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ABSTRACT OF THE DISSERTATION 

 

Thermal insulating layers for window energy efficiency 

 

by 

 

Rui Kou 

 

Doctor of Philosophy in Structural Engineering 

University of California San Diego, 2020 

Professor Yu Qiao, Chair 

 

Polymer-air multilayer (PAM) was developed to improve the building window 

energy efficiency. It consists of multiple layers of polymer films, separated by spacer 

bars at the edges. The air gap between adjacent polymer layers is 0.5~1 mm thick. PAM 

enhances window thermal insulation by suppressing all of conductive, convective, and 

radiative heat transport.  The U-factor of a 6-mm-thick 4-layer PAM can be close to or 

below 0.5 Btu/(h∙ ft2 ∙ ℉). 



xviii 

 

 

Corona charging and liquid flow electrification were investigated to generate a 

repulsive pressure of the polymer layers. It helps with materials handling and 

assembling and improves the structural stability. Dipolar charges can be controlled by 

the grid voltage in corona charging. Surface charges can be adjusted by liquid flow with 

appropriate ion size, ion concentration, and flow rate. 

To further raise the resistance to radiative heat transfer, a low-emissivity (low-

e) coating could be applied on the outer surface of PAM. Because a typical low-e coating 

would decrease the visual transmittance by more than 20%, in order to keep the overall 

visual transmittance above 70%, the layer count of PAM should be reduced to 1 or 2. A 

4-mm-thick 1-layer PAM or a 3-mm-thick 2-layer PAM could achieve a low U-factor 

around 0.5 Btu/(h∙ ft2 ∙ ℉).  

Anti-reflection (AR) coating was utilized to maximize the visual transmittance 

of PAM. The top candidate of the coating material is polymethyl methacrylate (PMMA). 

With a thin PMMA AR coating, the visual transmittance of 4-layer PAM, 1-layer PAM, 

and 2-layer low-emissivity PAM were enhanced to 80.3%, 76.9% and 74.5%, 

respectively. Haze of all the samples was below 1%. 

The PAM technology has broad applications not only for building windows, but 

also for smart walls, roofs, and doors. In addition, it may also be relevant to the 

automobile, electronics, aerospace, and military industry.  



      

 

1 

 

Chapter 1 Introduction  

 

1.1 Window energy efficiency 

 

Currently, there are over 85 million residential and commercial buildings in the 

U.S. Every year, they account for about 40% of the primary energy consumption and 

total carbon dioxide emission [1], while 40% (~15 quadrillion British thermal units, 

shorted as “quads”) of which is associated with building heating, ventilation, and air 

conditioning (HVAC) [2–4]. With the growth rate of about 1 million new buildings per 

year, the existing buildings will continue to dominate the market in decades [1,2].  

Windows, as one of the most essential and costly elements of the building 

envelopes, consume about 4 quads of primary energy per year [1,5,6]. Figure 1.1 shows 

the estimated primary energy use in the four broad Census Bureau regions in the U.S. 

[7] In the modern buildings, double-pane or triple-pane windows have been adopted for 

desirable thermal insulation properties. However, 30~40% of present-day windows are 

still single-pane windows, which are responsible for over 50% of the total window-

related energy loss. [8] Windows replacement is high-cost (about $50~100/ft2 [8]) and 

slow (only 2% of the existing single-pane is replaced per year [9]). If the remaining 

stock of single-pane windows can be successfully retrofitted, it will reduce the total 

energy consumption by 1.2 quads per year in the U.S. [1]. Reducing the energy lost 

through single-pane windows will not only directly economically benefit both 
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residential homes and commercial business, but also mitigate the environmental impacts 

[10,11].  

