diffusely emitting cavity is equivalent to the apparent
absorptivity of a diffusely irradiated cavity regardless of the
reflection type. As such, the apparent absorptivity models for dif-
fuse irradiation likewise describe the apparent emissivity behavior
for both specular and diffuse reflection.

Recent works [23,24] have built upon early models by Sparrow
and Lin [20] and Modest [28] to obtain closed form models of
apparent absorptivity and apparent emissivity of V-grooves for all
possible combinations of surface conditions and irradiation types.
A summary of these models is given in Tables 1 and 2. These

models assume infinite V-grooves with isothermal cavities in
order for the apparent absorptivity and apparent emissivity to be
equated through Ohwada’s proof [27]. Although real tessellations
cannot extend indefinitely, V-grooves with panel length to width
ratios of ten or greater (Lp/Wp > 10) exhibit apparent radiative
properties to within ~5% of infinite V-groove values [18].

With the appropriate areas defined, the net radiative heat trans-
fer for an accordion fold can be obtained with Eq. (4) using mod-
els for the apparent radiative properties from Tables 1 and 2.
These properties may be dynamically altered through actuation to

Table 2 Apparent emissivity and apparent absorptivity models for diffusely reflecting V-groove surfaces. Infinite summations

should be carried out to at least twenty terms for accuracy [23].

Property Conditions Reference Diffuse reflection model
€ Diffuse emission for an 23 >, n . n . .
“ isothermal gray surface with (23] ea = eNi(e,0) > (1 —¢) {l — sin (%)] Approximate with > 20 terms
o . n=0
diffuse reflection Ai(e,¢) =1 — (0.0169 — 0.1900 In(z) Jexp(—1.48925 04040 )
Oy Diffuse irradiation on a gray [27] Same as above
surface with diffuse reflection
o, Collimated irradiation with [23] b S nt1 (1" (¢
‘ full-illumination (/2 > 7) % (5 > /> =1-Ay(2,¢) ’;) (1-a) {1 B Sm(fﬂ Sm<5)
on a gray surface with diffuse As(o, ) = 1 — (0.0169 — 0.1900 ln(cx))exp(—1.44150(’0'4240(]5)
reflection
o, Collimated irradiation with [23]

partial-illumination (¢/2 <)
on a gray surface with diffuse
reflection

‘o

00 n—=2
< y) =1-As5(e,,7) | (1 = )Fuc+ ;(1 —a)"(1 Fac)sin((;&) (1 - sin(ﬁ))

A3(O(, (/)7 V) =D - ECXP(F¢)

D = 0.0345y 1144752 — 0.0414y7085735 + 1 — 1.7702 exp(—18.0990y)

E = —3.2301 exp(—1.1420y)exp(—2.6635y 09370y
F= _2.2780},—0.5690“(0.1330;’2—0.23721—0.5434)
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Fig. 2 (a) Schematic of folded stainless-steel samples with sixteen “folded panels” and two
“mounting panels” constrained between two copper bus bars. Bus bars were positioned using a plas-
tic supporting base with a hole pattern associated with desired angle positions and (b) schematic of
the experimental setup in a vacuum. Steady-state temperatures were measured with an infrared cam-
era through a sapphire window, while the voltage and current associated with Joule heating were
measured to determine net radiative heat transfer after accounting for losses.

affect the geometry and positioning of the panels to achieve vari-
able heat transfer control.

Experimental Methods

Experiments were performed to validate the models and
assumptions utilized in the analytical predictions above. This
experimentation was restricted to one of four possible irradiation/
reflection modes, namely specular reflection with diffuse irradia-
tion. Results from the experiment are compared to results from
the analytical model to demonstrate the accuracy of the approach
and models utilized.

Experimental Setup. An accordion tessellation was folded
from a single piece of polished 18-8 stainless-steel shim stock
(0.0254 mm thick) measuring 25.4 cm by 7.62 cm. The folded test
piece had 16 panels (Npaneis) With each panel measuring
Wp=1.27 cm in width and Lp =7.62 cm in length, giving a length
to width ratio of 6. Mounting panels (2.54cm by 7.62cm)
remained unfolded on both ends with half of each mounting panel
constrained between two vertical copper bus bars (Fig. 2(a)). The
bus bars suspended the folded test piece vertically at one of the
seven discrete fold angles (¢ =n/9, n/6, n/4, /3, n/2, 117/18, =
or 20deg, 30deg, 45 deg, 60deg, 90deg, 110deg, 180 deg) using
an electrically and thermally insulating base with preset holes.
When the tessellation was positioned for testing, calipers were
used to measure the opening distance of each individual V-groove
at three different vertical points. These measurements were used
to find the average V-groove angle ¢ and standard deviation.

