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Abstract: Buildings consume significant energy, much of which is used for heating and cooling. Insu-
lation reduces undesired heat transfer to save on heating and cooling energy usage. Radiant barriers
are a type of insulation technology that reduces radiant heat absorbed by a structure. Applying
radiant barriers to buildings reduces costs and improves both energy efficiency and occupant comfort.
However, homes often have favorable thermal gradients that could also be used to reduce energy
usage if the insulation properties were switched dynamically. This article introduces two dynamic
radiant barriers intended for residential attics, which can switch between reflecting and transmitting
states as needed. These radiant barriers are manufactured as a single deformable assembly using
sheet materials and are compatible with various actuation mechanisms. The efficacy of these radiant
barriers is reported based on a hotbox experiment and numerical calculations. The experimental
results demonstrate that both proposed dynamic radiant barrier designs increase effective thermal
resistance by factors of approximately 2 when comparing insulating to conducting states, and by
approximately 4 when comparing the insulating state to the case without a radiant barrier. Addi-
tionally, the dynamic radiant barriers achieve heat flux reductions up to 41.9% in the insulating state
compared to tests without a dynamic radiant barrier.

Keywords: dynamic radiant barrier; radiant barrier; reflective insulation; building insulation; building
energy; switchable thermal insulation; topology morphing insulation; energy efficiency; heat transfer

1. Introduction

Buildings consume significant materials and energy, accounting for 38% of total US
energy use, with 31% of the building energy usage dedicated to heating, cooling, and venti-
lation [1]. This already-large energy consumption is projected to increase 15% by 2050 [2].
Additionally, buildings contribute up to one-third of total greenhouse gas emissions [3]. To
address these environmental challenges, many governments worldwide are implementing
policies to enhance energy efficiency in the building sector [4-7]. Improving the energy
efficiency of buildings is essential to meet the rising energy demands and mitigate their
environmental impact.

A building envelope, comprising walls, roofs, foundations, and windows, serves as a
barrier to heat, moisture, and air transfer between the interior and exterior environments [8].
The energy efficiency of a building hinges partly on the control of energy and mass transmis-
sion through the envelope [8-10]. One dominant strategy for regulating heat flow involves
the installation of insulation materials. Distinct types of insulation serve specific purposes
in different components of the building envelope [11]. Fiberglass insulation, for example, is
commonly used within walls and ceilings due to its effectiveness in reducing conduction heat
transfer at low costs. On the other hand, foam board insulation is often applied to founda-
tions and below-grade spaces to provide thermal resistance and moisture control. Reflective
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insulation systems, which typically consist of aluminum foil or other reflective materials,
are frequently utilized in attics and roofs to reduce radiant heat transfer between building
surfaces, such as the underside of the roof and the attic floor.

A dynamic insulation strategy in which the insulation can change shape and/or
properties has been proposed [12-16]. In dynamic insulation, the insulation state is adjusted
to control the flow of heat between the environment and the building. For example, during
the summer, dynamic insulation can switch states to release heat to the surroundings
during cool nights while preventing overheating during the day. Unlike static insulation
(whose thermal properties do not change), dynamic insulation can regulate heat flow
by transitioning between insulating and conducting states [17]. Simulations show that
dynamic insulation could yield energy savings between 7% and 42% depending on the
climate [18].

Despite extensive research and proposed concepts for dynamic insulation, dynamic
insulation remains largely confined to academic studies. The lack of commercial products
suggests that existing concepts do not compete with traditional methods. For example,
some dynamic insulation technologies are too costly to manufacture or deviate significantly
from the forms taken by traditional insulation (such as batts and rolls), which may require
specialized training for installation [11].

The U.S. Energy Information Administration estimates that by 2050, 85% of residential
buildings and 55% of commercial buildings existing today will still be in use [19], making
retrofitting important. The attic is an area where dynamic insulation could be easily
installed but has received little attention [20]. The attic space is easily accessible for retrofits,
making it an ideal candidate for dynamic insulation solutions. One study suggested that
given the potential energy savings, dynamic attic insulation can be competitive with a
55% cost premium relative to traditional insulation to be favorable [21].

Solar radiation is a major source of heat gain for buildings. To mitigate unwanted heat
gain in warm climates, radiant barriers with low-emissivity surfaces are employed [22].
These barriers are typically applied under roof deckings, over ceiling insulation, or among
the rafters [23]. Studies on static radiant barriers have shown significant benefits. For
instance, these barriers can reduce the heat load through ceilings by up to 50% [22,24,25].
Their effectiveness is greater in hot climates than in cooler ones [26].

