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Efficient heat transfer is critical in the design and optimization of thermal control systems. Static radia-
tive heat exchangers are often simple and reliable systems but typically cannot be adapted to environ-
mental changes. Adaptable radiative heat exchangers can be adjusted in response to variations in the
thermal environment or operating conditions and have the potential for increased efficiency and reduced
cost. Dynamic control of a radiative heat exchanger is possible through geometric manipulation of a seg-
mented, self-irradiating fin, consisting of rigid panels that are linked by thermal hinges in an accordion
arrangement. In this paper, a numerical model is described to predict the temperature profile and effi-
ciency of a radiative heat exchanger, accounting for conduction and self-irradiation. Governing equations
are cast in terms of the conduction-radiation interaction parameter, surface emissivity, actuation angle,
and the thermal conductance of the hinges linking the panels. Results indicate that a turn-down ratio
(largest possible heat rate divided by smallest possible heat rate) of greater than three is possible for real-
istic panel geometries and materials. Self-irradiation decreases the turn-down ratio, and there is evidence
that an optimal number of rigid panels exists for any combination of panel geometry and device temper-
ature. The maximum efficiency occurs when the plates are in the collapsed position, but the heat rate is at
a minimum in this configuration. Finally, the properties and geometry of the plates are shown to have a

more significant effect on the turn-down ratio than the properties of the thermal hinges.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Economical and efficient heat transfer is critical in the design
and optimization of thermal control systems. For radiative cooling
applications, total cooling power is determined by operating tem-
perature, material properties, and geometry of a dedicated cooling
surface. Constraints on component operating temperature typi-
cally govern temperature limitations and operating conditions.
Likewise, material properties are often constrained by the need
for specialized materials and/or surface coatings for specific appli-
cations such as spacecraft thermal control [1] or day-time radiative
refrigeration [2,3]. Systems that leverage the low-temperature
(~3 K) of deep space to efficiently reject heat via radiation have
recently been the focus of many researchers [4,5]. These promising
radiative cooling technologies require spectrally selective radiative
heat exchangers that are engineered to be strongly emitting in the
8-13 pum spectral region and weakly absorbing at wavelengths out-
side this ‘atmospheric window.’

However, it is the geometry of dedicated cooling surfaces that is
often flexible in addressing increasing power requirements.
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Although the available emitting surface area of a radiative cooling
device may be increased, the size, weight and power requirements
of cooling panels must be considered before large surfaces may be
utilized, especially with regards to applications such as spacecraft
thermal control [6,7]. In particular, radiative heat exchangers used
in space are often simple and reliable systems but typically do not
adapt to environmental changes. Adjustable systems, that can be
adapted for variations in the thermal environment or operating con-
ditions, have the potential for increased efficiency and reduced cost.

As one example, consider a spacecraft in low earth orbit. On this
spacecraft, specialized surfaces (radiators) emit waste heat origi-
nating from electronics or from solar/albedo irradiation into deep
space via thermal radiation. The quantity of waste heat that must
be rejected varies in real time as a result of onboard power usage
fluctuations and variations in solar and albedo irradiation intensity
[1]. However, the emissivity and surface area of the radiator are
fixed values, and radiators are designed to function within a
narrow band of temperature values [1]. As such, spacecraft radiator
surfaces are coated with a high emissivity coating and sized as
large as necessary to reject the maximum heat load the spacecraft
is expected to experience as the design point. When the spacecraft
is generating significant waste heat (i.e. when subjected to full
solar irradiation and maximum onboard power usage) the
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Nomenclature

intrinsic absorptivity

€ intrinsic emissivity

&y apparent emissivity

0 temperature profile column vector

0 non-dimensional temperature

A apparent emissivity correction function

I, heat transfer rate normalized by heat transfer from a
straight, black, isothermal fin

I, heat transfer rate normalized by heat transfer from a

folded, isothermal fin

Stefan-Boltzmann constant, 5.67 x 1078 [W m2 K™4]
actuation angle, [deg]

non-dimensional panel position

turn-down ratio

coefficient matrix

source term column vector

Biot number

view factor

radiosity, [W m—2]

non-dimensional radiosity

thermal conductivity of panel material [W m~! K]
hinge thermal conductance [W m~2 K™']

panel length, [m]

number of finite elements in one panel
conduction-radiation interaction parameter
hinge-conductance radiation parameter
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N, number of panels in the fin

q heat transfer rate per unit depth, [W m™!]

t panel thickness, [m]

T temperature of an element, [K]

Ty temperature of the base, [K]

X position along the panel length, [m]

Ay length of an element, [m]

Subscripts

cond heat transfer due to conduction

fin heat transfer from the entire fin

i primary element index

in heat transfer into an element

iso isothermal

j radiosity element index

left radiosity originating from the panel to the left of the
element

n panel index

out heat transfer leaving an element

rad heat transfer due to radiation

right radiosity originating from the panel to the right of the
element

Superscripts

k iteration number

radiators operate at this design point. However, when spacecraft
waste heat drops below the maximum value, the radiators emit
an excessive amount of heat. Such behavior may cause the temper-
ature of components aboard the spacecraft to fall below estab-
lished survival limits; therefore, onboard heaters are activated to
warm the spacecraft components so that they function within
operating limits. This methodology is often referred to as cold-
biasing and it has been utilized since the early days of space explo-
ration. However, cold-biasing requires heaters, thermostats, addi-
tional battery capacity and additional solar panel capacity to be
placed aboard the spacecraft, accounting for approximately 10%
of the spacecraft’s weight budget. Likewise, the heaters consume
upwards of 10% of the spacecraft’s total power budget at full power
[1]. Traditional satellites, the International Space Station (ISS) and a
new class of low-cost, low-risk satellites (e.g. CubeSats) are each
designed with this cold-biasing approach.

Recent technology developments [8-10] propose the use of
origami-inspired structures, consisting of small, rigid sections con-
nected in a tessellated pattern, to collapse large radiating surfaces
into a stowable volume. Intrinsic to this technology is the capabil-
ity for control of radiative heat transfer via manipulation of surface
geometry in real-time. The operating mechanism of these surfaces
is such that both the apparent radiative properties of the device
[11,12] as well as the apparent emitting surface area of the device
[9] vary as a function of deployment position. The net effect is that
the total radiative cooling power tends to decrease as the tessel-
lated surface collapses into the stored state while deploying the
surface into a fully-actuated state increases the total cooling power
[9]. By controlling the position of the origami structure, the radia-
tive cooling power of the radiative heat exchanger may be adjusted
to real-time system requirements.

