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ARTICLE INFO ABSTRACT
Keywords: Windows significantly influence a building’s indoor environment and energy consumption due to their high
Adaptive facade optical transmittance and low thermal resistance comparing with walls, affecting both indoor daylight comfort
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and heat gain or loss. Thermotropic (TT) materials can offer dynamic regulation of solar energy, improving
building energy efficiency. Parallel slats transparent insulation materials (PS-TIM) integrated into the air cavity
of double-glazing windows can effectively increase the thermal resistance of a window. In this study, these two
advanced technologies were combined to develop a new type of adaptive fenestration system, named Thermo-
tropic Parallel Slat Transparent Insulation Material (TT PS-TIM) system. The selected TT hydrogel, 5 wt% poly(N-
isopropyl acrylamide) (PNIPAm), was sandwiched within polymethyl methacrylate (PMMA) slices. The slats
were subsequently proposed between two glass panes to form a parallel slat transparent insulation materials
system. To investigate the thermal and optical properties of the TT slats as well as the thermal performance (i.e.,
solar heat gain coefficient, and dynamic thermal performance in summer and winter) of the TT PS-TIM system
with different slats intervals, a novel model combining Ray-tracing technique and Computational Fluid Dynamics
(CFD) has been proposed. The findings of this study reveal that a TT PS-TIM system incorporating 5 wt% PNIPAm
slats can offer a substantial reduction (up to 0.5) in solar transmittance as it transitions from a clear to a
translucent state. Accompanied with the phase transition of the TT slats, there is a significant reduction in the
Solar Heat Gain Coefficient (SHGC) of the window system. This effectively decreases the unwanted solar heat
gain, thus improving the overall buildings thermal performance. According to the advanced transient simulation
results based on the weather conditions of London, the TT PS-TIM system exhibits superior performance evi-
denced by over a 30% reduction in heat gain during summer and approximately a 20% reduction in heat loss
during winter in contrast to a conventional Double Glazing (DG) system. This is evident in the form of reduced
heat gain during summer and minimized heat loss during winter, resulting in a more thermally balanced envi-
ronment throughout the year. The comprehensive thermal investigation of TT PS-TIM can effectively help to
increase the accuracy of the further energy and daylight analysis.

daylight comfort [4,5]. Over the past decades, the demand for

1. Introduction comfortable indoor environments has been steadily increasing [6-8]. In
response to this need, smart switchable windows have emerged as a

Buildings’ energy consumption accounts for approximately 40 % of revolutionary solution. These windows possess a remarkable ability to
the total energy use of the world [1]. Several low-energy buildings have intelligently control the transmission and reflection of light, thereby
been developed and investigated, and advanced window is one of the effectively minimizing heat gain and loss through the building envelope
low-energy building strategies, especially needed for modern architec- [9,10]. Smart windows adapt to indoor requirements by responding to
ture with large glazing coverage. As a part of the envelope, windows the external environment [11]. They can be classified into four types:
significantly influence not only a building’s energy consumption but ~ gasochromic, electrochromic, photochromic, and  thermochromic
also indoor environment[2,3] due to their high optical transmittance glazing [10]. The gasochromic and electrochromic, are active technol-
and low thermal resistance, affecting both heat gain or loss and indoor ogies as they can be controlled by users. The photochromic and
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Nomenclature

TIM Transparent Insulation Material

PMMA polymethyl methacrylate

PS-TIM parallel-slat TIM

TT thermotropic

PNIPAm poly(N-isopropylacrylamide)

Trotal direct transmission of the solar radiation flux

a; solar radiation absorbed by different components of the
window system

N inward-flowing fraction

8qin heat flux difference between the situation with and
without solar radiation (W/m?)

I solar irradiance that incident on the window surface (W/
m?)

Nu Nusselt number

h convective heat transfer coefficient of the flow (W/m?K)
L characteristic length (m)

k thermal conductivity of the fluid (W/m'K)

Re Reynolds number

Pr Prandtl number

Gr Grashof number

p density of the fluid (kg/m?)

u flow speed (m/s)

u dynamic viscosity of the fluid (kg/m's)

g gravitational acceleration due to Earth (m/s%)
B coefficient of thermal expansion (1/K)

Tsi surface temperature (K)

T bulk temperature (K)

L vertical length (m)

v kinematic viscosity (m?2/s)

thermochromic, are categorised as passive technologies, which means
they respond to environmental stimuli without human intervention
[12,13]. Among these, thermochromic glazing has garnered significant
interest. This technology integrates a layer of thermochromic or ther-
motropic material that modulates near-infrared (NIR) light trans-
mittance while maintaining visible light transmittance [14]. On the
other hand, it’s relatively simple to produce [15,16], has lower costs
[17,18], provides an ideal balance of thermal and daylight environ-
ments [19], and makes a significant contribution to energy savings
[20,21]. Additionally, like photochromic windows, it is purely
materials-driven and does not require additional control systems [22].
Thermotropic (TT) hydrogels like poly(N-isopropyl acrylamide) (PNI-
PAm) and hydroxypropyl cellulose (HPC) are of particular interest.
Characterised by a reversible sol-gel phase transition responsive to
temperature changes, they hold promise for thermotropic smart window
systems [23,24]. Above their phase transition temperature, these
hydrogels change from a transparent and solvent-swollen hydrophilic
state to an opaque, highly dehydrated, and extremely hydrophobic state
[25]. In this opaque or translucent state, incident visible light and solar
heat are significantly blocked. Some researchers also found that the
thermotropic material can offer a significant impact on solar absorption
when it transits from a clear state to a translucent state [26-28]. Takashi
et al., [29] developed a thermotropic glass window system for solar and
daylighting control. The results show that the temperature of the win-
dow surface in a translucent state was higher than it is in a clear state
which indicates its higher solar absorption in the translucent state.
Haruo [30] developed a new type of thermotropic smart window and
measured its spectral optical properties. It was found that the absorp-
tance of the sample significantly increased when it transitioned from a
clear to a translucent state. This high absorption property could poten-
tially allow for effective solar energy regulation when integrated into
window systems. However, despite their potential benefits in energy
saving and comfort enhancement, thermotropic windows have limita-
tion, such as obstructing occupants’ view and limiting access to natural
daylight when in their translucent state. This reduction in natural
daylight can result in suboptimal indoor lighting conditions, necessi-
tating the use of artificial lighting, which may compromise indoor
daylight comfort and negate the intended energy savings. Furthermore,
the lack of a visual connection to the outdoors can diminish occupant
satisfaction. Additionally, the thermotropic windows do not improve the
thermal resistance of the system, which is a critical factor in overall
energy efficiency.

To address these shortcomings, integration of Thermotropic (TT)
materials with Transparent Insulation Materials (TIM) in glazing sys-
tems is a novel approach to maintain the unobstructed view to the
outside/inside of buildings while regulating the incident solar radiation.