The sample and fixture were placed at the center of a cylindrical
vacuum chamber measuring 70 cm in diameter and 76.2cm in
length, as shown in Fig. 2(b). Wire leads were bolted to each cop-
per bus bar and connected to a power supply through a vacuum
feedthrough. A 7.5 cm diameter sapphire window on the vacuum
chamber wall provided optical access to the chamber interior and
a thermal camera (FLIR 6103, Wilsonville, OR) was used to mea-
sure the apparent temperature of the cavity openings. The vacuum
chamber was pumped down to a pressure of 4 x 107> Torr which
ensured that convective heat transfer losses were negligible [29].
Upon achieving the desired vacuum conditions, the power supply
was activated and electrical current, measured via a shunt resistor
of known resistance, was passed through the shim stock to heat
the sample via Joule heating. A data acquisition system monitored
the applied voltage across the full circuit throughout testing.
The resulting Joule heating in the folded sample caused the tem-
perature to increase above ambient conditions, eventually
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reaching steady-state, defined as a temperature change of less than
0.5deg K over a 1 h period.

Apparent Temperature Measurement. Several parameters
were required in order to determine the apparent temperature of
the tessellation cavity openings (7,) through infrared thermogra-
phy, including the transmissivity of the sapphire viewing window,
temperature of the surroundings, and apparent emissivity of the
tessellation. A T-type thermocouple attached to the wall of the
vacuum chamber with thermal epoxy (Duralco 132, Cotronics
Corp., Brooklyn, NY) was used to record the temperature of the
enclosure/surroundings. The spectral transmissivity of the sap-
phire window, available from the manufacturer (Lesker, part num-
ber: VPZL-450DUSW, Jefferson Hills, PA), was multiplied by
the blackbody spectral irradiation G4, and integrated over 3-5
um (wavelength range of the thermal camera) to find the band
transmissivity of the sapphire window for irradiation from heated
accordion samples (Eq. (5), assuming gray emission)

Spm
J ‘E;'G;L,bd/l

3um

Spm
J G, pdA

3um

(&)

T3—5um =

Using the spectral transmissivity from the manufacturer, the calculated
band transmissivity (3-5 um) of the window ranged from 0.81 to 0.85
for irradiation values based on source temperatures of 323K and
423K, respectively. A transmissivity of 0.83 was used for measure-
ments as this corresponded to the average steady-state temperature of
the sample for all tested conditions (~373 K). The impact of the trans-
missivity variation on the infrared measurement of the sample was
accounted for by incorporating possible transmissivity variation with
temperature into the infrared measurement uncertainty.

To verify the transmissivity value obtained using Eq. (5), a lab-
oratory blackbody emitter (Landcal R1200P, Dronfield, UK) with
an emissivity of 0.97 was placed directly behind the sapphire win-
dow, with the blackbody cavity opening oriented parallel to the
sapphire window and heated to 573 K. The thermal camera was
placed on the opposing side of the sapphire window and focused
to the center of the blackbody cavity. The camera emissivity
parameter was set to 0.97 and the external optics transmissivity
setting in the camera software was varied until the temperature
measurement of the camera was identical to the set temperature of
the blackbody [30]. With the blackbody emitter set to 573 K, the
external optics transmissivity setting in the camera software which

Transactions of the ASME



gave a measured temperature of 573 K with the thermal camera
was also 0.85, equivalent to that obtained from Eq. (5).

To determine the apparent emissivity of the tessellation, the V-
groove angle and the intrinsic absorptivity of the stainless-steel
surface were used in the specularly reflecting, diffusely emitting
V-groove apparent emissivity model [28] as reported in Table 1.
The intrinsic, total hemispherical emissivity of the stainless-steel
was measured three times with an SOC-100 emissometer and then
averaged to give a value of 0.117. The obtained apparent emissiv-
ity value was used as the emissivity parameter in the thermal cam-
era software, correcting the temperature of the cavity to account
for the cavity effect.

Upon reaching steady-state conditions, temperature data were
collected using the thermal camera across the vertical center of all
8 V-groove openings comprising the accordion fold. The tempera-
ture profile over all V-grooves was averaged to eliminate local
irregularities (due to the specular nature of the surfaces), giving
the average emitting temperature of the accordion tessellation for
a given power input. Temperature profiles were collected at seven
discrete total power levels (3.0, 3.5, 4.0, 4.5, 5.0, 5.5, and 6.0 W)
for each angle mentioned previously.

The apparent emissivity model used in this study assumes iso-
thermal panels comprising the cavity. Experimentally, the isother-
mal condition was not imposed exactly. However, the alternating
nature of the accordion fold (i.e., the vertex of a V-groove on one
side is the peak protrusion on the opposite side) likely results in a
relatively uniform heat loss from any position on a panel, assum-
ing a linear heat loss profile along the length of a panel [31]. This
fact, combined with the use of a thermally conductive material,
suggests that the panel surfaces are near isothermal when heated.