Published studies concerning the radiative behavior of origami
tessellations have been limited to isothermal surfaces, neglecting
heat conduction. However, the series of panels comprising the
tessellation naturally forms a segmented radiative fin that is self-

irradiating (Fig. 1). A number of researchers have evaluated arrays
of mutually irradiating stationary fins consisting of cylindrical,
rectangular or triangular fins connected to a common planar or
cylindrical base [13-19] as well as single conical or fractal-like fins
that are self-irradiating [20,21]. Many of these studies report fin
efficiency as a function of fin design parameters and optimize the
dimensions of the fin or fin array. However, the thermal perfor-
mance of a self-irradiating fin with dynamic geometry has yet to
be considered.

A radiative fin array is likely preferable to a single large radia-
tive fin for achieving the greatest heat transfer per unit mass for
a given base temperature. However, a radiative fin array is not
always possible. As an example, CubeSat spacecraft architectures
usually do not include external surfaces designed for radiative heat
exchange as all available external panel surfaces are typically cov-
ered in solar panels [22]. A deployable radiative fin would provide
radiative surface area that is easily stowed on board and then
deployed upon launch. As an added benefit, the folded nature of
the radiative fin then provides the opportunity for dynamic control
of the radiative fin geometry to optimize heat transfer behavior.

In this study, the turn-down ratio (ratio of largest to smallest
radiative heat loss) and efficiency of a segmented, dynamic, radia-
tive heat exchanger (consisting of multiple, mutually irradiating
straight segments arranged in series, forming a self-irradiating actu-
ating fin) is described as a function of surface radiative properties
and static/dynamic dimensions. This work considers the accordion
tessellation, a repeating structure of V-grooves, as this geometry
bears the strongest resemblance to static spacecraft radiators
deployed at orbit insertion on the International Space Station [23]
and other commercial and scientific satellites [24-27] as well as to
dynamically-actuated radiators currently in development
[7,28,29]. The accordion fold has also been explored for solar shading
applications of buildings [30]. However, the numerical approach
detailed in this paper, which is designated as the Segmented Fin
Algorithm (SFA), may be applied to other two-dimensional tessella-
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Fig. 1. Geometry of a re-deployable, segmented fin connected to a base (at Tj,) consisting of several rigid straight panels that are connected in series via thermally conductive
hinges. The apparent surface area and apparent radiative properties of the fin vary as the fin is actuated.

tions of interest. The 2D approach in this work is also applicable to
three-dimensional tessellations considered viable for spacecraft mis-
sions, such as the flasher [31,32] or square patterns, if the depth to
panel length ratio is sufficiently large [10]. Surfaces are assumed to
exhibit diffuse reflection in the present study, and fin geometries are
restricted to isothermal conditions across the panel thickness. In order
to focus the results of the paper on the fundamental radiative behavior
of a dynamic radiative fin geometry, the influence of radiative sources
aside from the fin geometry (such as spacecraft surfaces, building roof-
tops, solar inputs, etc.) are not considered in this work and may be
incorporated by those using the approach outlined here. Regardless,
excluding external radiative sources can be an appropriate assump-
tion for select applications, including long, cantilevered radiators
extending away from a co-planar spacecraft (e.g. ISS, CubeSats).

First, the governing equation of the numerical model is pre-
sented, including non-dimensionalization of the design variables
and comparison metrics of interest. The numerical solution
approach used to determine an accurate temperature profile of the
dynamic radiative fin is described and limiting conditions are
defined. Simulation results are compared with available analytical
solutions for a static, rectangular radiative fin and for an isothermal
V-groove to verify the performance of the model and code. Results of
the numerical model are described and the influence of the actuation
position, number of tessellation panels, surface emissivity,
conduction-radiation  interaction parameter, and hinge-
conductance radiation parameter on the temperature profile, heat
transfer, efficiency, and turn-down ratio of the device is described.
Finally, results are further discussed in light of application
considerations.

2. Methodology
2.1. Segmented fin algorithm

2.1.1. Model geometry

A rigid, straight panel of known thermal conductivity (k), sur-
face emissivity (&), thickness (t), and length (L) having a unit width
in-and-out of the page is connected to an isothermal base (T,) via a
flexible thermal hinge with a given thermal conductance
(x, reported per unit area). At the tip of the base-mounted panel,
an additional thermal hinge, also of thermal conductance «, con-
nects the tip of the first panel to the base of another straight, rigid
panel (Fig. 1). This repeating behavior continues for Np panels,
where the geometric angle between two adjacent panels is identi-
cal across the entire series and specified as the actuation angle (¢).
The resulting pattern of angled panels forms an accordion tessella-
tion, resulting in a self-irradiating, segmented, radiative fin.

2.1.2. Governing equation

Each panel is discretized into N number of finite, isothermal ele-
ments which include the entire thickness of the radiator panel and
with uniform finite length (4x). The geometric center of each ele-
ment contains a node at a certain temperature, designated as T,

where n is the panel index (as numbered from the base) and i is
the index of the element (as numbered from the base-side of the
panel) as shown in Fig. 1.

Consider an energy balance on a single element (Eq. (1), inset
Fig. 1). Heat enters this element via one-dimensional conduction
from the left element (n, i — 1) and leaves via conduction to the
right element (n, i+ 1); both conduction terms may be described
with Fourier’s Law at the element boundary (Eq. (2)). To allow
for numerical calculation, the temperature gradient in Fourier’s
Law is replaced with a finite difference approximation between
adjacent temperature nodes (right-hand-side of Eq. (2)), where
the distance between nodes is equivalent to the length of an ele-
ment, Ax. Energy leaving the element via conduction is determined
in a similar manner.

q/cond‘in - q/cond‘uut + q/rad‘in.left + q/rad.in‘n'ght - q;'ad.out =0 (1)
, dT Thii1 — Thi
Qeond.in = _kta ~ kt# )

Radiant energy is incident on the element from the left (q;,q.;, )
and right (q;,q i, ign) Panels as well as emitted from both sides of the
element (c). Therate at which radiant energy from an element on the
left panel (n — 1,j)is absorbed by element n, i is determined by mul-
tiplying the absorptivity of the panel surface, radiosity of the left ele-
ment, view factor between the two elements, and the area of the left
element, or o J,_; ;Fj_i4x; assuming diffuse and gray surfaces. The
heat originating from the entire left panel that is absorbed by ele-
ment n,i is determined by summing over all elements on panel
n — 1asshowninEq.(3), where Nrepresents the total number of ele-
ments on an individual panel, where all panels have the same num-
ber of elements. The absorbed heat from the right panel (q;, ; rign,) IS
given by a similar expression, where the index j now indicates ele-
ments on the panel n+ 1 and J,_;; is replaced with J,,.;. The heat
emitted from the element is given by Eq. (4), which accounts for
emission from both exposed surfaces.