Incorporating the principles of dynamic insulation into radiant barriers could enhance
energy savings at a low cost. This paper introduces the concept of a dynamic radiant
barrier (DRB) that switches between low- and high-emissivity states. The benefits of
passive heating/cooling can be maximized by controlling the radiant heat flow in the attic
according to the season and time of day, and potentially expanding the range of climates
where radiant barriers will be favorable. Computer simulations by Dehwah et al. predict
that an attic insulation system capable of switching states could double energy savings
compared to static insulation [21]. Savings include annual cooling energy savings up to
54% [27] and reduced heat flux by 33% [28]. Developing a cost-effective DRB that regulates
energy transmission while retaining familiar forms [11] would significantly aid in achieving
global energy efficiency goals by increasing the likelihood of successful market adoption.

In 2021, the combined production capacity of fiberglass in China, the United States,
Germany, and India was approximately 7.8 million metric tons per year [29], with costs of
a fiberglass batt below USD 1/ft? [30]. Therefore, any dynamic insulation must compete
with the costs and ease of installation of traditional insulation and be manufacturable in
similar volumes. Roll-to-roll (R2R) manufacturing is one process that could meet these
requirements. R2R manufacturing is a continuous process where a flexible material moves
through a series of manufacturing steps on rolls, capable of producing various devices,
from microelectronics to photovoltaics [31]. This process supports large volumes and
relatively low manufacturing costs. A dynamic radiant barrier manufactured using R2R
techniques would be cost-competitive and have the potential for widespread adoption.

To simplify manufacturing and make DRBs more cost-effective, two designs that utilize
a stack of selectively bonded sheets that can be actuated to open channels for radiative heat
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transfer are proposed. The motion is achieved through the deflection of compliant sheets,
employing the principles of compliant mechanisms [32]. Various actuation mechanisms,
such as mechanical deflection or inflation, could be utilized to actuate the modulations
of radiative behavior, but this paper focuses on assessing the thermal performance of a
prototype concept. The DRB concepts discussed in this paper are designed to be compatible
with R2R manufacturing and are intended to regulate radiative heat transfer between
the roof and attic floor. The thermal transport of these designs is evaluated through
hotbox testing, and the results are compared to finite element analysis (FEA) simulations.
Subsequently, the heat transfer through the DRB in both positions is compared to a system
without the DRB. These results are used to identify opportunities for further improvement.

2. Experimental Procedures
2.1. Materials and Manufacturing

The DRBs in this study were designed to mirror conventional static radiant barriers in
materials and properties. Typically, radiant barriers (and other types of reflective insulation)
use low-emittance materials and may include multiple reflective layers, either fully bonded
or periodically spaced [22,33]. Radiant barriers can be as thin as 9 um and are often attached
to substrates like paper or polymers like polyethylene [33]. Likewise, the DRBs proposed
in this study were made of layers of sheet materials. Two distinct DRB geometries, the
Accordion and S-Curve (Figure 1), were investigated.

Manufactured Deployed
(Insulating) (Conducting)
State State
. F"fcj:%’*i:““““““‘ﬂ
Accordion {  ——
| [
o
S-Curve
Legend:
Aluminum
Bond

[ ] LpPE

Figure 1. Conceptual designs of the two dynamic radiant barrier designs: Accordion and S-Curve.

2.1.1. DRB Concept

The DRBs in this study use two compliant layers spaced by an adhesive bond, which
creates an air gap and prevents a direct conductive pathway through the DRBs. Fabricating
the DRBs as stacked sheets of material mimics multilayer insulation employed in space
applications. Multiple layers enhance the effectiveness of radiative barriers [34,35].

The Accordion DRB design, inspired by the origami accordion fold and depicted in
Figures 1 and 2, features a series of rectangular cavities when deployed. While traditional
origami accordion folds are fabricated from a single sheet of paper, this approach forms the
fold by selectively cutting and bonding two sheets. The cavities formed when deploying the
accordion fold create a path for radiation transmission from the roof decking to the attic floor.
(For more on the accordion fold, readers are directed to the following resources [36-38].)
The prototype accordion DRB has 20 compliant elements or pieces of aluminum.
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Figure 2. Two dynamic radiant barrier designs: Accordion fold and S-Curve. The DRBs in this image
are made from polyethylene and metalized polyester.

The S-Curve DRB design, a compliant fixed-guided mechanism shown in Figures 1 and 2,
forms an “S” shape when deployed. Unlike the Accordion DRB, the S-Curve does not offer a
direct path for radiation heat transfer. Instead, radiation must reflect between the curves to
pass through the openings in the outer layers of material. The prototype S-Curve DRB has
twelve compliant elements.

While both DRB designs are produced from rectangular strips of reflective materials,
the bonding locations on the sheet materials change the geometry. The compliant aluminum
middle layers of the DRB bond one side to the exterior layer and the opposite side to
a reflective sheet. (Locations of bonds for each DRB are illustrated in Figure 1.) The
effectiveness of these designs is significantly influenced by manufacturing parameters such
as bond width. Increasing the bond width (or reducing the number of compliant elements)
increases the aspect ratio (height/width). The bond width also impacts the transmission
region (the area through which radiation can propagate through the DRB) in the deployed
state. The dimensions of compliant elements and bond width are based on the hotbox
experimental setup described below.