 

 

Figure 1.1 Estimated primary energy usage for heat flow through the windows of 

existing buildings in four U.S. census regions. The results including the energy usage 

for all of single-pane, double-pane, and multiplane windows in residential and 

commercial buildings. The area fraction of the single-pane windows in each region is 

shown at the bottom of each bar. [12] 

 

1.2 Mechanisms of heat loss through window glass 

 

Heat transfer from the room side to the exterior side through window pane 

happens in three forms: conduction, convection and radiation. Conduction is a type of 

heat transfer that occurs within a solid, liquid, or gas. For a single-pane window, when 

there is a temperature difference across it, the heat transfer rate is given by the Fourier 

law [13]  
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𝑞cond = −𝑘

∆𝑇

𝑡
 

(1.1) 

where ∆𝑇 represents the temperature difference, k is the thermal conductivity, and t is 

the material thickness.  

Convection is heat transfer by the large-scale movement of air, which occurs at 

the exterior surface, the interior surface, and the air gaps in multipaned pane windows. 

Heated regions of air will become less dense, and tend to rise. Subsequently, cooler air 

will take its place. The convective heat transfer rate can be expressed as [14][15]  

 𝑞conv = ℎconv∆𝑇 (1.2) 

where ℎconv is the convective heat transfer coefficient of air. 

Radiation refers to heat transfer through electromagnetic waves. When light or 

heat energy is transfered to the window glass, it would be either reflected or absorbed, 

and reradiated to both sides. The capacity of the material to absorb and reradiate energy 

is defined as its emissivity [16]. In winter, when heat is transferred from the room to the 

window glass, the window reflects a portion of the thermal energy and absorbs the rest. 

The less heat the window absorbs, the better insulating properties it has. The radiative 

heat transfer rate at the interior surface of window can be expressed as [17]: 

 𝑞rad,in = 𝜀P𝜎(𝑇in
4 − 𝑇Glass,in

4) (1.3) 

where the Stefan Boltzmann constant 𝜎  = 5.67 ×  10−8 W/m2K4  and 𝜀P  is the 

surface emissivity of window glass.  
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The overall heat loss rate with the combined effects of conduction, radiation, and 

convection is described by the U-factor. For single-pane windows, U-factor is around 

1~1.2 Btu/(h∙ ft2 ∙ ℉) [18], which is inefficient for thermal insulation.  

 

1.3 Window retrofitting 

 

Over years, people have investigated a few retrofitting techniques for single-

pane windows, to improve the U-factor. They are summarized below. In general, all of 

them suffer issues of high cost or low performance, or both. New technology is needed 

to offer an economically feasible approach to enhance the building window energy 

efficiency.  

 

1.3.1 Storm windows 

 

Mounting a storm window onto a single-pane window could be more cost-

efficient than replacing it [19–22]. It can help reduce air infiltration, and decrease heat 

loss. Storm windows can be either installed on the interior of the original window, or on 

the exterior. In most cases, interior storm windows are more convenience than exterior 

ones, since installation, disassembling, and maintenance are easier. Moreover, sealing 

of interior storm windows is generally better. Storm windows can be made of 

inexpensive plastic sheets for short-term use, or clear glass for long-term use [20]. Wood, 
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aluminum, and vinyl are the most used materials for window frames. To install a storm 

window, weather stripping should be ensured at all movable joints.  

The glass or special plastic sheets and the frame of storm window need to be 

customized into size, which increases the retrofitting cost. In many cases, water 

condensation may be formed in the storm windows, which is visually obstructive. More 

maintenance may be needed if there is a sealing problem in framing.  

 

1.3.2 Low-emissivity coating 

 

Window glass can emit radiative heat in the form of long-wave, far-infrared 

energy, depending on its surface temperature. Low-emissivity (low-e) coating, a 

technology commercialized in the 1980s, was designed to prevent the long-wave 

radiative energy from passing through window glass, while allowing the passage of 

visual light [1]. Generally, low-e film is a thin, transparent coating, composed of a thin 

layer of silver or other low-emissivity material that reflects infrared energy [17,23]. 