N
qlrad‘left.in = Z]n—l.ij*iAXi (3)

=1

q,rad,out = 2e0Ax; T;:,i (4)

After substituting Egs. (3) and (4) into the energy balance, the
governing equation becomes,

Tnict —Tni o, Tni— Thi N
Kt =M 1 N fep 0 n,i+1 +OC§ ni Fi_iAX;
: Axi j:1.] 147 ]

N
+ o .]n+1ij—iAXj — 280‘AX1‘T3J- =0 (5)
Jj=1

Emission and reflection from the base geometry to which the
dynamic radiative fin is attached as well as irradiation from the
surroundings have been shown to impact the heat transfer behav-
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ior of a parallel radiative fin array [13,33]. However, these influ-
ences were not considered in this work for two reasons. First, the
focus of this paper is the fundamental heat transfer behavior of a
dynamic radiative fin, focusing on the impact of self-irradiation
on the fin heat transfer and temperature profiles. As such, external
inputs were not considered in order to focus on the basic behavior.
Second, it is difficult to identify and generalize the exact geometry
of the base and the strength and directionality of radiation from
the surroundings. Instead the influence of these factors on the heat
transfer and temperature profiles of self-irradiating dynamic fins is
left as future work. Finally, there are application scenarios where
external inputs (specifically from the base) are negligible, includ-
ing heavily insulated spacecraft or spacecraft with geometry such
that the fin panels do not view the spacecraft significantly.

Likewise, the use of a 2D model results in error when used to
predict the performance of 3D surfaces. As real radiative fins are
three dimensional, it is necessary to ensure that panels of sufficient
depth are used such that the infinite depth assumption does not
introduce significant error. It has been shown that 3D V-grooves
with a depth to panel length (L) ratio of 10 or more exhibit radia-
tive heat transfer values within 95% of the values predicted by a 2D
model [10]. Results provided in this work are best applicable to
self-irradiating, segmented fins that meet this criteria. The
approach established here may be extended for other 3D surfaces.

The governing equation is non-dimensionalized using the terms
giveninEqs. (6)-(9). The local temperature Tis scaled by the temper-
ature of the base Ty; the element length Ax is scaled by the length of a
single panel L; the thermal conductivity, panel length, panel thick-
ness and base temperature are combined to form the radiation-
conductioninteraction parameter (N.), being a ratio of the resistance
to conduction through the fin material to the resistance to radiation
heat transfer from the fin surfaces, where this non-dimensional term
is often utilized in radiative fin solutions [ 13]; the radiosity J is scaled
by the emissive power of the base oT,*.

-1 ®)
7= )
= =T ®
J GLT;‘ 9)

The intrinsic emissivity and intrinsic absorptivity are equivalent
in this work as the surfaces are assumed to be diffuse and gray.
Likewise, the intrinsic radiative properties of the surface were
not included in non-dimensional terms in order to explore their
specific effect on the heat transfer and turn-down ratio of a self-
irradiated, segmented fin.

The non-dimensional form of the governing equation for an
internal element is given as Eq. (10) after recalling that all ele-
ments have an equivalent length 4. The view factor F used in this
analysis is for exchange between finite areas on one side of a V-
groove to another as reported in the Hottel crossed strings section
in Modest [34] or condition A-10 in the configuration catalog [35].

1
SszN [ 20n1+0n1 1+0nl+] +;]n 14 ] 1+JZ]],1+1J j—i 20;1,,‘:0

(10)

Elements found on the ends of the radiator panels, having an
index i=1 ori= N, will be subject to different boundary conditions
than an interior node and therefore require a modified form of

Eq. (10). The first element (i = 1) on any panel is connected to the
last element of the previous panel, or the base in the case of the
first panel, using a thermal hinge with thermal conductance x.
Conduction terms across these thermal hinges (e.g. ql,,4;, in Eq.
(1)) can be described using Eq. (11). For the last element on a panel
(i=N), Eq. (11) is modified by replacing subscript n — 1 with n and
subscript n with n + 1; these modified forms are then substituted
into the term q,,,,,,. found in Eq. (1).

q’cond,in = Kt(Tnfl,N - Tn,l) (]])

The governing equation for these boundary elements is non-
dimensionalized in the same manner as Eq. (10). However, the
thermal conductance k is non-dimensionalized to obtain a hinge-
conductance radiation parameter Nx (Eq. (12)), similar to the
conduction-radiation interaction parameter but with one length
scale now incorporated into the conductance. This parameter N,
is a ratio of the resistance to conduction through the hinge and
the resistance to radiative heat transfer from the panel surfaces.
The last element of the last panel is assumed to be insulated at
the tip.

Reond i oT,L
N. — cond,hinge _ b 12
" Rmd Kt ( )
Substituting Eq. (11) into Eq. (1) and proceeding as was done for

an internal node, the non-dimensional form of the governing equa-
tion for the first element on a panel (i = 1) is given by Eq. (13). The

governing equation for an element on the end of a panel (i = N) is
given in Eq. (14).
1 1
M(anw = 0On1) + 8A/2N On,1 +Z]n 1;Fi
N
+ > InjFia =205, =0 (13)
j=1
1 1 N
AN, (Onn-1 = Onn) + AN, (Oni11 = Onn) + ;JWUFFN
N
+ D it jFion = 205 =0 (14)

j=1

Mathematical closure for Egs. (10), (13), or (14) is obtained with
the definition of the radiosity for each exposed side of an element.
The radiative heat rate leaving element i per unit depth is defined
in Eq. (15). This equation includes the emission from element i
summed with the reflected portion of energy incident from oppos-
ing elements, being the product of element j’s radiosity, view factor
to element i, and length (4x;) summed over all elements on the
opposing panel. The length of every element is identical, causing
element length terms to cancel and giving the definition of the
radiosity for the element surface facing the right panel (n+1) in
Eq. (16) and non-dimensionalized in Eq. (17). For the side of the
element facing the left panel (n — 1), the radiosity is still given
by Eq. (17) although the subscript of J* must be changed to n — 1.
When one side of the element only experiences radiative heat
exchange with the surroundings (e.g. the top surface of panel 1
or panel 4 in Fig. 1 or when the panels are flat, ¢ = 1), the dimen-
sionless radiosity reduces to only the first term of Eq. (17).