2.1.2. Fabrication

While DRBs could be made by high-volume roll-to-roll fabrication, the DRBs in this
study were manually fabricated to demonstrate the key concept. Each DRB was designed
to be constructed by cutting, placing, and bonding four layers of sheet materials. The
DRBs comprised two outer layers made from Low-Density Polyethylene (LDPE) with
two interior reflective layers. For these DRBs, aluminum foil was used for the reflective
layers. (Figure 3a presents the dimensions of each component of the manufactured DRBs.)
In U.S. residential houses, truss spacings range from 304.8 mm (12 inches) to 609.6 mm
(24 inches), depending on conditions [39,40]. Spacing is typically determined by the width
of the sheathing material, and so 406.40 mm (16 inches) is most common [41]. The DRB
and hotbox were designed to replicate attic spaces for potential DRB installation, resulting
in a standard size for the experiment.

Since manufacturing is not the primary focus of this study, the Accordion DRB was
simplified by replacing the bond between the reflective layers with a single folded alu-
minum sheet, as depicted in Figure 4. This represents an optimal scenario, as a bond
between reflective sheets would protrude into the cavity and reflect some radiation to
the source. The simplified Accordion design uses ten folded aluminum sheets (instead of
twenty sheets bonded to form 10 hinged sheets), each folded in half to a width of 35.56 mm,
as shown in Figure 3b and manufactured in Figure 5. The S-Curve utilizes twelve aluminum
sheets, each cut to a width of 68.16 mm and bonded at the edges. The S-Curve’s design
was not simplified.
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Figure 3. (a) Manufactured and exploded views of Accordion and S-Curve DRBs. Black represents
the LDPE, while blue and teal are used to differentiate the segments formed by cutting each reflective
sheet. (b) Dimensions for LDPE and aluminum components, with units in mm.
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Figure 4. A conceptual design of the simplified Accordion DRB which uses a single folded reflective
sheet instead of multiple bonded sheets.
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Figure 5. The manufactured, simplified Accordion DRB using LDPE and ten aluminum sheets in the
manufactured (insulating) and deployed (conducting) states. Blue tape is used to hold down the DRB.
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LDPE (0.1 mm thick) was used for the top and bottom layers of the DRB because it
has high transmissivity in the infrared spectrum [42,43]. To further reduce the absorption
of infrared light, apertures were cut into the sheets; see Figure 3b. The LDPE sheets were
precision-cut using an Epilog Fusion M2 laser cutter, while the aluminum foil was manually cut.
Subsequently, each material layer was bonded using 3M 9088 Double-Sided Tape (0.013 mm
thick by 6.35 mm wide). This approach allows for quick prototyping of the key concepts.
Commercial applications will require a more robust bonding technique to ensure low costs,
long-term durability, and narrower bonds for higher performance.

Sheets of aluminum foil (0.016 mm thick) were used as the reflective interior layers
in the prototype DRBs. Aluminum foil possesses two distinct surface characteristics: a
reflective side (specular reflection) and a matte side (diffuse reflection). While both surfaces
have the same total reflectivity [44], the Accordion DRB was manufactured with its reflective
side facing the interior of the large rectangular cavity upon deployment. In contrast, the
S-Curve DRB was crafted with its reflective side directed towards the heat source—with
the hotbox part representing the attic decking.

2.2. Hotbox Testing

The test setup used was based on the hotbox design by Fairey [45]. This setup was
chosen to more accurately represent field conditions compared to standard methods such
as ASTM C518 [46], which, as noted by Lee et al. [22], often under-represents the actual R-
value due to differences in emissivity between the testing plates and real building materials.
This setup, designed to replicate a roof-stud interface, experiences thermal leakage via
the hotbox’s vertical walls and is influenced by ambient temperature. However, ensuring
proper insulation of the hotbox walls and maintaining a controlled ambient environment
during testing mitigate these issues sufficiently to demonstrate the core DRB concept and
compare the relative performance of different DRB configurations.

The experimental setup, shown in Figures 6 and 7 and detailed in Table 1, included a
Lowell QUARTZ Direct FOCUS floodlight connected to a variable transformer (voltage
limited to 50 volts) as the heat source. The floodlight irradiates a flat-black spray-painted
aluminum sheet (0.6 mm thick) to evenly distribute the heat across the top particleboard.
(A small gap is introduced between the aluminum sheet and the thermocouples to ensure
the temperature readings accurately reflect the particleboard, not the aluminum plate.)
The foam board insulation, manufactured by Rmax, had an RSI value of 1.06 m2 K/W [47]
and was used to isolate the hotbox from the environment. Pine beams support the top
particleboard. These pine beams rest atop foam board insulation (90 mm tall), which
is on a second flat-black aluminum sheet. Finally, another particleboard is placed atop
the aluminum sheet to complete the setup. There are two sheets (25.4 mm thick each)
of insulation on all sides of the hotbox in the measurement region, along with a layer of
aluminum foil covering the interior exposed surfaces of the insulation.