Experimental Losses. The results of the idealized analytical
model (Eq. (4)) must account for experimental losses to enable a
comparison between experimental and analytical results. To this
end, an energy balance of the experimental setup, using the con-
trol volume indicated in Fig. 2(b), is defined in the first equality of
Eq. (6). The net radiative heat transfer can be obtained with this
energy balance by measuring the total power dissipation in the cir-
cuit (P,) and quantifying the electrical power dissipated outside of
the sample control volume (P)o) as well as the heat transferred
from the sample control volume by conduction into the copper
bus bars (g)0ss). Equation (6) is rearranged to give the cavity sur-
face temperature as a function of circuit power, experimental loss,
and cavity parameters as shown in Eq. (7)

qrad = Pt — Pross — loss

= (Np— 1) [ZWPLP sin (%)} 2t (Ty = To) — (©)

P[ - Ploss — qloss

(Np— 1) {2WPLP sin @)} 640 -

surr (7)

T, =

Electrical power losses outside of the sample control volume
(Ploss) and nonradiative heat losses from the sample control
volume (qos) must be calculated to obtain the apparent surface
temperature using Eq. (7). Each of these losses was determined
experimentally, as outlined below.

Power Losses. Electrical heating that occurs outside of the sam-
ple control volume must be quantified and subtracted from the
total power dissipation to determine the electrical heating present
in the stainless-steel sample. Power dissipation in the supporting
circuitry is quantified with a sample heating efficiency (1), or the
ratio of power dissipated within the control volume to the total
power. In selecting a method to determine the heating efficiency,
it was important to consider the resistive losses in the wires as
well as the resistance losses in the electrical contacts including
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between the copper bus bars and the stainless-steel sample. To
determine the power dissipation within the sample alone, an
unfolded stainless-steel sample of length 30.5cm was secured
within the fixture with the power supply set to a voltage of 1 V.
The resulting current (measured at the power supply) and total cir-
cuit resistance were recorded. The sample was then removed from
the fixture and 2.5cm of its length was cut from one end. The
shortened sample was then secured again into the fixture, and the
resulting current and resistance at 1 V were again recorded. This
process was repeated until the total sample length between bus
bars was reduced to approximately 1.5 cm. The total resistance of
the circuit was then plotted as a function of sample length and a
linear fit to this data (R°=0.994) provided the relationship
between total circuit resistance and sample length. The y-intercept
of the linear fit gives the resistance of the circuit for a theoretical
sample length of zero, or the resistance of the circuit outside of
the control volume pictured in Fig. 2(b), including the contact
resistance. The heating efficiency is defined as the ratio of power
dissipated in the stainless-steel sample (Py) divided by the total
power dissipated in the full circuit (P,), given by Eq. (8). Since
the current is the same throughout the full circuit, the heating effi-
ciency can be expressed as a ratio of resistances, as shown in
Eq. (8), where R; is the resistance of the stainless-steel sample and
R, is the resistance of the full circuit. For a sample length of
25cm, used in all radiative experiments, the heating efficiency
was found to be 61%. The heating efficiency multiplied by the
total circuit power (P,) gives the rate of heat generation within
just the sample material, P,

Py PRy R,
=P, PR, "R,

(®)

The heating efficiency (1) gives the ratio of power dissipated in
the sample (including the mounting panels shown in Fig. 2(a)) as
compared to the total circuit power. Since the mounting panels
are not included in the control volume of Eq. (6) (as shown in
Fig. 2(b)), the heat generated within the mounting panels must
also be subtracted from the circuit power to give the heat genera-
tion within just the control volume. The sample length ratio (y ) is
the ratio of sample volume that resides within the control volume
(i.e., folded panels) to the total sample volume (i.e., folded and
mounting panels). For a sample length of 25cm, y=91%. The
heat generated within just the sample control volume (or P,—Pjoss)
may be determined by multiplying the heating efficiency (1 ) and
sample length ratio (y ) by the total circuit power.

Thermal Losses. The thermal camera was used to quantify heat
lost from the accordion sample by conduction through the mounting
panels. The sample fold pattern and fixturing device were designed
such that the sample contained a flat portion (1.25 cm in length) imme-
diately adjacent to the copper bus bars on either side before the tessel-
lation folds began (Fig. 2(a)). The flat mounting panels are exterior to
the sample control volume for the analytical model (Fig. 2(b)). To find
the conduction loss through these panels, the thermal camera recorded
the temperature profile along a mounting panel at the control volume
edge for use in Fourier’s law. This conduction loss was then subtracted
from the total heating power (Eq. (6)).