N
JniAxi = eAx0To; + (1 — o) anm iAX; (15)

N
Jni=e0Tg;+ (1 =) > JonFioi (16)
=1
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N
D=0+ (=0 JniFi (17)
=1

2.1.3. Solution method

A balance equation is written for every element on each panel.
This series of equations is cast into matrix form as shown in Eq.
(18), where A is a square matrix with n x N rows and n x N col-
umns containing the coefficients for the linear non-dimensional
temperature variables, 0 is a column vector with n x N entries con-
taining the unknown temperature profile, and b is an n x N column
vector containing the source terms, being the radiosity summation
terms as well as the nonlinear thermal emission term (26*).

A0=b (18)

A and b are built sequentially, beginning with the first element
of the first panel and iterating along i and n. The row number of A
and b corresponding to element i of panel n is given by the expres-
sion (n— 1)N +i. Coefficients in the first row of A and b, corre-
sponding to the first element of the first panel, are generated
using Eq. (13) where the term 0,_; y is the temperature of the base,
0p. For the remaining elements, if the row number divided by Nis a
whole number, indicating an element immediately to the left of a
hinge, then Eq. (14) is used to determine coefficients for A and b.
Likewise, if the row number divided by (N — 1) is a whole number,
indicating an element to the right of a hinge, then Eq. (13) is used
to generate coefficients for A and b. All other rows utilize Eq. (10).
The last row of A and b, being row n x N, corresponds to the last
element of the last panel and is determined using Eq. (14) but with
the second variable grouping (0,,11 — Osn)set to zero, giving an
insulated tip.

The presence of a non-linear temperature term as well as
temperature-dependent radiosity terms within the source term
vector necessitates an iterative process in order to converge to
the correct temperature profile. To proceed, an initial guess of
the temperature profile is made and the radiosity profiles of the
top and bottom surface of each panel are assumed, allowing the
source vector to be calculated. For all tests in this work, the initial
temperature profile was guessed to be isothermal and equal to the
base temperature and with initial radiosity values defined using
only the first term of Eq. (17). The matrix system found in Eq.
(18) is then solved using the calculated source vector, giving a
new temperature profile. The temperature for every element in
the new temperature profile is compared with its equivalent in
the guessed temperature profile. If the difference between the
two profiles exceeds a specified convergence criterion, then the
source vector is recalculated and a new temperature profile is
obtained. This procedure is repeated until the convergence crite-
rion of 64! — 6, =1 x 107> is met, where the superscript k indi-
cates the iteration number. To recalculate the source vector using
a new temperature profile the radiosity profiles must first be
updated. Beginning at the first element on the first panel and mov-
ing towards the end of the fin, the radiosity profile at each node is
updated individually using Eq. (17) for an element surface facing
the panel to the right or a modified form of Eq. (17) for an element
surface facing the panel to the left, utilizing the updated tempera-
ture profile and the most recently available radiosity information.

The iterative procedure just described requires frequent recal-
culation of updated temperature profiles through solution of the
matrix equation given in Eq. (18). By using a linear approximation
to estimate the conduction terms, as shown in Eq. (2), coefficients
for a given row in the A matrix only pertain to the current element
(the coefficients found on the matrix diagonal) as well as the two
elements immediately adjacent. As such, the A matrix is tri-
diagonal and the system is solved with simplified Gaussian elimi-

nation using the Tri-Diagonal Matrix Algorithm (TDMA) as
described in [36].

2.2. Verification

2.2.1. Grid independence study

The accuracy of the converged temperature profile is dependent
on the length of the element, given non-dimensionally as 4. To
ensure an accurate solution for all tested cases, a grid refinement
study was performed for the extremes in the variables; these
include combinations of the smallest (1 x 107>) and largest (10)
N¢ values with the smallest (0.1) and largest (0.9) intrinsic emissiv-
ity values. For each combination, an initial element size was
selected and the iterative temperature profile solution process
was executed. Upon solution, the element size was decreased by
a factor of two and a new temperature profile was determined,
starting with the most recent temperature profile as an initial
guess. The temperature profiles were compared and the process
was repeated until the difference between the iterated tempera-
ture profiles for all elements fell within the bounds of an overall
convergence criteria. For this study, the overall convergence crite-

ria wasg*;' — 0¥ =1 x 10 resulting in 2000 elements per panel
nt n.t g p p

(N) to satisfy the grid independence criterion for all four tested
cases. All data points in this study were conducted with N = 2000.

2.2.2. Limiting condition

In developing the self-irradiating fin model, the temperature at
any position on any panel was assumed to be isothermal through
the thickness of the panel. When applied to a given geometry, this
assumption must be validated using the Biot number to ensure
accuracy. Using the radiation heat transfer coefficient obtained
by linearizing the radiation rate equation [37] with surroundings
at a temperature of 0 K and assuming the characteristic conduction
length to be the thickness of the material, the Biot number of the
element is given as Eq. (19).

. eoTpt  Neet?

Bi = T (19)

This number compares radiative emission from the surface with
conduction through the thickness. To be conservative, the Biot
number analysis given as Eq. (19) ignores radiative energy
absorbed by the element and the highest temperature, T,, should
be used. Results for the Biot number for a particular application
as calculated in this manner should be less than 0.1 to ensure
appropriate application of the isothermal condition through the
thickness of the panel. Results presented in this paper are provided
in terms of non-dimensional parameters, without selection of
specific values for t, € and L; the condition of a small Biot number
should be verified before applying these results to a particular
application.

2.2.3. Model validation

To test the accuracy of the SFA, numerical results using the cur-
rent approach are compared with known analytical solutions for
certain idealized cases. First, the actuation angle is defined as
180° and the hinge-conductance radiation parameter is set to
AyN., resulting in a flat, straight fin of homogeneous material.
The solution provided by the SFA for this scenario corresponds
with the analytical solution for a straight rectangular radiating
fin with negligible base interactions (available from [38], repeated
in Eq. (20)).