This setup creates an air gap between the top particleboard—the emitting surface—and
the radiant barrier to ensure that radiative heat transfer can be regulated (contact establishes a
pathway for conduction). Previous research indicates that radiant barriers are most effective
when a gap separates the emitting surface and the barrier [48-50].

The exposed region subjected to heat is 35.56 cm by 35.56 cm. Three Type K thermo-
couples (AWG 24) were placed on each side of each particleboard layer to monitor the
temperature and estimate heat fluxes through the particleboard. The exposed tip of each
thermocouple was placed in a small recess in the particleboards and bonded to the particle-
boards using a silver-filled, thermally conductive epoxy Aremco-Bond™ 556 manufactured
by Aremco Products, Inc. (Northbrook, IL, USA) with a reported thermal conductivity of
22 W/m K [51]. Additionally, a portion of the thermocouple wire was bonded to respective
particleboards to relieve strain. For each test, data were recorded for at least two hours
after the system reached steady state, which required approximately seven hours. The heat
flux, g, through the DRBs after reaching a steady state was measured as described below.
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Figure 6. Isometric view and cross-section of the hotbox used to measure the effective transmissivity
of the proposed DRBs. Thermocouples are placed on each side of both particleboard layers to estimate
the heat fluxes. The insulation has a reflective layer, and the representation of the insulating DRB is
scaled to emphasize its location.

Material Part
Il Aluminum Plate 4
I Floodlight
M Insulation 1
Particle Board 5
Il Pine 6
Il Thermocouple
% DRB

,2,3,7,8

Figure 7. Labeled cross-section of hotbox setup for corresponding dimensions listed in Table 1.
Shades of grey indicate the distinct sections of insulation.

Table 1. Hotbox dimensions corresponding to Figure 7.

Dimensions
Component Material
Length (mm) Width (mm) Thickness (mm)
1 Insulation 460 460 25.4
2 Insulation 914 406 25.4
3 Insulation 914 406 51
4 Aluminum Plate 406 406 0.6
5 Particleboard 406 406 19
6 Pine 406 38 89
7 Insulation 406 25.4 90
8 Insulation 406 25.4 111

Pairs of thermocouples were installed on opposing sides of each particleboard to mea-
sure temperature and calculate temperature differentials. Subsequently, the temperature
difference between these paired thermocouples was averaged to ascertain the heat flux
through each particleboard layer. Subsequently, the heat flux through the bottom board
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was used to estimate the effective thermal resistance of the cavity between the particle-
boards by using the temperatures recorded on surfaces 2 and 3—as illustrated in Figure 6.
Temperature data were recorded at 3 Hz.

All values presented in this paper stem from averaged data collected under
steady—state conditions, defined as a temperature change of less than 0.5 °C over a two-
hour period. Measurements were recorded for at least two additional hours, with data
extracted and averaged over a half-hour period in the steady state. Effective thermal resis-
tivity values represent the thermal resistivity in the cavity between the particleboard sheets
and the heat flux through the bottom particleboard, which corresponds to the heat transfer
into the living space. The heat flux between each pair of thermocouples was estimated
using Equation (1). The heat flux values for each thermocouple pair were averaged to
estimate the heat flux across the member, at steady—state. Using the heat flux through the
bottom particleboard and the surface 2 and 3 temperatures, the cavity’s thermal resistance
(RSI-Value) was calculated using Equation (2).

" AT;
L ®
AT
Rcavity - qTT )

where the variables k, x, q;, 34, Reavity, AT;, and AT,z represent the thermal conductivity
of the particleboard (0.12 W/m K [52]), particleboard thickness, heat flux through paired
thermocouples, averaged heat flux through surfaces 3 and 4, thermal resistance, temper-
ature difference of the thermocouple pair, and difference in averaged temperatures on
surfaces 2 and 3, respectively.

Measurement Uncertainty

The measurement error depends on many factors including thermocouple type, purity
of thermocouple metals, operating temperature range, contact with the measured surface,
data acquisition device, and quality of electrical connections. Type K thermocouples, made
from chromel-alumel, are manufactured such that the limits of error (in the temperature
range 0-1250 °C) offer a systematic uncertainty of £2.2 °C or 0.75% of the temperature
(whichever is greater) [53]. To verify accuracy, and mitigate the systematic uncertainty,
thermocouples were compared against a Fisher mercury immersion glass thermometer
(resolution 0.028 °C, ca., 0.05 °F) in a water bath. The measured error of the thermocouples,
with respect to the thermometer, had a mean error of 0.29 °C. The sample variance had a
mean value of 0.09 °C and a standard deviation of 0.005 °C. Since the temperature difference
across the boards is the primary metric, the mean error is less important than the variation.