Additionally, a double glazing window system integrated with a TIM in a
specific geometric structure such as glazing-parallel structure, glazing-
perpendicular structure or cavity structure [31-36], can effectively
decrease the internal convective heat transfer [37,38]. Meanwhile, the
TIMs such as polymethyl methacrylate (PMMA), polyethylene (TPX),
and polytetrafluorethylene (HFL) [33,35,39], has low thermal conduc-
tivity (<0.5 W/ m'K) and can offer the additional benefit of reducing
unwanted conductive heat transfer through the glazing system, thereby
lowering the cooling and heating loads of buildings [31,37,40]. From
the plethora of geometric configurations, the Parallel-Slat TIM (PS-TIM)
structure warrants special attention due to its negligible impact on vi-
sual transparency, thus maintaining an acceptable optical view [38,41].
The synergistic fusion of TT materials and TIM within this structure not
only optimizes the thermal performance of the window system but also
strikes an efficient balance in solar energy management and visual
clarity preservation.

In recent years, only a few studies investigated this complex window
system integrated with TT materials and TIM. Ming et, al., [42] optically
characterised the window system applied with parallel TT TIM slat
based on the experimental measurement which showcased its significant
increase of absorption and notable reduction of transmittance. Sun et al.,
[2,40] theoretically investigated the energy performance of building
applied with TT PS-TIM windows by using EnergyPlus and daylight
comfort by employing RADIANCE based on annual dynamic state pre-
dicted from EnergyPlus based on the assumed optical properties. The
results indicated the high potential of TT PS-TIM for energy saving and
daylight comfort improvement compared with traditional double-glazed
systems. However, in EnergyPlus, due to the model limitation, only
equivalent layers can be used for model development which means that
only glass surface temperature can be used to obtain the clear/trans-
lucent state of the system instead of the TT slat surface temperature. On
the other hand, the dynamic state of TT PS-TIM has a significant impact
on the energy and daylight performance as it showcased remarkable
difference of solar energy block and absorption under clear and trans-
lucent state [42]. The solar absorption has a significant effect on the
surface temperature of the slat showcasing quite surface temperature
difference compared with glass. The previous research with simplified
model and assumptions can be used for the initial design of the system.
To improve the reliability of further energy and daylight performance
prediction investigation, more comprehensive thermal investigation
needs to be undertaken.

The integration of TT and TIM techniques precipitates an increased
complexity within fenestration system designs. Based on the literature
review, numerous studies have explored the thermal performance of
smart fenestration systems using both numerical and experimental ap-
proaches [18,43-48]. Notably, Computational Fluid Dynamics (CFD)
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has emerged as a beneficial numerical method for evaluating the ther-
mal properties of windows due to its robust computational capabilities
[49,50]. When conducting numerical analyses on the thermal perfor-
mance of complex smart fenestration systems incorporating high solar
absorption materials, the absorption of solar radiation becomes a sig-
nificant factor to consider. For instance, Jin et al., [51] crafted an
adaptive glazing system combining thermochromic glazing and phase-
change materials (PCM), and scrutinized its thermal performance
using CFD simulation. They ingeniously represented the solar radiation
absorption, calculated by equations, as heat sources within the glazing
panes and the PCM. Similarly, Xaman et al., [52] developed a room with
a double glazing window system incorporating a solar control film and
utilized equations to investigate the solar radiation flux impacting the
solar control film on the glass numerically. Demanega et al., [53]
developed a Complex Fenestration System with integrated blinds model
in CFD and used Radiance to achieve solar absorption. The resulting
absorbed component of solar irradiation is used as input for the CFD
simulations. It is crucial to note that in these studies, incident solar ra-
diation on the exterior glass wall was assumed to be normal to the
surface.

However, when formulating a complex window system laden with
TT materials characterized by strong diffusion and high absorption, the
system’s solar absorption becomes dynamically influenced by factors
such as solar irradiance, solar incident angles, and the scattering state of
the TT materials. These factors are challenging to simulate directly in
CFD. Moreover, the absorbed solar energy can also affect the heat
transfer of the window system when the energy is released from the
material. To the best of author’s knowledge, the solar heat transfer of
complex smart fenestration systems with high solar absorption ther-
motropic materials has not been fully addressed and can be further
explored with the advantage of CFD method combined with its adaptive
optical properties. To achieve the solar absorption of complex fenes-
tration system, Ray-tracing technique is commonly selected [54]. For
example, Zahri et al., [55] used ray-tracing tool to investigate the ab-
sorption of the solar windows with perovskite thin films. Therefore, the
application of Ray-tracing can accurately determine the solar absorption
of TT materials, which can then be input into CFD for a more detailed
investigation of thermal performance. While the integration of Ray-
tracing and Computational Fluid Dynamics (CFD) for comprehensive
analysis is not entirely unprecedented, the extent of research in this area
remains limited. Notably, Bush et al., [56] pioneered an innovative
technique that combined surface irradiation and volumetric absorption,
derived from Monte Carlo ray-tracing, with computational heat transfer
models specifically designed for solar receivers. Tao et al., [50]
advanced the field by developing a thermochromic window model
within a CFD framework. They utilized a solar ray-tracing algorithm to
accurately account for the radiation effects emanating from the sun. To
solve the radiative heat transfer equation within their CFD framework,
they deployed the Discrete Ordinates (DO) radiation model. Despite the
remarkable progress in integrated approaches, there remains a signifi-
cant research gap in their application to complex fenestration systems.
For instance, studies have yet to investigate the combination of
Computational Fluid Dynamics (CFD) and ray-tracing simulations for
the prediction of thermal performance in systems with considerable
volume scattering and high solar absorption. Simultaneously, the advent
of smart complex fenestration systems, combining thermotropic (TT)
materials and thermal interface materials (TIM), has brought forth
unique challenges. These innovative systems, especially in their trans-
lucent state, exhibit pronounced light diffusion, significant solar ab-
sorption, and intricate internal light ray paths. Such complex
characteristics necessitate the development and application of an
enhanced ray-tracing technique that integrates the aspects of volume
scattering and absorption to adequately understand the solar absorption
capacity of these systems. Regrettably, the extant body of literature lacks
an extensive exploration into this intricate domain. Therefore, the pre-
sent study aims to address this research gap and contribute to the further
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development and refinement of the methods for analysing complex
fenestration systems.

In this paper, an advanced glazing system incorporated with TIMs
and TT materials as parallel slats for indoor comfort regulation has been
developed. This proposed Thermotropic Parallel Slat Transparent Insu-
lation Material (TT PS-TIM) system can effectively maximizes solar and
daylight admission during the cold season, reducing the need for heating
and artificial lighting. In the hot season, the system maintains a trans-
lucent state to prevent overheating from solar heat gain and high out-
door temperatures while providing sufficient daylighting and
maintaining view connection. Consequently, the TT PS-TIM system of-
fers significant energy savings in cooling and lighting compared to
conventional fenestration and shading systems. To comprehensively
understand the effect of TT PS-TIM on the indoor environment for
further energy and daylight simulation model reliability improvement.
In this study, a proper TT material was selected for TT PS-TIM devel-
opment, and a novel model combining Ray-tracing and CFD was pro-
posed for comprehensively investigating the thermal performance of
this complex smart fenestration system. After that, a prototype of TT PS-
TIM system was developed and tested to validate models in Ray-tracing
and CFD simulation. Furthermore, the optical and thermal performance
of the TT PS-TIM system were comprehensively evaluated under various
TT slat intervals, enabling a thorough assessment of its effectiveness in
practical applications.

2. Methodologies

As shown in Fig. 1, a research flow chart presents the systematic
progression of this study including the thermotropic material selection,
characterisation, and the development of a numerical simulation
method. This method combines Ray-tracing and Computational Fluid
Dynamics (CFD) to comprehensively evaluate the thermal and optical
attributes of the proposed TT PS-TIM. Further, its consequential impli-
cations on building energy performance are discussed. The sequential
workflow is listed as follows:

1) Proper TT materials selection and characterisation were con-
ducted for the slat and TT PS-TIM system prototype development.