5ke\ 2 [T dT
x= <m> [ o 7 20
. [T — T3y, — (5/2¢60)(T - TL.N,,)]
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To evaluate this expression, the temperature at the end of the
fin is first evaluated by setting x = L-Np (the total length of the
fin) and determining the correct T that satisfies the integral with
root-finding methods so that the temperature at the tip of the fin
can be obtained. A temperature value is then chosen between the
tip temperature and base temperature. Eq. (20) is evaluated by
integrating from the selected temperature to the base temperature,
giving the x location for the selected temperature. A new temper-
ature value is selected and its associated x value is determined
with Eq. (20). This process is repeated until a sufficient number
of points have been evaluated and the temperature profile of the
fin is clear. Comparison of the temperature profiles using the cur-
rent method and the analytical solution are provided in the results.

To test the accuracy of the radiative interactions, the emissivity
of the surface is set to 0.3, the conduction-radiation interaction
parameter is set to zero (e.g. a fin with infinite thermal conductiv-
ity) and the hinge-conductance radiation parameter is set to AyN..
The heat loss from one V-groove of the resulting isothermal fin
with an emissivity of 0.3 is calculated for all actuation angles and
this value is divided by the heat loss from a black V-groove of
the same geometry to determine the apparent emissivity [12] as
calculated by the SFA. The resulting apparent emissivity value is
compared with a correlation from ray tracing data for the apparent
emissivity of an isothermal V-groove [11] as given in Egs. (21) and
(22), where the variable A is the apparent emissivity correction
function.

00

SG:SAZ(I—s)m[l—sin<§>r (1)

m=0

A =1-1[0.0169 — 0.1900In(&)]exp(—1.4892¢ 0440 ) (22)

2.3. Result metrics

The SFA outputs the non-dimensional temperature distribution
of the segmented fin and the non-dimensional radiosity distribu-
tions for the top and bottom fin surfaces. In order to study the
effect of the parameters €, N, Np, and Nx on the heat transfer per-
formance of the fin, several metrics are proposed. The first of these
metrics is the fin heat transfer rate non-dimensionalized using the
maximum possible radiative transfer from the fin (I1;). To deter-
mine this value, the heat transfer per unit width across the thermal
hinge (Eq. (11)) is applied to the first hinge and scaled using the
total emission per unit width leaving a straight, black, isothermal
radiative fin having the same length as a fully extended segmented
fin, as shown in Eq. (23).

I, — q'fin _ 1—011
2LNpoT,  2NiNp

(23)

Here, 0, is the non-dimensional temperature of the first node of
the first panel and I1; is the non-dimensional fin heat transfer rate.
The non-dimensional fin heat rate is defined as the ratio of the heat
rate through the fin to the heat rate through a black, fully-extended,
isothermal fin of the same dimensions. The non-dimensional fin
heat rate reports a relative heat transfer value and is used to deter-
mine how the heat transfer of the dynamic segmented fin varies
with actuation and is a measure of how efficiently the mass of the
fin is being utilized. This term is referred to as the “non-
dimensional heat transfer” throughout the remainder of this work.

A second non-dimensional heat transfer value is used in this
work in order to examine the heat transfer behavior of a dynamic
segmented radiative fin. This heat transfer value is calculated by
dividing the heat rate of the segmented fin calculated using Eq.
(11) by the heat rate of the same segmented fin with an isothermal
temperature profile for the same intrinsic emissivity and actuation

angle. The heat loss of the isothermal fin is the summation of the
emission from the V-groove cavity openings, utilizing the apparent
emissivity (Eqgs. (21) and (22)) and the emission from the panel
surfaces that are exposed only to the isothermal surroundings Eq.
(24); Eq. (11) is not used to find the heat loss from an isothermal
fin as this equation would return a value of zero in the isothermal
case. This second non-dimensional heat transfer value quantifies
how closely the fin temperature profile approaches isothermal
conditions and therefore indicates how effectively heat is being
transferred along the length of the fin. This metric resembles the
classic definition of fin efficiency and will therefore be referred
to as “fin efficiency” throughout the remainder of this work.

, — q,ﬁn _ Op — 011
Qfiniso  2Nic[€ + €o(Np — 1)sin(2)]

Finally, the turn-down ratio (W) is defined as the ratio of the
largest possible non-dimensional fin heat rate to the smallest pos-
sible non-dimensional fin heat rate (using Eq. (23)) over the full
range of actuation angles while ¢, N. and Nk are held constant.
For this work, the turn-down ratio was determined by dividing
I1, evaluated at an actuation angle of 180° by II; evaluated at an
actuation angle of 5° (the smallest angle considered). A larger
turn-down ratio indicates an increased range of radiative heat
transfer control.

(24)

3. Results and discussion
3.1. Verification comparisons

Fig. 2a plots the non-dimensional temperature profile against
the non-dimensional, length-wise panel coordinate y for both
the SFA and the analytical results from Eq. (20). Results are pro-
vided for four different values of N. and an intrinsic emissivity
value of 0.90. Given the definition of y as shown in Eq. (7), whole
number values of y represent the location of thermal hinges
between adjacent panels. As seen in Fig. 2a, SFA results are in
excellent agreement with the analytical results, with slight dis-
agreement apparent when y, N. and € are large. For 0.005 < N, -
<10 and 0.1 <¢<0.9, the largest discrepancy between the SFA
temperature profile and the analytical temperature profile is 3%.
For these cases, the temperature profile becomes less accurate as
x increases. Since these discrepancies are negligibly small, com-
parison of the analytical and SFA results verifies the conduction
and emission portions of the code.

To verify the behavior of re-reflected energy within the
V-grooves, the SFA results for an isothermal fin are compared in
Fig. 2b with an apparent emissivity correlation given in Eqs. (21)
and (22) over the full range of actuation angles for an intrinsic
emissivity of 0.3. The average relative discrepancy between the
SFA and correlation is 2% for 0.1 < & < 0.9 (step size of 0.1) over
the full range of cavity angles. Perfect agreement between the
SFA and correlation is not expected due to uncertainty inherent
to the correlation, with correlation uncertainty approaching 1.6%
for actuation angles near 0°. Since the largest SFA/correlation dis-
crepancy is comparable to the uncertainty in the correlation and
also occurs near angles of 0°, the ability of the SFA to correctly pre-
dict radiosity is considered verified.