To determine the uncertainty (denoted as u) in the reported measurements, the errors
associated with the thermocouples were first accounted for. Subsequently, the propagation
of these errors into the final results was calculated using a combined standard uncertainty.
(For more on uncertainty propagation, readers are directed to [54,55].) To estimate the
propagated error for a set of measurements that includes both random and systematic
errors, for the measured data, the error for thermocouple T; was calculated using the known
error from the measured error (u)/r) and the calculated error from the experimental data,
which include the standard error of the mean (SEM, defined as Ln where ¢ is the standard

deviation and # is the number of measurements), using Equation (3).

u(Ty) = \/(SEM(T)) + e 3)

The uncertainty in the temperature difference, u(AT), was derived from the uncertain-
ties of each thermocouple; see Equation (3). These uncertainties can be combined using a
root sum square method to estimate the error for the temperature differential across paired
thermocouples (u(AT;;)):
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2
u(ATy) =/ (u(T))? + (u(Ty)) @
where i and j subscripts represent the thermocouple and thermocouple pair, respectively.

The uncertainty of the heat flux u(g;;) was then calculated using the temperature
difference AT across the material:

AT;;
u(qij) = fiiju(ATij]) ®)

where g;; is the heat flux through the material calculated using mean recorded values
and Equation (6).

k- AT;:;
4 (6)

qij =

x

The heat flux was averaged, using the temperature differential from the paired ther-
mocouples, to estimate the heat flux through the particleboard. This then creates a total
uncertainty for the heat flux through surfaces m and n:

wlge) = || (SEM(@))* + 3 (u(ai))? )

ij=1
where sigma notation accounts for the uncertainties from each thermocouple pair, and
SEM (171']«) comes from the error arising from averaging the paired heat fluxes through one
particleboard.

This uncertainty propagates into the calculation of the final thermal resistance of the
cavity between the particleboards. The error propagation into the thermal resistance, using
the heat flux through surfaces 3 and 4, is then

R (u(ATs) N (u(gae)\* L u(ATas) u(gss)
M(Rcavlty> _Rcav1ty\/< AT23 > +( 34 ) -2 AT23 73 (8)

2.3. Finite Element Analysis

The experimental section investigated two DRB geometries: the Accordion and the S-
Curve. For simplicity, in the FEA, the idealized, fully opened Accordion DRB geometry with
rectangular cavities was studied numerically to examine the effect of radiation interacting
with the barrier. In this section, the effectiveness of the DRBs was measured by comparing
the heat flux through the system with and without DRBs through a numerical simulation,
using the heat transfer module in COMSOL™Multiphysics software version 5.6 .

In this study, two sets of FEA models were used to evaluate the effectiveness of
the DRB by comparing heat flux variations with and without DRBs against the hotbox
experiment. The models, shown in Figure 8, capture conduction, convection, and radiation
in the hotbox. In the model, a constant temperature is applied on surface 1 (the top surface
of the top particleboard). The external and internal walls are exposed to stationary air with
a convection coefficient of 5 W/m?K (The simulation showed that changing the value did
not significantly impact the results. The experimental data from the No DRB case were
compared with the FEA output to determine the optimal convection coefficient). The heat
transfer processes within the hotbox include the following;:

1.  Heat conduction through the system.

2. Free convection in the interior cavity between particleboards.

3. Radiation exchange between the underside of the top particleboard and the surfaces
in the cavity using the hemicube surface-to-surface method.
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Legend:
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Figure 8. Schematic figures of the FEA hotbox and boundary conditions of the system for
the 2D simulation.

The COMSOL model includes two domains: fluid (air) and solids (e.g., insulation,
wood, DRB). The default properties of each material were loaded from the COMSOL
Multiphysics material library and are listed in Table 2. The dimensions of the hotbox are
shown in Figure 7 and listed in Table 1. The initial air temperature was set to Ty = 292.15K,
with the ratio of specific heats set to 1.4 [56]. In this setup, the average surface temperature of
surfaces 2 through 4 was measured and averaged with and without the DRB. Additionally,
in the model, the insulating state of the DRBs is represented by a continuous aluminum layer.
This approach simplifies the simulation and approximates the DRB’s actual conditions—by
removing the negligible gaps between the compliant aluminum components.

Table 2. Material properties in FEA: € is surface emissivity. ¢y, is the heat capacity at constant pressure.
k is thermal conductivity. Foam board covered in a layer of aluminum foil.

Properties
Material
€ ¢p (J/kg-K) k (W/m K)

Aluminum 0.85[57]/0.04 [58] * 900 [59] 237 [60]
LDPE 0.92 [61] 2300 [62] 0.33 [63]
Foam Board - 1700 [64] 0.87 [47]
Particleboard 0.8 [65] 1420 [66] 0.12 [52]
Pine 0.95 [65] 2850 [67] 0.12 [65]

* The emissivity values are € = 0.85 for the flat-black coating on the aluminum plate and € = 0.04 for the
aluminum foil.

The flow was modeled as laminar using COMSOL’s Heat Transfer in Solids and Fluids
module and the Radiation in Participating Media module. This method applies the surface-
to-surface radiation condition to all boundaries on surface 1, accounting for shading and
reflection between radiating surfaces. This study solved the steady—state heat transfer
equation and the Navier-Stokes equations for compressible Newtonian flow, with the
continuity equation.