When it is applied in the interior surface of a window, in the cold winter, it can help 

block heat transfer from the room side and halve the energy lost compared to an 

uncoated window [24]. The emissivity of a standard clear glass is 0.84; i.e., 84% of 

long-wave radiative energy striking the glass surface can be absorbed and 16% is 

reflected. In comparison, with a surface emissivity lower than 10%,  the low-e coating 

can reflect ~90% of the radiative energy. [16,23] 
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However, most low-e films have a natural grey haze and create a slight tint, 

affecting the window appearance [16,25,26]. Because of the relatively low visual 

transmittance, occupants would suffer reduced lighting. Moreover, once water 

condensation is formed on the low-e coating in cold winter, the effectiveness of thermal 

insulation will be lost [27]. The high materials and installation costs also prevent it from 

being used more widely. 

 

1.3.3 Aerogels 

 

In the past decade, aerogels were intensively studied, as lightweight, transparent 

or translucent, highly thermal insulating materials. Among all the aerogels, silica 

aerogel received the most attention. Silica aerogel is a synthetic porous material, which 

has an excellent thermal conductivity (k) as low as 0.012 W/(m·K) [28,29], partly due 

to the high porosity > 90% and partly due to the Knudsen effect of rarified air in 

nanopores [30,31]. It is made by extracting liquid from the network of a silica gel, and 

preserving >95% volume of the gel framework by supercritical drying. Well-developed 

silica aerogels are generally transparent, exhibiting no color and any chromatic 

aberration, thanks to the nanopore size much smaller than the visual light wavelength 

[32,33].  

 Yet, because of its high porosity, silica aerogel has a very low strength and 

fracture toughness. Its high flexibility and fragility make it irrelevant for window 
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coating applications [34]. To improve the structural integrity, the porosity should be 

much reduced, but it will result in a drastic increase in thermal conductivity.  Once the 

porosity reaches ~50%, the thermal conductivity would be 0.04~0.1 W/(m·K), much 

higher than that of air [32]. Moreover, haze of most of silica aerogels is large, due to the 

pore size distribution [30,31,35–37]. 

 

1.4 Polymer-air multilayer  

 

In the current research, we investigated polymer-air multilayers (PAM). PAM is 

formed by completely separating flat films of transparent polymer by thin air gaps, with 

spacers on the edges, as depicted in the Figure 1.2. A layer of low-e coating can be 

applied on the outmost surface. With a low-e coating, because would reduce the visual 

transmittance  by more than 20% [16,23], to keep the overall visual transmittance over 

70%, only 1 and 2 layers of polymer should be used. PAM can be classified as: 4-layer 

PAM, 2-layer low-e PAM, and 1-layer low-e PAM. The multiple polymer films and 

low-e coating can reduce the radiative heat transfer. The air gap is thinner than 3 mm, 

wherein the convective heat transfer is trivial. Thanks to the low thermal conductivity 

of air, the thermal conductivity of PAM can as low as 0.3 W/(m·K). Since all of 

conductive, convective, and radiative heat transfer paths are suppressed, PAM possesses 

excellent thermal insulating properties. The optical properties of PAM are also desirable. 

 



      

 

8 

 

 

Figure 1.2 Schematics of a) 4-layer PAM, b) 2-layer PAM, and c) 1-layer 

PAM 

 

1.5 Technoeconomic Analysis (TEA) 

 

1.5.1 Overview 

 

Here, we perform a preliminary analysis of the manufacturing process and cost 

of polymer-air multilayer (PAM) for a local market of apartments. The purpose is to 

prove the economic feasibility of this technology.  

Assume that on average one apartment has six windows and each window is 2 

ft by 3 ft large [38]. The area of the windowpanes is ~36 ft2 in each apartment. Assume 

that the average sales in a local area is ~30,000 sets/year, or ~1 million ft2/year [39].  

There are three designs of PAM: 4-layer (4L) PAM, 2-layer low-e (2L) PAM, 

and 1-layer low-e (1L) PAM. 4L PAM is formed by 4 liquid charged polyethylene 
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terephthalate (PET) films, with 1 set of frame. 2L PAM consists of 1 outer low-e film 

and 1 middle surface treated PET film, separated by one set of frame. 1L PAM consists 

of 1 low-e film, with 1 set of frame.  