2) Ray-tracing tool was employed for the TT PS-TIM optical nu-
merical model development and the solar transmittance/absorption
investigation. The precision of this model was corroborated through
experimental validation.

3) A complex TT PS-TIM thermal model incorporated with the effects
of solar absorption, was constructed using CFD. Combined with the
overall optical transmittance of the TT PS-TIM system, a comprehensive
analysis of the system’s thermal performance was undertaken. Key pa-
rameters, including dynamic heat gain and loss, were systematically
investigated.

2.1. Selection of TT materials and development of TT PS-TIM

Thermotropic material, PNIPAm hydrogel, with a polymer concen-
tration ratio of 5 wt% was prepared for the development of TT slats. As
PNIPAm has excellent solar energy modulation performance and ideal
transition temperature of about 32 °C which locates in the desired
temperature range for window applications [57]. The preparation of TT
material can be found in the previous research [42]. After that, an
advanced 10 cm x 10 cm TT PS-TIM prototype was developed for the
thermal and optical numerical model validation tests, as illustrated in
Fig. 2. The parallel TT slats, each measuring 10 cm in length, 1.5 cm in
width, and 0.15 c¢m in thickness (with a 1-mm-thick 5 wt% PNIPAm
membrane encapsulated inside), are sandwiched between two 0.4 cm
thick optical glass panes, with an interval of 1 cm between adjacent slats.
Fig. 3 presents the TT PS-TIM prototype in various states.
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Fig. 1. Research flow chart presenting the optical and thermal model development and validation process.

lcm

O TT slat
O Glass pane

Fig. 2. TT PS-TIM system prototype.

Translucent state

Clear state

(@) (b)

Fig. 3. TT PS-TIM system prototype in (a) the clear state, and (b) the trans-
lucent state.

2.2. Simulation modelling of TT PS-TIM

A comprehensive understanding of the thermal performance of TT
PS-TIM was achieved through the development of a novel numerical
method. This novel method merges the Ray-tracing technique and

Computational Fluid Dynamics (CFD) simulation methods, thereby
enabling the integration of solar absorption effects into the final eval-
uation of the TT PS-TIM’s thermal performance. This integration is
exhibited as a heat released state in the thermal numerical model, which
provides an avenue for an in-depth examination of the solar heat gain of
the TT PS-TIM. This amalgamated approach permits a meticulous
investigation into the ways that solar energy and temperature variations
(indoor/outdoor) influence the behaviour of TT slats. Consequently, it
aids in accurately predicting these impacts. Moreover, this method al-
lows the simulation and analysis of the thermal behaviour of TT PS-TIM
in a variety of dynamic environments.

Furthermore, the incorporation of solar energy absorption, as visu-
alized through the heat released state in the thermal numerical model,
imbues the approach with a multi-dimensional perspective that captures
the interplay between the thermal properties of the TT PS-TIM and the
external environmental variables. This facilitates the study of not just
the thermal performance of the TT PS-TIM but also its response and
adaptation to varying environmental conditions, thereby enriching the
understanding of its behaviour and improving the predictive accuracy of
the model.

2.2.1. Optical modelling of TT PS-TIM

For optical performance investigation, Monte-Carlo ray-tracing
technique was conducted to numerically explore the optical perfor-
mance of the TT PS-TIM, such as total solar transmittance, the daylight
uniformity of the system and the solar absorption of each part under
different solar incident angles. In ray-tracing simulation, the propaga-
tion of light rays within a model eschews any presumptions pertaining to
the sequence of intersecting objects and surfaces. At each intersection,
the discrete rays potentially experience a series of optical events
including absorption, reflection, diffraction, and scattering. In Monte-
Carlo method, the surface/medium optical properties (e. g. trans-
mittance, reflectance and absorptance) are used as possibilities when the
ray intersects the surface/medium [58,59].

In this study, a previous reported bulk scattering model [60] was
used to describe the diffuse properties of the TT slats when they are in
the translucent state as it can accurately simulate the light scattering
occurring in the body of the thermotropic layers in the TT slats. The
parameters, including scattering coefficient and anisotropy factor, can
be obtained by using the inverse adding doubling (IAD) method based
on the measured optical properties (e. g., total transmittance, reflec-
tance and collimated transmittance). The detailed investigation process
can be found in the previous study [42]. Fig. 4 shows the elements of the
TT PS-TIM defined in the Ray-tracing model and their material optical
properties used as input for the ray-tracing simulation.

In ray-tracing simulation, the model surface is fully irradiated by a
virtual light source. All the materials are assumed to be optically uni-
form, and the directions of the incident light rays are assumed as par-
allel. An independent test has been conducted to determine the number
of rays (>1,000,000) to launch and the flux threshold (1073) to termi-
nate the ray tracing.
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M\ ik s s Materials Refacive LN coecint APy
. X index factor
=1 0.25mm thick PMMA slice (mm-1) (mm-1)
«/ "I+ Imm thick thermotropic layer PMMA 1.48 0.004 - -
Glass 1.50 0.001 - -
e 5 wt.% PNIPAm — clear state 1.34 0.039 - -
4mm I15mm 4mm 5 wt.% PNIPAm — translucent state 1.34 0.173 10.60 0.76
Fig. 4. Elements in TT PS-TIM ray-tracing model and their input optical properties.
2.2.2. Thermal modelling of TT PS-TIM
In the context of this investigation, the well-established Computa- Table_l . i
tional Fluid Dynamics (CFD) software, FLUENT, was employed to Material thermophysical properties.
develop two-dimensional models for the TT PS-TIM systems with varied Air - Fluid
TT slat intervals (i.e., 3 mm, 5 mm, 7 mm, and 10 mm). As shown in Specific heat capacity (J/kg-K) 1005
Fig. 5, the composite model includes two distinct solid constituents: a Conductivity (W/(m-K)) 0.025
glass component exhibiting a thickness of 4 mm, and a TT slat of 1.5 mm Thermal expansion coefficient (1/K) 0.00353
. . s . . . PMMA slats - solid
thickness, in addition to a fluid space constituted by air. The complex Conductivity (W/(m-K)) 0.14
simulations, encompassing this study, considered not only the funda- Emissivity 0.92
mental thermal heat transfer, such as conduction, convection, and ra- Glass panes
diation, but also an often-overlooked element: secondary heat gains. Conductivity (W/(mK)) 0.94
These additional gains, induced by solar radiation absorption within the Emissivity 0.84
solid constituents (glass and TT slats), were accommodated by insti-
tuting heat generation boundary conditions in the simulation frame-
work. The material properties of the air, TT slats and glass are illustrated Table 2
in Table 1. Boundary conditions for steady model simulation.
In an attempt to execute a comprehensive analysis of the thermal Outdoor glass
performance of TT PS-TIM, both steady and transient CFD models were Air temperature (°C/K) 30/303.15
developed and scrutinized. The steady model played a critical role in Convection heat transfer coefficient (W/(m?K)) 8
exploring the solar heat transfer capabilities, allowing for in-depth cal- Emissivity 0.84
culations of the solar heat gain coefficient (SHGC) and analysis of the
critical transition boundary points of the TT PS-TIM. In contrast, the Outdoor glass
transient model was pivotal for predicting the dynamic thermal per- Air temperature (*C/K) » , 25/298.15
formance of the TT PS-TIM under fluctuating environmental conditions, g;?:;f:;n heat transfer coefficient (W/(m™K)) 3:2 4
emulating typical days within various climatic regions. In the simulation
paradigm, it is assumed that the flows are steady and incompressible. It T slat
is also presumed that the flows within the cavity and cell maintain Heat generation rate (W,/m?) Results from Ray-tracing
laminarity, a conclusion derived from the computed Grashof and Rey- Emissivity 0.92

nolds numbers, which are shown to be lower than their respective
critical values. The upper and lower surfaces demarcating the cavity are
assumed to exhibit adiabatic behaviour, and all cells within the model
are assumed to be filled with air.