The power and heat loss terms just described are applied to
Eq. (7), giving the final form for the prediction of the apparent
surface temperature, Eq. (9). This predicted temperature was com-
pared against the value obtained from the thermal camera. For this
equation, kgg is the thermal conductivity of 18-8 stainless-steel at
350K (15W m ! K1) and Agong is the heat conduction area of
the sample (twice the cross-sectional area of the shim)

sl

77ICPI - kSSAcond_
_ dx 4 (9)

a — + TSU]T

e (3)(3) e
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Table 3

Uncertainties of the measurements and parameters used in Eq. (9)

Parameter Uncertainty (*) Units Source/notes

Tsurr 1 K Manufacturer provided, T-type thermocouple

Wp 1.3% 1073 m Caliper resolution uncertainty

Lp 1.0x 1073 m Ruler resolution uncertainty

kss 0.25 Wm ' K! Variance between 50 and 150°C

P, 75%x10°? w RMS propagation of voltage and current measurement uncertainties
€ 0.005 — Standard deviation of three emissivity measurements

&y 0.01 — RMS propagation of ¢ and & uncertainty

dT/dx 55.67% Km™! RMS propagation of camera temperature measurements and length measurement
n 3.80x10°’ — RMS propagation of line of best fit slope and intercept uncertainties
Vi 0.015 — RMS propagation of caliper measurement uncertainty

¢ 0.055* radians Standard deviation of 24 angle measurements

“Uncertainties that vary with circuit power and cavity angle

Uncertainty

The Thermal Camera Uncertainty and Analytical Model Uncer-
tainty sections outline the uncertainty estimations for the experi-
mental temperature measurement made by the thermal camera
and the analytical model (Eq. (9)).

Thermal Camera Uncertainty. The thermal camera uncer-
tainty is a function of the uncertainties of the emissivity measure-
ment, the transmissivity of the sapphire window, the temperature
of the surroundings, and the inherent uncertainty within the cam-
era. The total uncertainty of the camera measurements was calcu-
lated through a modification of the method of sequential
perturbation, as follows [32]. A sample is heated in one of two
extreme configurations: (1) an unfolded sample heated with the
lowest tested power level (3 W) and (2) a folded sample posi-
tioned at the smallest fold angle (20 deg) heated at the largest
power level (6 W). For both testing scenarios, each parameter
(emissivity, transmissivity, and surrounding temperature) is
adjusted individually in the camera software upward and then
downward by the associated uncertainty of that parameter. The
resulting change in the temperature readout is recorded, and the
increase and decrease in temperature for a given parameter is
averaged to find the camera temperature uncertainty for that
parameter. For this work, the uncertainty of the surroundings is
taken to be the uncertainty of a 7-type thermocouple (*1°C);
emissivity uncertainty is taken to be the uncertainty of the intrin-
sic emissivity reflectometer measurement (=0.006); and the sap-
phire window uncertainty is equivalent to the difference between
the highest and lowest transmissivity values calculated with Eq.
(5) at the extreme sample temperatures encountered in the experi-
ment (£2%). The inherent uncertainty of the camera was also
accounted for, with manufacturer specifications indicating that the
camera uncertainty is 2% of the temperature value. For these
uncertainties, the greatest overall apparent temperature uncer-
tainty is observed with the sample folded to 7/9 (20 deg) and
heated with the highest power level with a value of 3.25 °C. This
uncertainty value is used as the uncertainty of the camera apparent
temperature measurement for all power levels and cavity angles.

Analytical Model Uncertainty. The overall uncertainty of tem-
peratures obtained using Eq. (9) is also calculated with the method
of sequential perturbation. Essentially, each parameter is individu-
ally increased or decreased by its given uncertainty value to deter-
mine the sensitivity of the results of Eq. (9) with respect to each
individual parameter. The root sum square of all sensitivity indices
gives the total uncertainty of Eq. (9). The uncertainty of each
parameter is listed in Table 3 along with the source from which this
uncertainty is derived/obtained. Parameters not listed in Table 3 but
present in Eq. (9) do not have an associated uncertainty.

Several of the parameters listed in Table 3, including P,, dT/dx,
N, &, and y, are calculated from combinations of more basic
measurements. The uncertainties of these values are calculated
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with the root-mean-squared (RMS) methods, as designated in
Table 3 [32]. Uncertainty values given in Table 3 marked with an
asterisk vary with each power/angle combination, with the
reported value being the maximum uncertainty.

Results

Net Radiative Heat Transfer. Results for the net radiative heat
transfer from an accordion fold are normalized by the net radiative
heat exchange at a cavity angle of 7 (flat condition), as given in Eq.
(10), in order to allow for comparison across intrinsic emissivities