We consider all the major operations involved in the PAM processing, including 

film treatment, sectioning, packaging and handling, and assembling and installation.  

 

 

Figure 1.3 The processing procedure of 4-layer PET PAM. 

 

 

1.5.2 4-Layer PET PAM 

 

 

Figure 1.3 shows the processing procedure of 4-layer PET (4P) PAM, which 

includes: 1) Anti-reflection (AR) coating on PET films, 2) liquid charging on AR-coated 
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PET films, 3) sectioning of films and frame, 4) packaging and handling, 5) assembly, 

and 6) installation of PAM on window pane.  

 

1.5.2.1 Materials cost 

 

For a 1-ft2 4-layer PET (4P) PAM, 4 ft2 PET film and 16 ft frame bars are needed. 

The width of frame bar is set to 1/4”.  Table 1.1 lists the materials costs.  

The frame can be made of PET, polycarbonate (PC), nylon, high-density 

polyethylene (HDPE), etc. To be conservative, we assume that the unit cost of frame 

material is the same as that of the high-end PET film.  

 

 

Table 1.1 Materials cost of film and frame 

Material 
Unit Cost 

($/ft2) 

Cost for 4L 

PAM($/ft2) 
References 

PET 

film 
0.22 0.88 [40] 

Frame 

bar 
0.22 0.08 [40] 
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Table 1.2 Cost of coating materials 

Material 
Unit 

cost  

Needed 

mass (g/ft2) 

Waste 

material* 

PAM Cost 

($/ft2) 
Ref. 

Sodium 

Formate 
$100/kg 0.1 50% 0.02  [41] 

AR 

Coating:  

PMMA in 

anisole 

(solvent) 

$202/kg 
 

0.1 

 

50% 
0.04 

 

[42] 

* It is assumed that 50% of coating materials are wasted.   

 

 

Table 1.3 Equipment cost for AR coating and Liquid Charging and 

Sectioning 

 Equipment Cost ($) 

Installation, 

upfit, MRO* 

PAM 

cost**  

($/ft2) 

Ref. 

AR dip 

coating 
Dip coater $100,000 

2.2 0.02 
[43] 

Dip 

charging 
Dip coater $100,000 

2.2 0.02 
[43] 

Sectioning Cutter $22,000 2.2 0.01 [44] 

* Annual machinery maintenance, repair, and operation (MRO) cost is the same as the depreciation. Cost 

of machine installation and associated building upfit is taken as 20% of equipment cost.     

** Assume 10-year linear depreciation. 
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Table 1.4 Labor cost for AR coating and Liquid Charging and Sectioning 

 
Work Hours 

(h/yr) 

Hourly Labor cost 

($/h) 

PAM Cost  

($/ft2) 

PAM 

Manufacturing 
   

1. AR dip 

coater 
2,000 26 0.05 

2. Charging dip 

coater 
2,000 26 0.05 

3. Cutter 2,000 26 0.05 

Assembly and 

Installation 
90,000 26 2.34 

 

Table 1.5 Other cost 

Costs Amount ($) 
PAM Cost 

($/ft2) 

References 

Packaging/handling  0.05 [45] 

Rent (4,000 ft2) 45,000/yr 0.045 [46] 

Waste Management  12,000/yr 0.01 [47] 

 

1.5.2.2 AR coating and Liquid Charging 

 

AR coating is conducted with anisole solution of PMMA, with the unit cost of 

~202 $/kg [6]. The major materials cost of AR coating comes from the solvent (anisole); 

it is a cost-efficient solvent commonly used in the industry. Liquid charging is 

conducted with 1 mM Sodium Formate aqueous solution. 
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The materials costs associated with AR and liquid charging are summarized in 

Table 1.2. In the coating process, we assume that 50% of the coating materials (active 

materials and solvents) would be wasted and cannot be recycled.  