The establishment of boundary conditions for the outdoor and indoor
glass panes, along with the TT slats in the steady simulation model,
adhered to the standards delineated in ISO 15099 [61]. These boundary
condition settings are listed in Table 2. The amount of solar radiation
absorbed by the TT slats and glass panes was computed through the Ray-
tracing simulation.

A

Radiation

Outdoor

¥ Convection

Conduction

Indoor -

Table 3 shows the boundary conditions for the transient CFD model
simulation. The outdoor and indoor glass surfaces are governed by
mixed boundary conditions, a holistic framework which incorporates
both thermal convective and radiative heat transfer mechanisms. To
ensure the model with realistic environmental conditions, the outdoor
air temperature and convection heat transfer coefficient are calibrated
according to the weather data files sourced from EnergyPlus. Similarly,
for the indoor environment, the mixed boundary conditions are dictated

.Glass released heat from
| absorbed solar irradiance

TT slat released heat from
.| absorbed solar irradiance

Fig. 5. TT PS-TIM numerical model development.
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Table 3
Boundary conditions for transient model simulation.

Outdoor glass

Air temperature (°C/K)

Convection heat transfer
coefficient (W/(m?K))

Emissivity 0.84

Climate weather file from EnergyPlus
Climate weather file from EnergyPlus

Outdoor glass

Air temperature (°C/K) 25/298.15

Convection heat transfer 2.5
coefficient (W/(m*K))

Emissivity 0.84

TT slat

Heat generation rate (W/m%) Results from Ray-tracing based on the solar
irradiance in weather file

Emissivity 0.92

by the guidelines articulated in ISO 15099 [61]. The dynamism of heat
generation within the TT slat is achieved by employing the Ray-tracing
technique, a process that utilises solar irradiance data and incident an-
gles, as detailed in the weather files from EnergyPlus.

To accomplish precise control over the TT slat states (clear/trans-
lucent), a User-Defined Function (UDF) was composed. When the tem-
perature of the TT slat exceeds its transition threshold of 32°C, the state
of the TT slat shifts from clear to translucent. This transition signals a
significant surge in the solar absorption and heat generation rate of the
TT slat in the model.

Drawing from the results obtained through the CFD simulations, the
indirect solar energy transfer via the TT PS-TIM can be simulated and
examined thoroughly. The influence of this indirect solar energy transfer
is of substantial importance, as it significantly impacts both the indoor
solar heat gain and the temperature of the TT slat. Consequently, this
novel, comprehensive model facilitates the accurate prediction of the
state of complex smart fenestration systems under dynamically varying
outdoor environmental conditions.

Meanwhile, the calculation of the solar heat gain coefficient can be
conducted, factoring in the direct transmission of solar energy through
the TT PS-TIM and the indirect release of solar radiation from materials
possessing high solar absorption coefficients. Consequently, the Solar
Heat Gain Coefficient (SHGC) can be deduced using the following
equation [62]:

SHGC = Tiotal N Z QA; = Tyoral + |5qm‘/1 (1)

Where,

Trotal 1S the direct transmission of the solar radiation flux.

N> a; is the indirect transmission of the solar radiation flux where «;
is the solar radiation absorbed by different components of the window
system and N is the inward-flowing fraction.

|6qinlis the heat flux difference between the situation with and
without solar radiation (W/m?), I is solar irradiance that incident on the
window surface (W/m?).

This integration of direct and indirect solar energy factors, in
calculating the SHGC, provides a more comprehensive and accurate
evaluation of the thermal performance of the TT PS-TIM. This balanced
approach, incorporating the multiple facets of solar energy interaction
with the system, further reinforces the precision and reliability of the
proposed model in predicting complex fenestration system performance.

3. Experimental validation for numerical investigation method

3.1. Experiment setup for validating the optical model in Ray-tracing
technique

To verify the reliability of the TT PS-TIM Ray-tracing model, an
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advanced experimental validation was conducted. The angular intensity
distribution of the light transmitted through TT PS-TIM was measured
and compared with Ray-tracing simulation results. In the experiment, a
3A solar simulator 94063A from NEWPORT was employed to simulate
solar radiation at an irradiance of 1000 W/m?2. The diffused Thermo-
tropic (TT) PS-TIM prototype was mounted on a rotatable platform to
adjust the solar incidence angle, and the angular output irradiance was
measured using a CC-3-UV-S cosine corrector connected to an optic fiber
and detected by a USB 2000 + VIS-NIR-ES spectrometer. The experi-
mental setup is illustrated in Fig. 6.

To validate the simulation model, the angular distribution of trans-
mitted light through the TT PS-TIM prototype was measured at different
incidence angles as illustrated in Fig. 7. Specifically, measurements were
taken at thirteen altitude angles ranging from —60° to 60° with an in-
terval of 10°, and at three azimuth angles of 0°, 30°, and 60°. The TT PS-
TIM prototype was placed in the path of the simulated solar radiation,
and the transmitted light was detected by a CC-3-UV-S cosine corrector
via an optic fiber connected to a USB 2000 + VIS-NIR-ES spectrometer.

As shown in Fig. 8, in the ray-tracing simulation, the same geometry
model of TT PS-TIM prototype was developed. A surface light source
with a size of 120 mm by 120 mm and the same irradiance intensity as
the solar simulator was used.

3.2. Experiment setup for thermal model validation in CFD

For thermal numerical model validation, the TT PS-TIM prototype
was placed within a black chamber box and exposed to 1000 W/m?
irradiation from the NEWPORT 3A solar simulator 94063A (shown in
Fig. 9). The chamber stored heat from the solar simulator to create a
discernible air temperature difference on each side of the prototype. The
prototype and chamber were mounted on a rotatable platform to adjust
the solar incidence angle. A fan outside the prototype prevented over-
heating and maintained a steady forced air flow, facilitating later con-
vection heat transfer coefficient calculations. T-type thermocouples
were used to measure the temperature of the surface, external/internal
air, and slat interval air, with data recorded using a DT-85 data taker
connected to a computer. The thermal image camera was also used for
the surface temperature measurement to ensure the accuracy. As shown
in Fig. 10, there are five thermocouples on each side surface, and three
thermocouples measure the slat interval air temperature. Testo 405-V1
mini-Anemometer was used for air speed measurement. In CFD simu-
lation, a two-dimensional model with the same size and structure as the
test protype was developed for comparison.