The model was discretized using a structured mesh, with refined regions near the heat
source and insulation layers to capture significant gradients. This resulted in an average
element size of 0.137 mm and a total of 540,723 elements. Convergence was achieved
when the residuals of continuity, momentum, and energy equations fell below 10~¢, with
temperature and velocity fields showing changes of less than 0.1% between iterations. A
grid-independence study demonstrated less than 0.5% of temperature variation, indicating
the solution’s relative insensitivity to mesh size and determining the optimal mesh size.

3. Results and Discussion
3.1. DRB Performance

Figure 9 shows the time-dependent temperature of the hotbox in the control case without
the DRB. The system reached steady—state and the temperature remained stable during the
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test period, with minor perturbations in the experimental data likely due to room-temperature
fluctuations (mean temperature of 292.65 K with mean and standard deviation of variance of
0.09 K and 0.02 K) and thermocouple measurement errors. Surface 4 experienced the largest
variations, as it is directly exposed to the environment. Using steady —state data, the heat
flux, thermal resistance (RSI-value), and the ratio of thermal resistances for two DRB designs
were evaluated. These results are summarized in Tables 3 and 4 and Figure 10.

Our experimental results show that the Accordion and S-Curve DRB designs signif-
icantly reduce heat flux (Figure 10a,b) and enhance thermal resistance (Figure 10c,d) in
their insulating states compared to their conducting states and conditions without a DRB.
Research demonstrates that radiant barriers effectively reduce heat flux into structures.
Specifically, Accordion and S-Curve DRBs achieve heat flux reductions of 41.9% and 33.1%,
respectively, in the insulating state compared to No DRB. These reductions are within
the 26-50% reduction achieved by static radiant barriers [22,24,25]. In terms of thermal
resistance, both designs achieve a turndown ratio of approximately 2.2:1 between insulating
and conducting states, and at least a 4:1 ratio between the insulating state and No DRB.
Maximizing the effectiveness of the DRBs requires reducing the difference between the
conducting state and the control case while maintaining (or increasing) the turndown ratio
of the insulating and conducting state.
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Figure 9. Averaged temperature distribution across particleboards in the control group (No DRB)
during testing.

Table 3. Average surface temperatures for each physical experiment. Uncertainty accounts for
systematic and measured uncertainty.

Temperature (K) of Surface

Simulation

1 2 3 4
No DRB 369 + 0.50 347 4+ 0.50 321 4+ 0.50 309 + 0.51
Accordion Insulating 358 +0.50 346 £ 0.50 303 £ 0.50 298 £+ 0.50
Accordion Conducting 355 £+ 0.50 341 £ 0.50 310 £ 0.50 301 = 0.50
S-Curve Insulating 349 + 0.50 340 4+ 0.50 302 4+ 0.50 298 + 0.50

S-Curve Conducting 342 £ 0.50 330 + 0.50 307 £ 0.50 300 £ 0.50
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q" (Wim?)

RSI-Value (m2K/W)

Heat Flux Through Bottom Particle Board

Table 4. DRB experiment outcomes: thermal resistance (R) and heat flux () with subscripts denoting
conducting (con) and insulating (ins) states.

” ”

. R R; q q; " "
Bxperiment 2wy 2wy Ri/Reon ity wimey  Tins/con
No DRB 0.21 + 0.01 122 + 6.77
Accordion 0.37 £0.02 0.84 £0.1 2.23 8254+6.73 5124672 0.62
S-Curve 036 +£0.03 094 +0.14 2.58 649 +£6.72 404 +6.72 0.62
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Figure 10. A comparison of the experimental data, between the control test (without DRB) and the
Accordion and S-Curve DRB configurations. Plots represent (a) the heat flux measurements, (b) ratio
of heat flux across the lower particleboard, (c) the thermal resistance measurements, and (d) ratios of
thermal resistance. Ins and Con refer to the insulating (manufactured) and conducting (deployed)
states of the DRB.

Similar thermal resistance values are expected for the conducting and insulating states
when comparing the DRBs. However, in the insulating state, the S-Curve is 13% more
resistive, likely due to its geometry. The S-Curve’s overlapping aluminum layers prevent
gaps, reducing paths for radiative heat transfer. In contrast, manufacturing tolerances in
the Accordion DRB may introduce significant spacing between the folded aluminum sheets,
impacting radiative heat transfer. In the conducting state, the resistance difference between
the S-Curve and Accordion DRB is negligible (0.01 m? K/W). When partially deployed, it
reflects some heat to the emitting surface. The difference between the turndown ratio for
the heat flux (reported in Table 4) for each case is negligible.