3.2. Large thermal hinge conductance

Results are first presented for the case where conduction resis-
tance across the thermal hinge is negligible (Nx = 4 N,), repre-
senting a single continuous material that has been folded into an
accordion pattern with an isothermal boundary condition on one
end. When a value of Nk = AyN, is used, governing equations for
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Fig. 2. (a) Results of the Segmented Fin Algorithm (SFA) compared with results from an analytical, straight, radiative fin solution (Eq. (20)) for &=0.90. The numerical
algorithm agrees well with the analytical approach with a largest relative error of 3%, obtained at large values of N, ¢, and y. (b) The apparent emissivity of a V-groove (&,) as
calculated using the SFA compared with a published correlation (Egs. (21) and (22)). The largest error between the SFA and correlation is 2% which is similar to the range of

errors given for the correlation.

the first or last element on a panel, given by Eqgs. (13) and (14)
respectively, are transformed into the governing equation for an
element in the middle of the panel as given by Eq. (10). This sce-
nario explores the operation of a deployable fin without the added
complexity of a hinge resistance. Fig. 3a displays the temperature
profile for a four-panel, hinged radiator with an intrinsic emissivity
of 0.9 and conduction-radiation interaction parameters of 0.05 or
10. Results are displayed for four different actuation angles, ¢
=5¢°, 30°, 90°, 150°. Fig. 3b gives temperature profiles for these
same N, values, actuation angles, and number of panels but for
an intrinsic emissivity of 0.1.

For small N, values, indicated by the family of curves labeled
N.=0.05 in Fig. 3a and 3b, conduction dominates inter-panel heat
exchange over radiation. As such, the temperature drop from the
base to the tip of the fin is small when compared with temperature
profiles for fins with large N, values. Likewise, the influence of self-
irradiation on the fin temperature profile is evident in the changing

1.0
0.8
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0
0.4
0.2
DA © = 0.9
—e—— $=30° e é =150°
0.0 0 1 2 3 4
X
(@)

tip temperature of the fin with changes in actuation angle.
However, temperature profiles for all angles still approximate an
exponentially decaying form except for slight perturbations in
the middle two panels (1< y<3) for small actuation angles.
Regarding emissivity, the fin with a high emissivity experiences a
5x larger reduction in tip temperature than for a fin with low emis-
sivity when comparing tip temperatures in the fully extended and
fully collapsed positions.

At large N values (e.g. N. = 10 curve families in Fig. 3a and 3b),
radiative losses dominate inter-panel heat exchange over conduc-
tion. As such, self-irradiation causes significant variation in the
temperature profile as compared to the exponentially-decaying
straight-fin temperature profile given approximately by ¢ = 150°.
For large emissivities, the temperature of the second panel
(1< x<2) can be seen to increase as y increases, especially for
small actuation angles, indicating that heat is conducted towards
the base of the fin. Although counter-intuitive, this behavior may

1.0
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=5 - g=90° .
m=== = 30° ¢ = 150° S0
0073 1 2 3 4
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Fig. 3. Non-dimensional temperature (0) profiles as a function of non-dimensional panel position () for a four-panel, hinged radiator at two values of the conduction-
radiation interaction parameter (N.). Results are displayed for increasing values of the actuation angle (¢), showing the influence of fin deployment position on the
temperature profile. (a) Behavior observed for an intrinsic emissivity of 0.9. When conduction dominates (N, < 1), the profile approximates that of a straight radiative fin.
When radiation dominates (N > 1) the influence of radiative exchange between panels causes significant variation in the panel temperature profiles. (b) Behavior observed
for an intrinsic emissivity of 0.1. As a result of the nearly reflective surface, conduction dominates inter-panel heat exchange and the profiles continuously decrease as y

increases.
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be explained with an examination of the fin’s geometry. For very
small actuation angles (¢ < 5°), the hottest elements at the begin-
ning of the first panel (0 < y < 0.25) are within close radiative prox-
imity to the elements at the end of the second panel (1.75 < y < 2),
resulting in significant radiative transfer from the beginning of the
first panel to the end of the second panel. This elevated radiative
transfer combined with the weak influence of conduction gener-
ates a local hot spot near the end of the second panel, causing heat
to conduct away from this location in both the +) and —y direc-
tions. However, for reflective surfaces (€ =0.1), the effect of radia-
tive heat transfer is decreased, resulting in monotonically
decreasing temperature profiles for all cases (see Fig. 3b). The tip
temperature reduces in value as actuation angle increases for both
emissivities.

Fig. 4a illustrates the non-dimensional heat transfer (I1;) of the
dynamic fin as a function of actuation angle ¢ for an emissivity of
0.9 and Fig. 4b displays this same information for an emissivity of
0.1. Universally, the heat transfer increases as the actuation angle
increases, although this change reduces in value as N, increases.
For nearly black surfaces, the heat transfer curves follow an
approximate sine distribution, indicating that the heat loss is dom-
inated by the surface area of the V-groove openings, which
increase along a sine distribution with angle. However, as the
intrinsic emissivity decreases, the heat transfer variation becomes
increasingly concentrated towards the small angle range (see
Fig. 4b), suggesting that inter-reflections (which are significant in
the small angles) dominate the total heat transfer. Finally, smaller
N, values result in more significant heat transfer control, where a
nearly black surface with an N, value of 10 shows only a 3% varia-
tion in heat transfer over the full actuation angle range.

Fig. 4a and 4b also display the fin efficiencies (I1,) for high and
low emissivity fins, respectively. Universally, the efficiency of a
dynamic fin decreases as the fin actuates from a collapsed to an
extended state, indicating that the fin temperature profile is
deviating further from isothermal conditions. This behavior is the
result of conduction and radiation acting simultaneously when
the fin is collapsed to move energy along the fin in the positive y
direction, causing the fin tip temperature to increase and improv-
ing fin efficiency. The influence of self-irradiation decreases signif-
icantly as the actuation angle increases, causing the fin efficiency
to drop with actuation. Regarding emissivity, a reflective fin is
always more efficient for all actuation angles when compared with

1.0
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0.0
0 30 60 90 120 150 180
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a nearly black fin with an equivalent N value. Finally, it is interest-
ing to note that the largest variation in fin efficiency with actuation
does not occur at the lowest or highest N, but is found to exist, for
all emissivities, at an optimal value of N. found between the
extremes.

The turn-down ratios (W) for fins with four panels and intrinsic
emissivities of 0.9 or 0.1 as a function of N, are shown in Fig. 5a.
Large values of N, result in turn-down ratios near unity regardless
of emissivity, indicating a device with very little capability for
radiative heat transfer control. As N, decreases the turn-down ratio
increases and then asymptotes to a limiting value. For a nearly
black fin (€ = 0.9) with four panels, the asymptotic value for W is
3.48. For a reflective surface (¢=0.1) the asymptotic value is
2.43. The inset of Fig. 5a illustrates the behavior of turn-down ratio
as a function of intrinsic emissivity for an N. value of 0.001, where
turn-down ratio increases logarithmically as a function of emissiv-
ity. Fig. 5b plots the turn-down ratio for a dynamic fin with nearly-
black (€ = 0.9) panels as a function of the number of panels (Np) for
four different N. values. As expected, increasing the total deployed
surface area by increasing the number of panels will generally
increase turn-down ratio. However, this increase in turn-down
ratio will eventually reach a maximum and then decrease as the
number of panels increases.