The convection types on each side of the model are different as
outside is forced convection and inside is natural convection. Thus, the

TT PS-TIM prototype

Optic’ﬁbre

Rotatable platform

Solar simulator

Fig. 6. Experiment apparatus for Ray-tracing simulation validation.
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Fig. 7. Schematic diagram of the irradiance distribution measurement.
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Fig. 8. Numerical model in ray-tracing technique.

COOIJI,ng fan Chamber

DS
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Fig. 9. Experiment apparatus for CFD simulation validation.

Nusselt number in Equation 2 was used to calculate the plane forced
convection heat transfer coefficient.

AL
ok

Where h is the convective heat transfer coefficient of the flow (W/
m?%K), L is the characteristic length (m), and k is the thermal conduc-
tivity of the fluid (W/m'K). In this study, the characteristic length of
external flow on flat plate equals to the distance from the leading edge.

The general equation of Nusselt number for forced convection is
Nu = f(Re, Pr). For natural convection, it is Nu = f(Gr, Pr). The Rey-
nolds number can be determined by the following equation:

Nu (2)

3

Where p is the density of the fluid, kg/m?>.

u is the flow speed, m/s.

u is the dynamic viscosity of the fluid, kg/m's.

The critical Reynolds number is associated with the laminar-
turbulent flow transition. for flow over a flat plate, the generally
accept value of the critical Re is Re = 500000. In this experiment, the
highest local Reynolds number of external flow is lower than critical
value. Thus, the external flow can be assumed as laminar.

For the forced external laminar flow, the Nusselt number can be also
obtained by Reynolds number and Prandtl number:
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Nu = 0.332Re'?Pr'/? &)

For inside vertical natural convection, the Nusselt number can be
calculated based on the Grashof number and Prandtl number:

Nu = 0.59Gr'/*pr!/* (5)

where the Grashof number can be calculated by the following
equation:

_ (T — Tu)L?

Gr 5 6)

%

Where, g is gravitational acceleration due to earth.

P is the coefficient of thermal expansion (equal to approximately 1/T
for ideal gases), 1/K.

T;; is the surface temperature, K.

Tg; is the bulk temperature, K.

L is the vertical length, m.

v is the kinematic viscosity, m?/s.

The density, dynamic viscosity and Pr can be obtained according to
the outside/inside air temperature.

The material properties can be found in Table 1 and boundary con-
ditions in CFD are illustrated in Table 4. The secondary heat gain (heat
generation in boundary conditions) was conducted by using Ray-tracing
simulation based on the solar incidence and irradiance intensity.

3.3. Validation results
Fig. 11 displays the numerical and experimental findings on the

distribution of irradiance intensities for the TT PS-TIM subjected to a 45°
solar incident angle at thirteen altitude angles, spanning from —60° to

Table 4
CFD boundary conditions for experimental validation.
Scenario 1 Scenario 2 Scenario 3
Inside air temperature (K) 303.0 306.7 306.3
(29.8°C) (33.5°C) (33.1°0)
Outside air temperature (K) 302.0 300.4 299.2
(28.8°C) (27.3°C) (26.1 °C)
Solar radiance on window 500 500 500
surface (W/m?)
Solar incidence (°) 15 30 45
Slat Hear generation rate (W/ 62,430 112,414 136,034

m®%)

60° at 10-degree intervals, under azimuth angles of 0°, 30°, and 60°. As
depicted in Fig. 11(a), the irradiance distribution within the upper re-
gion of TT PS-TIM’s outgoing hemisphere is non-uniform, attributable to
the specular reflection from the PMMA slices. Fig. 11(b) demonstrates
the congruence between the measured and simulated outcomes at
varying output angles. It is evident that the detected light intensity at-
tains its maximum at approximately a 50° output angle when the azi-
muth angle is 0°, 30°, or 60°. A noteworthy concordance is observed
between the simulation and experimental results.

Fig. 12 presents the numerical and experimental data on the irradi-
ance intensity distribution of the TT PS-TIM when subjected to solar
incident angles of 45°, 60°, and 75° at thirteen altitude angles, ranging
from —60° to 60° with 10-degree intervals, under a 0° azimuth angle.
The results indicate that at a 45° solar incident angle, the detected light
intensity achieves its peak value of approximately 60 W/m? at a 50°
output angle. This value decreases to 26 W/m? at a 40° output angle
when the solar incident angle is 60° and further diminishes to around 10
W/m? at a —40° output angle under a 75° solar incidence. Overall, a
strong correspondence between the simulation and experimental find-
ings is observed. However, some discrepancies between the numerical
and experimental results are noted. These differences may arise from
factors such as the sealing glue, spacers within the TT slats, and shape
deformation of the PMMA slices caused by stress from the weight of the
TT hydrogel, which may alter the light directions and were not
accounted for in the optical model.

Fig. 13 presents the numerical and experimental results of the slat
interval air temperature for the TT PS-TIM. It is evident that the slat
interval air temperature of the model is highest under a 45° solar inci-
dent angle and lowest with a 15° solar incidence. The average surface
temperature results, illustrated in Fig. 14 (a), follow the same pattern as
Fig. 13 (a). In terms of error analysis, as illustrated in Fig. 13 (b) and 14
(b), the absolute difference between the simulation and experimental
results is less than 1 °C and the difference in percentage in lower than 5
%, indicating a high level of accuracy and reliability in the simulation.
This small discrepancy can be attributed to factors such as the TT slats
shape change or light diffusion by the slat sealing glue. Despite these
factors, the close alignment between the simulation and experimental
results validates the effectiveness and precision of the simulation for
further numerical investigations.
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Fig. 11. The outgoing hemisphere irradiance distribution (a) and measured/simulated output angular irradiance distribution (b) of TT PS-TIM under 45° solar

incident angle.

4. Results and discussion

4.1. Ray-tracing results of TT PS-TIM affected by different TT slats
interval and hydrogel concentrations

Fig. 15 illustrates the overall transmittance of TT PS-TIM with
different TT slats intervals in both clear (Fig. 15 (a)) and translucent
(Fig. 15 (b)) states under various solar incident angles. It can be seen
that for all the cases, with the increase of incident angle, there is a sig-
nificant decrease of overall transmittance. This is mainly because of the
reflection of the external glass pane and the internal slat absorption. In

terms of the TT slat interval effect, when it is in the clear state (Fig. 15
(a)), the system possessing larger TT slat intervals can provide higher
solar radiation transmission due to less internal reflection and solar
absorption from the slats. However, the difference after the modulation
of TT slat intervals is not significant, because of the low solar absorption
of the clear slats. For example, the overall transmittance under 60° solar
incidence reduces from 0.42 to 0.33 when the TT slats interval decreases
from 10 mm to 3 mm. When the system transitions from clear state to
translucent state (Fig. 15(b)), the TT PS-TIM window under scenarios
with solar incidence between 10° and 80° experiences a significant
reduction in transmittance (up to 0.5 transmittance reduction).
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Fig. 15. Total solar transmittance of TT PS-TIM under clear (a) and translucent (b) state with different slat intervals.

Moreover, the transmittance of the model, when subjected to a 0° solar
incident angle, undergoes a minor decrease in the translucent state,
primarily attributed to the limited surface area of the slats exposed to
solar radiation. This signifies less directly transmitted solar radiation is
allowed through the system in the translucent state when compared with
its clear state because of increased light attenuation (including light
scattering and absorption). Moreover, the transmittance of the system
decreases significantly when the interval between translucent slats is
decreased from 10 mm to 3 mm (for instance, about 0.5 transmittance
reduction can be found under 30° solar incidence when slat interval
decreases from 10 mm to 3 mm). It is because small slats interval under
translucent state has significant reduction of slat solar absorption in
comparison with system possessing larger slat intervals.