1= rad,¢ (10)
Grad,p=180 deg
Figures 3(a)-3(c) provide the normalized results of Eq. (4) eval-
uated for four different scenarios across the complete angle range:
(1) diffuse reflector and diffuse irradiation, (2) specular reflector
and diffuse irradiation, (3) diffuse reflector and collimated irradia-
tion, and (4) specular reflector and collimated irradiation. For
all results provided here, a collimated irradiation flux G of
1360 W/m? was used as an estimation of solar irradiation [33].
Figure 3(a) provides the normalized net radiative heat exchange
as a function of ¢ for diffuse irradiation incident on a cavity with
either diffuse or specular reflection for two different intrinsic emis-
sivity values. To visualize the impact of the cavity effect, the net
radiative heat transfer for a flat, black surface equivalent in size to
A(¢) is provided. As the cavity angle decreases toward zero, the
net radiative heat exchange for both specular and diffuse reflection
decreases to zero. This indicates that the decrease in projected sur-
face area always dominates relative to the increase in apparent radi-
ative properties with decreasing cavity angle. For cases where the
cavity effect is especially pronounced (i.e., highly reflective surfa-
ces), the increase in apparent radiative properties and the decrease
in surface area are nearly balanced, resulting in a relatively constant
net radiative heat exchange for a large angle range. This behavior
significantly concentrates the change in net radiative heat exchange
to small cavity angles. As an example, a specularly reflecting tes-
sellation with an intrinsic emissivity of 0.2 experiences a turn-
down ratio (ratio of largest to smallest heat transfer) of 7.3 as the
V-groove angle collapses from 7/6 (30 deg) to n/60 (3 deg). For
diffuse reflectors, the heat transfer reduction capability is dimin-
ished; a diffusely reflecting surface with an intrinsic emissivity of
0.2 has a turn-down ratio of 5.9 over the same cavity angle range.
As the intrinsic emissivity of the surface increases toward black
behavior, the net radiative heat transfer curve approaches that of
the shrinking flat surface, decreasing the turn-down ratio potential
for this angle range even further. For an intrinsic emissivity of 0.5,
the tessellation is characterized by a turn-down ratio of 4.8 (specu-
lar) and 3.2 (diffuse) over the range of /6 (30 deg) to /60 (3 deg).
The normalized net radiative heat transfer for collimated irradi-
ation and diffuse reflection is given in Fig. 3(b) for e=0.2 and

Transactions of the ASME



1.00 T T T

----- —
----- i
y =4 e
9 e P
S
0.75 | - \ S - ]
r=% o
N e
T //:/ /// 7
mosot’ <12, ; ]
! /I’l A7
4 /Ii 7
P Ve
L Ve
+/
025 /7 /\7 ]
/I/I // 4
e - - - Diffuse, Black, Flat
iy Y=0 .
/ // ---- Diffuse V-groove
0.00 ¥ . ! !
0 s l s 2n
6 3 2 3
(b (radians)

- - Diffuse, Black, Flat
— Specular V-groove

1.00
0.75 1
II 0.50 1
0.25 i
Ve - - Diffuse, Black, Flat
,/ — Specular V-groove
Diffuse V-groove
0.00 ! 1 ! ! !
i l E 2n 5t
0 % B 2 5 ® &
d) (radians)
(a)
1.00
0.75
I1
0.50
0.25
/
/
0.00 *®

L |
0 6 3
(c)

I
£

2n Sn
2 3 & "
d) (radians)

Fig. 3 (a) Normalized net radiative heat exchange II as a function of ¢ for a diffusely irradiated accor-
dion tessellation with specular or diffuse reflection for two different intrinsic emissivities. The “flat”
case indicates a flat, black surface, equivalent in size to the apparent area at a given cavity angle, (b)
normalized net radiative heat exchange II as a function of ¢ for a diffusely reflecting accordion tessel-
lation with collimated irradiation incident on the accordion tessellation at several angles y, and (c) nor-
malized net radiative heat exchange Il as a function of ¢ for a specularly reflecting accordion
tessellation with collimated irradiation incident on the accordion tessellation at several angles y.