3.3. Finite thermal hinge conductance

Results are now presented for the case when Nk is non-zero,
indicating the presence of a flexible thermal hinge. Fig. 6a displays
the temperature profile of a nearly black (¢ = 0.9) dynamic fin hav-
ing four panels with an N, value of 0.01 as a function of non-
dimensional panel position for actuation angles of 5°, 90°, and
150° and for three different values of Nk, being 0.01, 0.5, and 10.
The hinge thermal conductance value (k) captures the influence
of hinge thermal conductivity, geometry, and thermal interface
losses in a single value. Although convenient, this method does
not allow for the determination of the temperature profile within
the hinge itself resulting in apparent temperature discontinuities
(as shown in Fig. 6a) representing the total temperature change
across the thermal hinges.

Fig. 6a displays temperature profiles for the case when conduc-
tion dominates radiation (N. = 0.01). When Nk and N, are on the
same order of magnitude, the temperature drop across thermal
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Fig. 4. Non-dimensional fin heat transfer (I1;) and fin efficiency (I1,) as a function of actuation angle (¢) for four different values of the conduction-radiation interaction
parameter (N.). (a) Behavior observed for an intrinsic emissivity of 0.9. The greatest variation in heat transfer is seen for fins where conduction dominates and heat transfer
varies significantly over the full actuation angle range. Fin efficiency decreases as the fin extends towards an open configuration. (b) Behavior observed for an intrinsic
emissivity of 0.1. Unlike the case of a nearly black fin (Fig. 2a), the heat transfer and efficiency of reflective panels vary over a relatively small actuation angle range (¢ < 60°).



R.B. Mulford et al./International Journal of Heat and Mass Transfer 143 (2019) 118441

3.5 —=— £=09
-=- £=01
3.0
\I] 2.5 I-I-----l--l----“.__-.\~
2.0 3.41 ///
-
’
v/ s
1.5 J Ne=10
2.4-/
02 & 08
1.0 ¢ . v y , ;
104 103 102 10! 10° 10!
N.
(@)

10

Fig. 5. (a) Turn-down ratio (V') of a dynamic fin with four panels as a function of the conduction-radiation interaction parameter (N.) for two different values of intrinsic
emissivity. Black fins achieve larger possible turn-down ratios than reflective fins, although this is a function of N.. The inset of the figure displays the variation of turn-down
ratio as a function of emissivity for N. = 103, (b) Turn-down ratio (V') of a nearly-black, dynamic fin as a function of the number of panels (Np) considering four different

values of the conduction-radiation interaction parameter (N,).

hinges are relatively small compared with the temperature change
due to conduction along the fin panels. However, as Nk grows lar-
ger compared to N, the temperature differential across the hinges
grows in magnitude while the temperature profile along the panel
length flattens until nearly isothermal. For the Nx =10 curve in
Fig. 6a, the temperature drop along the length of the first panel
is only 0.01% of the total temperature drop along the entirety of
the fin. As seen from Eq. (11), the temperature drop across a hinge
is proportional to the rate of heat conduction through that hinge.
At small angles (¢ = 5°), the temperature drop across each hinge
is relatively constant, indicating that very little heat is lost by radi-
ation into the surroundings from panels 2 and 3. However, as the
radiator actuates towards an open position (¢ = 150°) the temper-
ature drop across each hinge decreases along the length of the fin,
indicating that panels 2 and 3 have a greater contribution to the
total heat loss of the fin. Regarding emissivity, results are similar
to the case of a large hinge conductance (Nx = AyN,), where tem-
perature profiles for reflective surfaces show smaller temperature
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differences between fin base and fin tip. Likewise, the temperature
drop across the thermal hinges are smaller for reflective surfaces. It
should be noted that the non-dimensional temperature of the first
element on the first panel is no longer equivalent to unity due to
the presence of a thermal hinge between the first panel and the
isothermal base.

When radiation dominates conduction (N.=10), the thermal
hinges have little impact on the fin’s temperature profile. If Nk
and N, are on the same order, then the temperature profile is indis-
tinguishable from the Nx = A yN, scenario. As Nk increases in value
relative to N, the temperature profile experiences an overall
decrease in value and the temperature difference between the first
element and last element decreases in magnitude. The tempera-
ture drop across the thermal hinges likewise grow in magnitude
as Nk increases in value relative to N..

Concerning heat transfer and efficiency, increasing values of Nk
exacerbates the total heat transfer resistance of the fin, decreasing
the heat transfer and fin efficiency when compared with values
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Fig. 6. (a) Non-dimensional temperature (0) profiles as a function of non-dimensional panel position (j) for an intrinsic emissivity of 0.9 and a conduction-radiation
interaction parameter (N.) of 0.01. Results are displayed for three different values of the hinge-conductance radiation parameter (Nx) and for increasing values of the
actuation angle (¢), showing the influence of thermal hinge conductance and fin deployment position on the temperature profile. When N, and Nk are on the same order the
influence of the hinge on the temperature profile is almost negligible. A large value for Nx (relative to N¢) results in a significant temperature drop across the hinges and
nearly isothermal temperatures along the panels. (b) Turn-down ratio (W) of a nearly black dynamic fin as a function of N. and Nk. Overall, N, has a stronger influence on the

turn-down ratio than Nk.
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where Nk = AyN.. The largest decrease in heat transfer and effi-
ciency occurs between Nx values of 0.1 and unity, with the fully
extended heat transfer decreasing by a relative difference of 64%.
As with the case for infinite hinge thermal conductance, the change
in fin efficiency with actuation is greatest for an intermediate value
between the extremes of Nx =0.01 and Nk = 10.

Fig. 6b displays the influence of both N, and Nx on the turn-
down ratio of the device for a nearly black fin (¢ = 0.9). Increasing
either N, or Nk results in a decreased turn-down capability; how-
ever, N has a greater influence on the turn-down ratio value as
compared to Nk.