Fig. 16 shows the influence of the TT slats interval on each slat solar
absorption per area (W/mz) of TT PS-TIM window in both clear (Fig. 16
(a)) and translucent state (Fig. 16 (b)). In the clear state, the TT slats
solar absorption reaches the highest at 60° compared with other solar
incidence angles. This is because 60° solar incident light rays cause more
internal reflection, interaction and being absorbed more times with
slats. The interval between TT slats exerts a relatively insubstantial ef-
fect on the solar absorption of each slat in clear state. This indicates that,
as the solar incident angle increases, systems with smaller slat intervals
demonstrate a heightened capacity for absorbing solar energy, attrib-
utable to their increased number of slats. When it transitions to trans-
lucent state (Fig. 16 (b)) from clear state, attributed to the increased
reflection and scattering of light rays within the structure, the absorp-
tion of TT slats increases significantly. The solar absorption per slat in
models subjected to solar incident angles between 10° and 80° signifi-
cantly surpasses that of the model under a 0° and 90° solar incidence.
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This is attributable to the fact that the slats in model under 0° solar
incidence have restricted surface area exposed to solar radiation,
causing most light rays to penetrate the dual glass panes without un-
dergoing slat-mediated scattering or absorption. When the solar incident
angle is close to 90°, the reflection of the front glass blocks most of the
solar incidence. Due to variations in the areas exposed to solar incident
light rays, the slat unit of the system with a 3 mm slat interval records
the highest solar absorption at an almost 0° solar incident angle. On the
other hand, slat units in systems with 5 mm, 7 mm and 10 mm slat in-
tervals record their maximum absorption rates under solar incidences of
20°, 30°, and over 40° respectively. The results provide invaluable in-
sights into light absorption under varied circumstances, thereby facili-
tating more accurate computations of indoor indirect solar heat gain in
computational fluid dynamics (CFD) simulations.

4.2. Solar heat gain coefficient investigation for TT PS-TIM

Fig. 17 illustrates the Solar Heat Gain Coefficient (SHGC) for TT PS-
TIM under both clear and translucent slate, with variations according to
solar incident angles. This diagram draws upon Equation 1 outlined in
Section 2.2.2, and bears similarity to the rule of transmission high-
lighted in Fig. 15. As the solar incidence increases, the SHGC of TT PS-
TIM exhibits a decrease, attributable to the reflection occurring on the
outer glass surface. In the clear state, as shown in Fig. 17(a), a system
with greater TT slat intervals results in a higher SHGC. This phenome-
non can be explained by a reduced level of internal reflection and solar
absorption from the slats. However, the SHGC of the overall system isn’t
significantly affected by the modulation of TT slat intervals, as a result of
the clear slats’ low absorption and high transmission. A remarkable shift
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Fig. 16. Solar absorption of TT slat in TT PS-TIM under clear (a) and translucent (b) state with different slat intervals.
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Fig. 17. Solar heat gain coefficient (SHGC) of TT PS-TIM in clear state (a) and translucent state (b) under different solar incidence.

occurs when the system transitions from a clear state to a translucent
state, as depicted in Fig. 17(b). In scenarios where solar incidence ranges
from 20° to 70°, there is a notable reduction in SHGC values observed in
the TT PS-TIM window. However, the variation in SHGC values is
relatively insignificant when the solar incidence is in close proximity to
0° and 90°. That is because at solar incidence near 0°, the area exposed
to solar radiation is relatively restricted, which results in minimal heat
gain difference among all scenarios. Conversely, when the solar inci-
dence approaches 90°, the majority of the solar radiation is obstructed
by the reflective properties of the front glass, thus blocks most of the
solar incidence and results in low SHGC in all models. It’s important to
note that the influence of slat intervals on the SHGC of TT PS-TIM under
the translucent state becomes more pronounced when the solar incident
angle is less than 50°. This can be attributed to the outer glass reflection
impeding most of the solar energy from the external environment at
larger solar incident angles. Owing to the secondary heat gain from the
absorbed solar energy within the TT slat, the discrepancy across these
scenarios is smaller when compared to the transmission results found in
Fig. 15(b). For instance, when the solar incidence is at 20°, a reduction
in slat interval from 10 mm to 3 mm leads to a decrease in the SHGC of
TT PS-TIM from 0.61 to 0.36. However, this trend differs from the
transmission results (Fig. 15) where the same slat interval change results
in a decrease from 0.57 to 0.21. This emphasizes the distinct impact that
different slat intervals can have on the SHGC of TT PS-TIM, particularly
under different states and solar incidence angles.

4.3. Numerical investigation of TT PS-TIM transition point

Fig. 18 illustrates the simulated temperature contours for the win-
dow systems under different TT slat intervals (3 mm, 5 mm, 7 mm, 10
mm) with and without solar radiation. A solar incidence angle of 30°
serves as the representative example for this analysis, with the slats in
both clear and translucent states. When there is no solar radiation
(Fig. 18 (a)), the internal air temperature distribution is solely affected
by convection which is driven by the temperature difference between
the two glazing panes. When solar radiation of 500 W/m? radiates on the
clear slats (Fig. 18 (b)), a portion of solar energy is absorbed by the TT
slats and the slat temperature increases compare with that in no solar
radiation condition. Notably, the slat temperature exhibits a higher
value in the system with a smaller slat interval. For instance, the slat
temperature of the TT PS-TIM with a 3 mm slat interval is approximately
36 °C, the value that diminishes to roughly 31 °C when the slat interval
expands to 10 mm. When the slats are in translucent state (Fig. 18 (c)),
the absorption and subsequent release of solar energy by the TT slats
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increase significantly, leading to a considerable rise in slat temperature.
Among all the models, the system with a 3 mm slats interval exhibits the
highest slat temperature of 44 °C, while the one with a 10 mm slat in-
terval records a slat temperature of approximately 40 °C. The results
indicates that the solar absorption and release can help to increase the
temperatures of the TT slats so that they can transit into translucent state
more easily, especially for those with smaller slat intervals.

Fig. 19 illustrates the critical average surface temperature of the
outdoor/indoor glasses for the TT PS-TIM transiting from clear to
translucent state under different solar absorption of the TT slat unit. It
can be conducted that as the solar absorption by each TT slat in TT PS-
TIM escalates, the critical average surface temperature of the glasses
required for the TT PS-TIM transition diminishes. This reduction in the
critical temperature accelerates with increased slat intervals. For
instance, when the TT slat interval is configured to 10 mm, the critical
average surface temperature of the glasses exhibits a 0.3 °C reduction as
each slat’s solar absorption surges from 0 to 60 W/m?. However, this
decrease becomes more prominent with smaller slat intervals, rising to
0.5 °C and 1.3 °C when the slat intervals are 7 mm and 5 mm respec-
tively. The reduction reaches its highest value of 4.9 °C with the smallest
slat interval at 3 mm. These results provide compelling evidence that the
solar absorption of the TT slat significantly impacts the transition pro-
cess of TT PS-TIM under a dynamic outdoor environment. These key
insights are instrumental in guiding the predictive analysis of thermal
performance, particularly during the transition from transparent to
translucent states in the TT PS-TIM system. Thus, it becomes essential to
incorporate factors such as solar absorption rates of TT slats and their
intervals when modelling or predicting the system’s thermal behaviour
in further numerical annual energy or daylight performance
investigation.