four different collimation angles y. The characteristic flat surface
data are again plotted for comparison. When the cavity is fully
illuminated (¢/2 > 7y ), the normalized net radiative heat exchange
for a given cavity angle is nearly equivalent across all possible
collimation angles, giving behavior similar to the curve indicated
by y=0 in Fig. 3(b). However, when the V-groove is partially
illuminated (¢ /2 <y ), the normalized net radiative heat exchange
increases above the fully illuminated case. This change in net
radiative heat transfer behavior is caused by a rapid decrease in
absorbing surface area with the onset of partial illumination,
reducing the absorbing capability of the cavity. This effect delays
the reduction in net radiative heat transfer as the cavity angle is
collapsed, meaning that additional actuation is necessary to
achieve the turn-down ratios experienced by the surfaces in
Fig. 3(a). As the irradiation (G) increases, the possible turn down
ratios likewise increase; the opposite behavior is observed as G is
reduced. The normalized heat transfer may fall into negative val-
ues if the irradiation becomes sufficiently large (G > 1800), indi-
cating that the net flow of energy is into the tessellation. Note that
in Fig. 3(b), the horizontal axis is plotted over a reduced range
(¢p < 2m/3) to magnify the behavior of the normalized net radiative
heat transfer in the small angle range. The noncontinuous jump of
IT observed when ¢ /2=1y indicates discrepancies between the
models for partial and full illumination at this transition (Table 2).
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Results for the condition of collimated irradiation with specular
reflection are depicted in Fig. 3(c) for a surface intrinsic emissiv-
ity of 0.2 evaluated at collimation angles of 0, 27/9 (40 deg), and
47/9 (80 deg). The combination of specular surfaces with colli-
mated irradiation results in groups of parallel rays that follow sim-
ilar reflection patterns [23]. Of the rays that are not absorbed by
the cavity walls, a fraction (X" in Table 1) will experience n total
reflections before exiting the cavity, while the remaining unab-
sorbed rays (1 — X") will experience one less reflection (n — 1)
before exiting the cavity [23]. The number of reflections n must
be a whole number, and therefore, varies discretely as a function
of V-groove angle. Likewise, the fraction X’ is a function of n and
also varies discretely as a function of V-groove angle. Further, X’
cannot exceed unity as it is a fraction by definition. Therefore, X’
must be rounded down whenever the computed value is greater
than one, resulting in an additional source of noncontinuous
behavior. When fully illuminated (¢/2 > 7 ), the computed value
of X’ (via the equation given in Table 1) sometimes exceeds unity
and the rounding operation, combined with the discrete nature of
n, causes the net radiative heat transfer to vary in a noncontinuous
fashion. This discontinuous behavior can appear dramatic (e.g.,
7 =0), or exhibit smaller, “noisy” variations (e.g., y =2n/9 near
¢ =mn/2). When partially illuminated (¢/2 <7y ), the computed
value of X’ does not exceed unity, eliminating the noncontinuous
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Fig. 4 (a) Temperature profile for a sample positioned at ¢ = /2 with a total heating power of 3 W. The
thermal image from which this profile is derived is displayed behind the temperature profile, where the
temperature profile was measured along a horizontal line across the vertical center of the tessellation
and (b) comparison of experimental and analytical model temperature values. Experimental temperature
measurements are derived from a thermal image of the heated surface (e.g., Fig. 4(a)). Predicted tempera-
ture values are determined with the analytical approach of Eq. (9). Data from two of the seven tested fold
angles are provided with the uncertainties of each measurement.

influence of the rounding operation. For this case, the discrete var-
iations in n and the resulting change in X’ are coordinated such
that the net radiative heat transfer varies in a continuous fashion,
as shown by the 47/9 case in Fig. 3(c).

Unlike all other possible combinations of surface/irradiation
conditions, specular reflection with collimated irradiation causes
the net radiative heat transfer to drop below the characteristic flat
case for small collimation angles. Further, specularly reflecting
cavities with collimated irradiation experience drastic changes in
net radiative heat transfer with respect to cavity angle, with larger
variations occurring for small collimation angles and highly
reflective surfaces. As an example, for irradiation normal to the
surface (y = 0) and an intrinsic surface emissivity of 0.2, the net
radiative heat transfer experiences a turn-down ratio of 3.35
between the cavity angles of 2n/3 (120 deg) and 7/2 (90 deg).
Although this turn-down ratio is small compared to the turn-down
ratios seen in Fig. 3(a), this reduction in heat transfer occurs at
much larger angles (27/3 compared to 7/6), resulting in a signifi-
cant variation in heat transfer. Again, as the collimated irradiation
flux (G) increases, the turn-down ratio likewise increases, and the
normalized heat transfer may become negative in the small V-
groove angle range. The presence of specular reflections also
introduces normalized net radiative heat transfer values greater
than unity in locations where the increase in apparent emissivity
dominates the decrease in apparent surface area (e.g., ¢ >2n/3
and y=0).

Surface Temperature. For a thin, stainless-steel sample heated
resistively in a vacuum environment, a typical infrared image and
associated temperature profile is given in Fig. 4(a). Irregularities

in temperature are observed near fold locations resulting in peaks
or troughs in the temperature profile. These irregularities are due
to warping and bending of the material near each bend and the
specular behavior of the sample. Likewise, the average tempera-
tures of individual cavities do not appear equivalent due to varia-
tion in cavity angles across the sample and discrepancies in cavity
orientation with respect to the camera lens. Further, the V-groove
cavities on the left-most or right-most edges show a smaller aver-
age temperature as compared to cavities in the middle region
which is likely due to the presence of conductive heat losses. To
mitigate these various effects, the temperature profile was aver-
aged over all V-grooves comprising the accordion fold to obtain
the steady-state apparent temperature measurement for a given
cavity angle and circuit power.

The average steady-state temperature was measured with the
thermal camera and calculated using Eq. (9) for seven different
accordion fold angles at six power levels each. The results for
both methods, with uncertainties, are given in Fig. 4(b) for the
smallest and largest cavity angles (n/9 and 7, respectively), where
the x-axis of Fig. 4(b) is ¢raq as calculated using Eq. (6). Table 4
gives the difference between the calculated apparent temperature
using Eq. (9), the measured apparent temperature from the ther-
mal camera (AT,), and the percent difference between these two
values, averaged across all tested total power levels for the seven
cavity angles. The average uncertainties of the camera measure-
ment and Eq. (9) are also provided in Table 4. The temperature
results of both methods for all test cases fall within the bounds of
uncertainty, as depicted in Fig. 4(b).