A comparative analysis indicates that the S-Curve design marginally outperforms
the Accordion design, with a higher thermal resistance turndown ratio. This is likely due
to the deformation of each DRB in the prototypes. During the DRB-Conducting test, the
Accordion exhibited less deformation than the S-Curve such that the S-Curve’s aluminum
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was deformed into approximately rectangular cavities while the Accordion deformed into
hourglass-shaped cavities that left less open area for radiative transport through the cavities.
(When deployed, the aluminum experiences plastic deformation, which then reduces the
curvature of the deflected material and creates rectangular cavities.) Both Accordion and
S-Curve DRBs, as single-degree-of-freedom mechanisms, are expected to show similar
performance if deformed into roughly rectangular cavities with the same area fraction
of open cavities. In designing DRBs, the impact on heat transfer efficiency significantly
depends on factors such as material selection, geometry, and actuation. These elements not
only influence the deployment but also considerably affect the manufacturing processes.

Ideally, the conducting DRB and No DRB experiments would have matching thermal
resistances. The observed difference likely results from the DRB absorbing some heat,
increased losses due to minor setup changes (e.g., air tightness), and the small scale of
the experiment. In a small hotbox, additional material can absorb more thermal energy
than in a larger setup, such as a roof, where the impact of additional material would be
less significant.

3.2. FEA Results

At steady—state (Figure 11), the average temperature error between experimental
and FEA model data is less than 0.72% across surface 4 (the surface temperature of the
interior of the structure), calculated using a relative error (surface temperatures reported
in Table 5). When the Accordion DRB was in the conducting position, the temperature of
the particleboard’s top surface (T3) increased from 304 K (insulating) to 312 K, confirmed
by experimental measurements (310 K). The same behavior was observed for the S-Curve
DRB. Furthermore, the heat flux between FEA and the experiments remained close, with
an error of up to 10.8% (Figure 12).

During the experiment, the steady—state temperature differed on surface 1 by up
to 7.89% between experiments—this variation likely arises from small gaps introduced
when switching between experiments, room-temperature fluctuations, and changes in
lamp intensity. To study the impact of the DRB and remove the impact of the changing
surface 1 temperature, simulations were run with the same boundary condition (surface
1 temperature). This revealed that the No DRB and the conducting DRB simulations pro-
duce almost the same temperature on surface 4, as shown in Table 6. In the insulating
state, the presence of the DRB reduces the temperature of surface 4 by nearly 10 K. This
indicates that the DRB can effectively switch between limiting and permitting heat flow
into a structure.

Table 5. Surface temperatures for each FEA experiment using the steady—state temperature from
surface 1 from the corresponding experiment. The surface 1 temperature for the DRB insulating
simulation uses the recorded steady—state temperature from the corresponding experimental data.

Temperature (K) of Surface

Simulation

1 2 3 4
No DRB 369 345 318 307
Accordion Insulating 358 346 304 299
Accordion Conducting 355 338 312 303
S-Curve Insulating 349 339 302 298

S-Curve Conducting 342 329 307 301
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Table 6. Surface temperatures for each FEA experiment using surface 1’s temperature from the

control FEA.
Temperature (K) of Surface
Simulation
1 2 3 4
No DRB 369 345 318 307
DRB Insulating 369 354 306 300
Accordion Conducting 369 346 316 306
S-Curve Conducting 369 348 316 306
No DRB Temperature Profile °
mm
I K
280 366 | 366
180 431 351 346 301 20935617 |
160t = %0 341 — 111361
1400 [ | _ - 3 @ 111356
120 - —336 1H351
100 \\\\\\\\\\\R-‘##’i////////// 346
80 \/ H341
40t 321 1336
20 316 H331
0 3 H326
-40¢ 316
60 | 301 5310
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120 =300
=295
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Figure 11. Steady—state temperature profiles of the hotbox without DRB.
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Figure 12. Heat flux from simulation and experiment through the bottom particleboard (between
surfaces 3 and 4).
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3.3. Design Considerations

This section discusses how parameters such as the number of compliant elements,
bonding, and materials influence the performance of the DRB.

Practical implementation of the DRBs would require elastic deformation to ensure
that the DRB could repeatedly switch between insulating and conducting states. Reflective
sheets that deform elastically will have a significant curvature that influences the heat
flux into the structure. The FEA model does not account for the curvature (resulting from
plastic deformation). This represents an idealized performance, which removes the impact
of curvature. Realistically, the curvature could degrade performance.

Increasing the number of compliant pieces increases the material bonded to the LDPE
(assuming the bond width remains constant). Each compliant element requires at least two
bonding locations (one to each LDPE sheet); increasing the number of elements increases
the number of bonds (keeping a constant bond width). This results in lower thermal
energy as the material bonded to the LDPE absorbs and reflects the heat towards the
source. As the spacing between cavities decreases, there is an increase in the area fraction
bonded to the reflective layers. With an increasing area fraction of bonds, the difference in
DRB performance between the insulative and conductive states will likely decrease and
benefits relative to a static radiant barrier will decrease. Increasing the number of compliant
elements also results in a higher required actuation force. However, with smaller elements,
displacement during actuation decreases, which allows for smaller cavities. Consequently,
designers must carefully select the optimal number of compliant elements and the bond
width when designing DRBs.