4.4. Thermal performance of the TT PS-TIM in summer and winter days

The findings elucidated in Section 4.3 indicate that the transition
point of the TT PS-TIM is influenced by a combination of factors, namely
the surface temperature of the indoor/outdoor glasses, the solar energy
absorption capacity of the TT slat, and the slat interval within the TT PS-
TIM. To have an in-depth comprehension of the thermal performance of
TT PS-TIM, transient Computational Fluid Dynamics (CFD) models of TT
PS-TIM, incorporating various slat intervals, have been constructed and
assessed under both summer and winter weather conditions prevalent in
London. These models have factored in a transition temperature of the
TT slat set at 32 °C, indoor air temperature of 26 °C in summer and 21 °C
in winter, as well as the heat convection coefficients of the outside and
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Fig. 18. Temperature contours for different conditions: (a)no solar radiation; (b)clear state; (c)translucent state and models within the fluid area.
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inside surfaces set at 8 W/(m?>K) and 2.5 W/(m%K) respectively. Fig. 20
details the weather conditions across three consecutive days that were
utilized for the simulation input. These conditions includes direct solar
radiation (I4,), diffuse radiation (Igs), ground reflection radiation (Igg),
and outdoor dry bulb air temperature (T,), captured during both sum-
mer (Fig. 20(a)) and winter (Fig. 20(b)) periods in London. The data for
these simulations is drawn from the annual weather files in the Ener-
gyPlus Weather Format (EPW), offering hourly climate data derived
from International Weather for Energy Calculations (IWEC) meteoro-
logical information.

To facilitate a comprehensive analysis of the thermal performance of
TT PS-TIM, numerical investigations into the dynamic total heat gain
and heat loss during summer and winter periods have been conducted.
Fig. 21 illustrates a schematic of the heat gain/loss emanating from the
TT PS-TIM system during these seasons. In summer, the total heat influx
into the indoor environment can be primarily seperated into two com-
ponents: the heat transferred from the window system and the trans-
mitted solar energy. In winter, the transmitted solar energy can reduce
the heat loss from window. The proportion of solar energy transmitted
or absorbed is influenced significantly by two principal factors: the
direct solar radiation and the indirect solar radiation, which encom-
passes sky diffused radiation and ground reflected solar radiation. The
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calculation of diffuse transmittance and absorption of the window sys-
tem can be obtained by executing an integral over the angular solar light
beam transmittance and absorption, drawing upon the results of Ray-
tracing simulations [63].

Fig. 22 presents an analysis of hourly temperature of TT slat (Fig. 22
(a)), the transmitted solar energy (Fig. 22(b)), heat transferred from the
window system (Fig. 22(c)), overall heat gain (Fig. 22(d)) experienced
by the TT PS-TIM under varying slat intervals, and a comparison with
traditional Double Glazing (DG) over a three-day period in summer.
Furthermore, the integrated heat gain of these systems is also captured
in Fig. 22(e).

The results illustrate that the solar transmitted energy (Fig. 22(b)) of
the TT PS-TIM is notably inferior to that of the DG system, attributable to
the TT PS-TIM’s lower solar transmittance. Among all TT PS-TIM con-
figurations, the model incorporating a 3 mm TT slat interval demon-
strates a significant reduction in transmitted solar energy during noon
hours (for example, when time goes from hour 11 to 12, the transmitted
solar energy of TT PS-TIM with 10 mm slat interval increases signifi-
cantly from approximately 145 W/m? to 196 W/m?, but the system with
3 mm slat interval decreases from about 140 W/m? to 59 W/m?). The
underlying reason for this trend is the elevation in TT slat temperature
beyond its transition temperature (Fig. 22(a)), inducing a shift to a
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Fig. 22. (a) The surface temperature of TT slats, (b) the transmitted solar energy, (c) the heat transfer from window system and (d) the overall heat gain by the TT PS-
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translucent state and thus reducing solar transmittance. Similar results
are observable in the TT PS-TIM system with a 5 mm slat interval,
although the transition only occurs during the noon hours of the third
day, attributed to the diminished impact from slat solar absorption as
depicted in Fig. 20. Furthermore, the analysis shows that the slat in-
terval alteration does not significantly affect the transmitted solar en-
ergy of the TT PS-TIM in both clear and translucent states.

Fig. 22(c) illustrates that the heat transferred from the window
system of TT PS-TIM is greater than that of the DG system. This can
primarily be attributed to the absorption of solar radiation by the TT PS-
TIM system. Furthermore, a distinct difference can be observed in the
timeframe during which the TT PS-TIM and DG systems reach their peak
values. This can be explained by the fact that the heat gain from the DG
system is predominantly influenced by the outdoor air temperature,
whereas the heat gain from the TT PS-TIM systems is more intricately
determined by both solar radiation and outdoor air temperature, with a
larger impact stemming from the former. Due to the clear/translucent
state difference, a notable instance of this interplay is observable during
the noon hours. As the day progresses from the hour 11 to the hour 12,
the indoor window heat gain of TT PS-TIM with a 10 mm slat interval
exhibits a marginal increase from approximately 8 W/m? to 11 W/m?.

17

Conversely, the system incorporating a 3 mm slat interval demonstrates
a substantial increase, from approximately 18 W/m? to 48 W/m?2. This
pattern is exclusive to the model with a 5 mm slat interval during the
noon hours of the third day. Besides, when the TT PS-TIM is in a clear
state, a system with smaller slats experiences a higher total solar ab-
sorption, which results in increased window heat gain within the indoor
environment. Upon transitioning into a translucent state, models with
smaller slat intervals are capable of providing a higher window heat
gain.

Fig. 22(d) delineates the hourly overall heat gain of the different
models, highlighting similar trends to those discerned in the context of
transient transmitted solar energy, as displayed in Fig. 22(b). This
similarity is due to the substantial contribution of transmitted solar
energy to the total heat gain of the window systems. Moreover, it is
worth noting that the TT PS-TIM model, when in a translucent state with
a 5 mm slat interval, exhibits a lower overall heat gain when compared
to the model with a 3 mm slat interval. This can primarily be attributed
to its lower window heat gain. Further investigation into the integrated
heat gain, as demonstrated in Fig. 22(e), reveals that the TT PS-TIM
system markedly outperforms the traditional DG system in terms of
limiting solar energy penetration into the indoor environment. For
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Fig. 23. The surface temperature of TT slats (a), the transmitted solar energy (b), heat transferred from window system (c) and overall heat gain (d) by the TT PS-TIM
under various slat intervals and traditional Double Glazing (DG) within three continuous days in winter and the integrated heat gain (e) of these systems.
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Fig. 23. (continued).

instance, a model of TT PS-TIM shows an integrated heat gain of 161.84
¢ 10° J/m?, which denotes approximately a 30 % reduction when con-
trasted with the DG system. Among all models, the TT PS-TIM system
with a 3 mm slat interval registers the lowest integrated heat gain
(127.61e 10° J/m?) in all scenarios. This model, due to its smaller slat
intervals, spends more time in a translucent state, consequently facili-
tating a lower heat gain in the indoor environment. These findings un-
derscore the role of slat interval and state transition in modulating the
overall heat gain through window systems in summer.