The uncertainty of the camera measurement is constant for all
total power levels and cavity angles at a value of 3.25°C. The

Table 4 Temperature error and uncertainties associated with each tested cavity angle averaged over all tested power levels. Aver-
age temperature difference (average AT,) between the analytical model result (Eq. (9)) and the thermal camera temperature mea-
surement and the associated average % Difference (relative to the camera measurement) are reported.

Average % Average AT, Average prediction Average measurement
P* difference (deg K) uncertainty (deg K) (Eq. (9)) uncertainty (deg K) (camera)
20 deg 04 0.46 13.44 3.25
30deg 0.8 0.89 9.26 3.25
44 deg 33 3.76 4.96 3.25
56 deg 4.2 4.72 5.30 3.25
89 deg 1.2 1.23 4.00 3.25
109 deg 34 3.23 2.97 3.25
180 deg 2.7 0.03 2.70 3.25

“Angles provided in degrees for convenience; calculations should be performed in radians.
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uncertainty of Eq. (9), however, varies with total circuit power and
cavity angle (increasing uncertainty for larger power levels and for
decreasing cavity angle). The largest uncertainty is *15.2deg K at
a total power of 6 W and a cavity angle of 7/9. The average predic-
tion uncertainty across all cavity angles and power levels is
*6.1deg K with a standard deviation of 3.74 deg K.

Discussion

As illustrated in Table 4 and Fig. 4(b), the net radiative heat
transfer model developed in this work agrees with experimental
results with a worst-case error of 4.2% averaged over all power
levels. Likewise, Eq. (9) and thermal camera temperature meas-
urements for all tested cavity angles and total powers agree within
the uncertainties of both methods. This validates the results of the
thermal model and suggests that the generic model is correct in
predicting the net radiative heat exchange of an origami tessella-
tion. This modeling approach may be used to predict the net radia-
tive heat exchange of an isothermal, accordion tessellation when
applied to a variety of thermal control scenarios and applications.

One purpose for this technology may be to provide variation in
total net radiative heat transfer for thermal management. To this end,
an efficient variable radiator should (1) provide a large change in net
radiative heat transfer, (2) achieve this change in net radiative heat
transfer over a small actuation range, and (3) minimize the material
size and weight required to meet a given power requirement.

With regard to the first requirement, we see in Figs. 3(a)-3(c)
that the net radiative heat exchange of an accordion tessellation
may be varied from the full normalized value (IT=1) to a value
approaching zero, a significant variation in heat transfer, no matter
how the material reflects or how the environment is heating the
surface (diffuse or collimated irradiation). This versatile behavior
is useful in applications where collimated and diffuse irradiation
are both sometimes present, such as spacecraft thermal control.

Second, diffusely reflecting, high-emissivity (¢ >0.5) surfaces
exposed to either diffuse or collimated irradiation exhibit a grad-
ual change in net radiative heat transfer with changing cavity
angle (Fig. 3(a)-3(b)). This slow change in heat transfer with
position may not be ideal for applications that require rapid varia-
tion in heat transfer. However, the net radiative heat transfer of
diffusely reflecting, low-emissivity (¢<0.2) surfaces increases
rapidly in the small angle ranges, achieving a turn-down ratio of
7.4 between the angles of ¢ ~ m/60 to n/6. As such, reflecting
surfaces may be more suited to applications requiring rapid varia-
tions in heat transfer. With regard to collimated irradiation and
specular reflection (Fig. 3(c)), highly reflective surfaces (¢ <0.2)
exposed to normal or near-normal collimated irradiation (y ~ 0)
show significant heat transfer variation, achieving a turn-down
ratio of 3.35 (¢=0.2) for a range of relatively large V-groove
angles 2m/3 — n/2 (120deg — 90 deg). As the collimation
angle increases, this same turn-down capability is possible but for
a range of angles much closer to a fully collapsed condition (7/6 —
7/60).

Finally, an efficient variable radiator should require minimal
volume and mass to emit a given heat load. As an example,
diffusely reflecting, highly reflective surfaces (¢ <0.2) show sig-
nificant variation in heat transfer for very small cavity angles
(¢ < /6, Fig. 3(a)). However, the emissivity of these surfaces is
quite low and the apparent area is very small compared to the
total area, indicating that significantly large radiators would be
required to reject a given heat load. The low emissivity values
found in most of the highly variable surfaces and the existence
of rapid heat transfer decrease in very small cavity angles is an
impediment to utilizing these devices in an application such as
aerospace where weight must be minimized. However, a specu-
lar surface exposed to normal collimated irradiation exhibits sig-
nificant variation for large cavity angles (¢ > 7/2) even as the
emissivity is increased to larger values (e.g., ¢>0.5). As such,
specular surfaces utilized in the presence of collimated irradia-
tion show significant abilities to vary net radiative heat transfer
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while minimizing the weight necessary to reject a given heat
load. Finally, a perfectly black surface shows significant varia-
tion in net radiative heat transfer while minimizing the amount
of area required to emit a given heat load although the surface
must be actuated over the full range of cavity angles to achieve
this variation.