In practice, the DRB must repeatedly switch between insulating and conducting
states. Due to its low elastic strain, aluminum foil poses a challenge in achieving this
goal. Replacing aluminum with a thin sheet of double-sided metalized polymer or another
material would address this issue. Without this capability, the widespread adoption of
DRBs would be infeasible. Manufacturing scalability is crucial; bonding, placement, and
layer cutting of the DRB must be carefully managed to ensure successful production.

4. Conclusions and Future Work

Radiant barriers are a highly effective means of reducing summer heat gain in build-
ings, consequently lowering cooling costs. By reflecting radiant heat rather than absorbing
it, these barriers prevent radiative heat transfer to other surfaces, which can lead to sig-
nificant energy savings. The ability to modulate the radiant barrier by switching between
reflecting and conducting states offers superior thermal control. During summer, this
dynamic adjustment would allow buildings to reflect heat during the hot parts of the day,
reducing the need for air conditioning, and then switching to conducting heat during
cooler times, potentially reducing the need for heating. The opposite approach could be
useful to reduce heating energy usage during the winter. Such a system could adapt to
varying weather conditions and building occupancy patterns and a varying electrical grid
to optimize energy use and contribute to even greater energy savings.

DRBs represent a significant advancement in the control of radiative heat transfer,
with implications extending across various disciplines. Integrating DRBs into spacecraft
technology, for instance, could revolutionize thermal management systems, offering a com-
pliant louvre mechanism that adapts responsively to the fluctuating thermal environments
encountered in space. Similarly, incorporating DRBs into textile manufacturing could create
fabrics capable of dynamically regulating human body temperature, thereby enhancing
comfort and performance. Such textiles could impact personal clothing and medical textiles,
where maintaining specific temperature ranges is crucial.

Our results indicate that the Accordion and S-Curve DRB designs significantly enhance
thermal resistance and reduce heat flux in their insulating states compared to their open
states and conditions without a DRB. Both designs achieve a thermal resistance turndown
ratio of 2:1 between their insulating and conducting states, and a 4:1 ratio between the
insulating DRB state and without a DRB. These findings highlight the potential of DRBs as
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a method of radiative thermal control. Applying DRBs to buildings can enhance energy
efficiency by reducing both heating and cooling demands.

The DRBs discussed in this paper are designed for R2R manufacturing and form
familiarity. If produced at scale with costs competitive to traditional insulation, DRBs could
be widely adopted by the industry. However, improvements in bonding, material choice,
and other manufacturing considerations are essential for successful adoption. These factors
directly impact the kinematics and heat transfer efficiency of the DRBs.

While DRBs in the insulating state resemble traditional radiant barriers or multilayer
insulation, the effectiveness of DRBs compared to these conventional methods of regulating
radiative heat transfer has not been compared. Assessing the potential of DRBs would
require additional testing to compare their effectiveness to static systems in real-world
environments. Further tests may include investigating actuation mechanisms, the number
of compliant layers, validating DRB effectiveness with a guarded hotbox, and larger-scale
tests in actual structures. Ultimately, the DRB performance data must be incorporated into
a comprehensive economic analysis, including estimated payback periods and upfront
costs, which is crucial to determine the commercial viability of DRBs and ensure they
are competitive.

To complement the economic analysis and performance testing, future tests should
focus on evaluating material degradation to understand the effects of thermal cycling
through accelerated aging tests and real-world environmental exposure assessments. Me-
chanical durability testing should simulate real-world conditions to assess resistance to
tearing, puncturing, and mechanical fatigue from repeated expansion and contraction.
Additionally, assessing environmental resistance is necessary to determine the barrier’s
durability against dust, mold, mildew, and pests under various conditions.

Developing a methodology for estimating the DRB’s lifespan, considering different
climate conditions and installation environments, is also crucial for DRBs to be competitive.
Implementing long-term monitoring programs to analyze changes in thermal performance
over time will ensure the DRB maintains its insulating properties throughout its lifespan (or
fails in the insulating state). Finally, proposing maintenance and inspection guidelines will
help identify potential issues early and ensure continuous optimal performance, making
DRBs a reliable and durable building insulation solution.
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Cp heat capacity at constant pressure
AT difference in averaged temperatures on surfaces i and j
DRB dynamic radiant barrier
€ emissivity
FEA finite element analysis
h convection coefficient
k thermal conductivity
LDPE low-density polyethylene
n number of measurements
! heat flux
q;-/ heat flux through paired thermocouples
q;/] averaged heat flux through surfaces i and j
qlco . conducting heat flux
q;/n s insulating heat flux
Reavity  thermal resistance of the cavity between the particleboards
Reon conducting thermal resistance
Riys insulating thermal resistance
R2R roll-to-roll
SEM standard error of the mean
o standard deviation
T; temperature on surface i
u uncertainty
UME uncertainty of measured thermocouple error
x thickness of particleboard
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