Fig. 23 provides an illustration of hourly temperature of TT slat
(Fig. 23(a)), the transmitted solar energy (Fig. 23(b)), heat gain from the
window system (Fig. 23(c)), and overall heat gain (Fig. 23(d)) for TT PS-
TIM models with various slat intervals, as well as traditional Double
Glazing (DG), over three consecutive days in winter. The integrated heat
gain of these systems is shown in Fig. 23(e). As depicted in Fig. 23(a),
the temperature of the TT slats across all TT PS-TIM models consistently
remains below the transition temperature of 32°C. This suggests that,
over a three-day period, the slats maintain a clear state.

The findings also indicate that the transmitted solar energy of TT PS-
TIM models is generally lower than that of the DG system, attributed to
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the lower solar transmittance of the TT PS-TIM models. However, the
disparity between the TT PS-TIM and DG systems in terms of transmitted
solar energy is narrower during the winter months. This phenomenon
can be attributed to the typically lower solar incident angles encoun-
tered during winter, which assist in maintaining a high solar trans-
mittance (Fig. 15 (b)) in the TT PS-TIM models. All TT PS-TIM models
remain in the clear state throughout the winter due to lower external
temperatures. As a result, the impact of the slat interval on the TT PS-
TIM models during this season is marginal. Among the various
models, it is notable that the one with the smallest TT slat interval ex-
hibits the lowest transmitted solar energy into the indoor environment.
For instance, when the TT slat interval decreases from 10 mm to 3 mm,
there is approximately an 8 % reduction in transmitted solar energy.
Moreover, the window heat loss depicted in Fig. 23(c) demonstrates
that TT PS-TIM has a reduced heat loss relative to the traditional Double
Glazing (DG) system. This reduction can be attributed to the lower
convection heat transfer within the interior air cavity of the TT PS-TIM.
Intriguingly, the TT PS-TIM models with smaller slat intervals display a
further reduction in window heat loss. This can be ascribed to the fact
that models with narrower slat intervals have lower convection heat
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transfer and enhanced secondary heat gain from solar absorption. The
total heat gain across the various models is elucidated in Fig. 23(d). It
can be discerned that the elevated solar transmission effectively miti-
gates indoor heat loss from window systems. Moreover, during periods
devoid of solar radiation, TT PS-TIM can effectively curtail heat loss by
reducing convection heat transfer, offering an advantage over the
traditional DG system.

Upon evaluating the integrated heat loss across the various window
systems, as displayed in Fig. 23(e), it becomes evident that the TT PS-
TIM achieves a lower integrated heat loss compared to the traditional
Double Glazing (DG) system. This result is primarily attributed to the
reduced convective heat transfer within the internal air cavity of the TT
PS-TIM. Notably, the TT PS-TIM configuration with a 3 mm slat interval
demonstrates superior performance, registering an integrated heat loss
of 57.75 e 10"5 J/m?>. This value represents a reduction of 20.8 % when
compared with the DG system, thereby emphasizing the potential
energy-saving benefits of the TT PS-TIM system.

In conclusion, through the integration of Ray-tracing and Compu-
tational Fluid Dynamics (CFD) numerical simulation methods, it has
been demonstrated that the thermal performance and switching states of
TT PS-TIM can be accurately predicted. In a comparative analysis with
the conventional Double Glazing (DG) system, the TT PS-TIM presented
a distinct advantage, exemplified by reduced heat gain during summer
and minimized heat loss throughout the winter period. Moreover, con-
figurations with smaller TT slat intervals showcase more pronounced
potential for energy-saving benefits, thereby emphasizing the efficacy of
TT PS-TIM in realising energy-efficient solutions.

5. Conclusions

This paper presents the development and comprehensive thermal
performance assessment of an innovative smart complex fenestration
system, integrated with a realistically selected Thermotropic material-
based Parallel Slats Transparent Insulation Materials (TT PS-TIM). The
thermal performance was comprehensively analysed using a novel nu-
merical simulation method, which integrates Ray-tracing and Compu-
tational Fluid Dynamics (CFD). This unique approach considers factors
such as solar incidence and TT slat solar absorption, thereby providing
highly accurate predictions of TT PS-TIM system thermal performance.
To substantiate the reliability of the proposed method, validations were
undertaken by comparing the numerical simulation results with exper-
imental data. Based on the obtained results, the following conclusions
can be drawn:

(1) The transmittance of TT PS-TIM experiences a substantial
reduction when transitioning from a clear to a translucent state,
indicating the high potential of translucent TT PS-TIM to block
solar irradiance. Notably, while the slat interval has a minimal
impact on transmittance in the clear state, a significant reduc-
tion—by up to 0.5 in transmittance—is observed as the inter-slat
spacing diminishes from 10 mm to 3 mm in the translucent state.
In the clear state, the solar absorption of TT PS-TIM peaks at an
incident angle of 60°. The slat interval seems to exert a minimal
effect on the solar absorption per slat in the clear state. This
implies that configurations with reduced slat intervals, due to
their augmented slat count, possess an enhanced ability for solar
energy absorption. In contrast, as the system transitions to the
translucent state, there’s a notable augmentation in solar ab-
sorption: systems with narrower slat intervals manifest greater
absorption at lower solar incident angles, whereas those with
wider intervals reflect increased absorption at elevated incident
angles.

The solar heat gain coefficient (SHGC) of TT PS-TIM decreases as
the solar incident angle rises, following a pattern similar to
transmittance. In the clear state, larger slat intervals result in
higher SHGC. The impact of slat intervals on the SHGC in the

(2

(3)
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translucent state becomes more pronounced at solar incident

angles less than 50°.
(4) A surge in solar absorption per slat in TT PS-TIM corresponds to a
reduction in the necessary average surface temperature of the
glass, facilitating the transition of TT PS-TIM to its translucent
state. With a 10 mm slat interval, the threshold average surface
temperature of the glass displays a decrement of 0.3 °C for each
incremental slat solar absorption from 0 to 60 W/mZ This
diminishing trend is accentuated with wider slat intervals,
registering reductions of 0.5 °C and 1.3 °C at 7 mm and 5 mm
intervals respectively. The zenith of this reduction, a remarkable
4.9 °C, is achieved with the most condensed slat interval of 3 mm.
Employing Ray-tracing and Computational Fluid Dynamics (CFD)
numerical simulations, accurate predictions of the thermal per-
formance, switching states, and consequent building energy im-
plications of TT PS-TIM have been conducted. When compared
with conventional Double Glazing (DG) systems, TT PS-TIM
showcases superior thermal performance, evidenced by over a
30 % reduction in heat gain during summer and approximately a
20 % reduction in heat loss during winter. Particularly, in this
study, configurations with smaller slat intervals demonstrate a
superior potential for energy conservation, underlining the
effectiveness of TT PS-TIM as an energy-efficient solution.

5

-

This investigation presented a series of TT PS-TIM window designs
for potential use in building applications, demonstrating their varying
performance characteristics. Notably, the variant featuring a smaller slat
interval emerged as the optimal choice for energy-saving purposes. The
scope of this research was confined to forecasting the thermal perfor-
mance of the TT PS-TIM system, providing a comprehensive model that
will be instrumental for future energy consumption projections.
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