These results also indicate the utility of an actively controlled
origami surface in maintaining or controlling the apparent emitting
temperature of a surface. As shown in Fig. 4(b) and the net radia-
tive heat transfer curves in Figs. 3(a)-3(c), the emission from an
adapting surface may be tailored such that the infrared signature of
the surface and the apparent temperature of the surface may be con-
trolled to a desired value. This includes maintaining a surface at a
constant apparent temperature or varying the apparent temperature
so as to hide the true emitting temperature of the surface.

The accordion tessellation may also be utilized in a constant-
area scenario. In this case, only a portion of the fold is exposed to
the surroundings, while the remainder may be shielded. As the
fold collapses or expands, the viewing window between the tessel-
lation and the surroundings remains the same. This behavior
causes the area terms of Eq. (1) to remain constant, removing the
effect of the collapsing area from the net radiative heat transfer.
This scenario would cause the net radiative heat transfer to
increase as the cavity angle is decreased. A disadvantage with this
application is the requirement to store tessellation material with-
out exposing it to the surroundings, potentially increasing the
weight of the device substantially.

Several other origami tessellations are of possible interest as vari-
able radiators [18]. One such tessellation is Barretto’s mars, a fold
which collapses to one side, resulting in directional behavior that is
concentrated to non-normal angles. This tessellation collapses to a
finite area, eliminating the decrease of net radiative heat transfer to
zero. Another possible tessellation is a modified, constant-projected-
area accordion tessellation. This tessellation maintains a given pro-
jected area throughout its actuation but can only collapse to a finite
cavity angle, limiting its increase in net radiative heat transfer.

Conclusions

An expression to predict the net radiative heat transfer of an iso-
thermal accordion origami tessellation (Eq. (4)), after accounting
for experimental losses and averaging over all tested power levels
(Eq. (7)), exhibits a 4.2% relative error or less when compared with
experimental results. This equation may be used for all possible
cavity angles, collimation angles, and intrinsic radiative surface
properties as well as for diffuse or specular reflection and colli-
mated and/or diffuse irradiation. A survey of the analytical results
indicates that a specularly reflecting tessellation exposed to diffuse
irradiation experiences large reductions in net radiative heat trans-
fer for small cavity angle variations, achieving turn-down ratios
greater than seven over a cavity angle range of 7/6 for highly
reflective surfaces. Diffuse reflectors with low intrinsic emissivities
behave in a similar fashion but exhibit smaller turn-down ratios
over a similar cavity angle range. When exposed to collimated irra-
diation, the turn-down ratio of diffuse reflectors is further reduced
over the same cavity angle range. However, when exposed to colli-
mated irradiation, specular surfaces experience erratic behavior,
with widely varying net radiative heat transfer over relatively small
changes in cavity angle for surfaces with low to moderately high
emissivity. For this scenario, turn-down ratios of 3.35 and greater
are possible for large cavity angles (¢ >m/2). When actuated
dynamically, an accordion tessellation would provide active control
of radiative heat losses, allowing for real-time thermal control in
scenarios where radiative heat transfer is dominant.
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Nomenclature

A, = apparent area of the accordion tessellation (m?)
A proj = apparent projected area normal to collimated
irradiation (m?)
Acona = 2 sample cross-sectional area m?)
dT/dx = conductive loss temperature gradient (K m ")
G = collimated irradiation heat flux (W m™2)
G, = spectral irradiation from a black surface (W m 2
I = current (A)
kys = thermal conductivity of stainless-steel (W m 'K
Lp = length of a panel (m)
n = largest number of reflections experienced by collimated
rays in a specular cavity
Np = number of panels
Poss = power dissipated in the circuit outside of the control vol-
ume (W)
P, = power dissipated in the stainless-steel sample (W)
P, = total power dissipated in the circuit (W)
¢abs = irradiation absorbed by the tessellated surface (W)
q. = heat emitted by tessellated surface (W)
G10ss = heat loss via conduction (W)
¢raq = net radiative heat loss from the tessellated surface
(W/m)
R = resistance of the stainless-steel surface ()
R, = resistance of the total circuit including the
stainless-steel surface ()
T, = apparent temperature of the tessellation opening (K)
Tsur = temperature of the surroundings (K)
x = horizontal location on tessellation (cm)
Wp = width of a tessellation panel (m)
X' = fraction of unabsorbed, collimated rays that reflect n
times in a specular cavity
o, = apparent absorptivity
7 = collimated irradiation angle (radians)
& = intrinsic emissivity of the sample material
&, = apparent emissivity
n = sample heating efficiency
7, = spectral, hemispherical transmissivity of the sapphire
window
T3.5 ym = transmissivity of the sapphire window over 3—-5 ym
band
¢ = cavity angle (radians)
% = sample length ratio
AT, = temperature difference between analytical and
experimental results (deg K)
IT = normalized net radiative heat transfer
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