3.4. Application and design considerations

Fundamental design considerations regarding the use of
dynamic fins are similar to those suggested for straight radiative
fins. Specifically, fins with larger N, values (e.g. short, thick fins
constructed from a thermally-conductive material) are more effi-
cient and achieve greater heat transfer values than fins with lower
N, values. Likewise, a low-emissivity fin experiences much lower
heat transfer rates but exhibits higher fin efficiencies as compared
to a black fin. Several points of discussion concerning the influence
of self-irradiation, actuation, and thermal hinge losses on the
radiative heat transfer behavior of a dynamic fin are now provided.

First, and most noteworthy, dynamic fins are capable of turn-
down ratios on the order of three or greater (Fig. 5a and 5b). A
turn-down ratio of ~3 is on the order of turn-down ratios available
by switching coatings or other devices currently under develop-
ment [39-43]. However, the current approach using a radiative,
segmented fin can utilize common materials and realistic fin
dimensions. For example, a turn-down ratio of three is achievable
with a dynamic fin comprised of four black panels (L =0.1 m and
t = 0.005 m) constructed from pure aluminum, coated with a nearly
black coating (¢ =0.9) and connected to a base held at 293 K. The
use of shorter or thicker panels or the use of materials with higher
conductivities (such as copper or aluminum with integrated heat
pipes) would further increase the turn-down ratio. Therefore,
dynamic fins could prove useful in practical applications.

From a design perspective, an effective dynamic fin should uti-
lize high thermal conductivity materials, thermal hinges with very
low thermal resistance, and nearly-black surface coatings. These
conditions would minimize the mass of the system while allowing
for maximum total heat transfer and the largest possible turn-
down ratio. The number of panels as well as the thickness and
length of the panels may be tailored to the geometry of the appli-
cation, although care must be taken in the correct selection of L and
Np. The turn-down ratio is maximized by increasing the deployed
surface area and decreasing the N. value until it is sufficiently
small. Increases in deployed surface area are possible both by
increasing the length of the fin (L) and/or by increasing the number
of panels (Np). However, increasing the length of the panels also
increases N, substantially, decreasing the turn-down ratio. This
appears to suggest that adding panels is advantageous when com-
pared with increasing the panel length, but the presence of the
thermal hinge must be considered. Since N has a more significant
impact than Nx on the fin’s turn-down ratio potential (as shown in
Fig. 6b), the length of the panels should first be increased until the
value of N, is less than Nxk. Once this condition is satisfied, the
number of panels may be increased. However, as shown in
Fig. 5b, the number of panels cannot be increased indefinitely
(for a given N.), as there is an optimum number of panels to
achieve the maximum turn-down ratio for any given N, value.

Second, radiative exchange between panels universally
decreases the turn-down ratio potential of a dynamic fin. For the
case of a black fin where conduction dominates (N, < 1), radiation
exchange between panels for small angles provides an additional

path by which energy is transferred along the panels. This inter-
panel radiative exchange increases the total heat transfer at the low-
est angles which in turn decreases the turn-down ratio of the device.
Likewise, for a black fin where radiation dominates (N, > 1), inter-
panel radiative exchange is even more significant and penalizes
the fin by reversing the direction of heat transfer via conduction
entirely (as shown in Fig. 3b), causing the heat transfer to remain
almost unchanged for the entire actuation range (as shown in
Fig. 4a). This suggests that the ideal variable geometry fin is a
straight fin capable of varying its length in real time (all other prop-
erties remaining the same) which would obtain larger turn-down
ratios than a folded fin of an equivalent fully deployed length.

Third, reflective fins have interesting behavior but do not make
useful dynamic fins from a practical standpoint. For reflective fins
where conduction dominates, radiative exchange between panels
results in significant variation in heat transfer in the small actuation
angles (0° < ¢ < 60°). This results in a four-panel fin that is capable of
aturn-down ratio of 2.5 where the fin has reached 90% of its full heat
transfer potential at an actuation position of only 60°. This small
actuation range indicates a fin that is capable of rapid heat transfer
control through minimal geometric manipulation. However, the
extremely low emissivity of the fin surfaces significantly reduces
the total heat transfer capability of each panel, requiring the surface
area (and mass) of the reflective fin to increase significantly in order
to match the heat transfer from a black fin. Likewise, reflective fins
cannot match the turn-down ratios achieved by a black fin.

Finally, panel geometry and material (N.) have a larger negative
impact on turn-down ratio than the heat transfer performance of
the thermal hinge (Nk). If N. =0, the turn-down ratio is approxi-
mately 2.25 when Nx =0.1 (Fig. 6b). However, for N.=0.1 and
Nx = AyN,, the turn-down ratio is approximately 1.75. This behav-
ior is true for all values of Nx and N.. This suggests, in application,
that minimization of N, should be prioritized over minimization of
Nk.

With regards to future work, specular reflection should be
incorporated into the model, allowing for a study of how this
reflection mode impacts heat transfer behavior. Also, the model
might be developed to work in three dimensions, allowing real tes-
sellations to be explored to identify tessellations that optimize
turn-down ratio and provide significant heat transfer control over
the full range of actuation. Likewise, this work considered panels
with uniform thickness and length. However, variations in the
length, thickness, and emissivity of individual panels should be
considered in optimizing the performance of self-irradiating,
dynamic fins with regards to the heat transfer per unit mass of
the system. The influence of external radiative inputs, including
solar gains and emission/reflection from the radiative fin base
structure, should be considered to more accurately depict the
behavior of this device in specific applications. Finally, the use of
coatings capable of emissivity variation (such as thermochromic
or electrochromic coatings) on the surface of the dynamic fin
should be modeled to explore the use of multiple radiative heat
transfer variation mechanisms operating simultaneously.

4. Conclusion

A numerical algorithm was developed and used to explore the
impact of heat conduction, self-irradiation, hinge thermal conduc-
tance, and panel emissivity on the overall performance of an actu-
ating, accordion fin with adjustable geometry for dynamic control
of radiating fins. Results show that dynamic fins are capable of
turn-down ratios on the order of three or greater for realistic selec-
tions of panel geometry, panel material, and number of panels.
Results have also shown that there exists an optimum number of
panels such that turn-down ratio is maximized for a given panel
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geometry and material. Also, inter-panel radiative exchange
always acts to reduce the turn-down ratio of a folding fin by pro-
viding an additional pathway by which energy moves along the
length of the fin. Regarding emissivity, reflective fins may be used
to rapidly adjust the heat rate, but this rapid response comes at the
cost of relatively low total heat rates. Finally, panel geometry and
material selection have a more significant impact on radiator
turn-down ratio than hinge construction and performance, sug-
gesting that optimization of the panel performance should be pre-
ferred over optimization of the hinge performance.
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