Both AR and liquid charging will be performed through dip coating. Table 1.3 

lists the needed equipment: one dip coater dedicated to AR coating and another dip 

coater dedicated to liquid charging. The two dip coaters can be the same. A mid-sized 

dip coater costs ~$100,000 [47]. Dip coaters are for continuous mass production, with 

the capacity well exceeding the required 1 million ft2 per year.  

Linear depreciation in 10 years is assumed. Annual machinery maintenance, 

repair, and operation (MRO) cost is assumed to be the same as the depreciation. The 

operation cost includes electricity cost. In addition, we assume that the cost of machine 

installation and building upfit takes 20% of the equipment cost. One cutter is needed for 

sectioning of the coated PET films and frames. A mid-sized cutter costs ~$22,000 [47]. 

Table 1.3 summarizes the equipment related costs.  

 

1.5.2.3 Labor cost of PAM processing 

 

For each dip coater and cutter, 1 dedicated worker will be employed. This is a 

conservative assumption, since in reality one experienced worker may handle multiple 

similar machines, e.g. two dip coaters. It is assumed that there are 250 workdays per 

year and 8 working hours per day. The hourly labor cost is taken as $26/hour [48]. 
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In general, dip coating is a fast and cost-efficient mass manufacturing method 

commonly used in the plastics industry. Table 1.4 summarizes the labor costs associated 

with AR coating, liquid charging, and film/frame sectioning.  

 

1.5.2.4 Packaging/handling, rent, and waste management 

 

Other costs associated with PAM processing include costs of 

packaging/handling, rent, and waste management, summarized in Table 1.5. Packaging 

and handling cost of mass-produced window films is less than 0.05 $/ft2 [48]. Rent and 

waste management costs are assessed through market research.  

 

1.5.2.5 Assembling and installation of PAM  

 

We assume that assembling and installation of each set of PAM take 3 hours. 

Because the average sales in a local area is ~30,000 sets/year [48], the total work hours 

per year would be 90,000 hours (Table 1.4). Labor cost dominates the assembling and 

installation costs. Miscellaneous items, such as tools and equipment, are ignored.  
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Table 1.6 Total cost of installed 4L PAM 

 Cost ($/ft2) 

Materials 0.96 

AR coating 0.04 

Liquid charging  0.02 

Sectioning 0.01 

Packaging/handling 0.05 

Other 0.06 

Assembly/installation 2.34 

Total 4L PAM Cost (installed) 3.48 

 

1.5.2.6 Total cost of installed PAM 

 

Table 1.6 summarizes the estimated total cost of installed PAM. Materials cost 

includes the costs of polymer films and frame bars. AR coating and liquid charging costs 

account for the associated materials cost, equipment and maintenance/repair/operation 

cost, and labor cost. Other cost accounts for rent and waste management.  
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1.5.3 2-Layer Low-e PAM 

A 2-layer low-e (2L) PAM consists of 1 layer of low-e film and 1 layer of 

surface-treated PET film, and 1 set of frame. The PET film of 2L PAM is the same as 

that of 4L PAM. The film cost is 1/4 of that of 4P PAM ($0.22 per ft2 PAM).  

 

Table 1.7 Total cost of installed 2L PAM 

 Cost ($/ft2) 

Low-e film 3 

PET film 0.22 

AR coating and charging 0.14 

Frame 0.08 

Sectioning 0.01 

Packaging/handling 0.05 

Other 0.06 

Assembly/installation 1.67 

Total 2L PAM Cost (installed) 5.23 

 

 

AR coating and charging procedures of 2L PAM are similar to those of 4L PAM, 

with the total film surface area much reduced. In Table 1.7, the cost of AR coating and 

charging of 2L PAM is taken as 1/2 of that of 4L PAM.  

The frame bars of 2L PAM can be extruded, made from PC, PET, nylon, HDPE, 

or polyvinyl chloride (PVC). Its cross-section can be U-shaped or L-shaped, with a total 
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thickness of ~3 mm and the width of 1/4". For a 1 ft2 2L PAM, 4 ft such frame bars are 

needed. The typical manufacturing cost of extruded plastic bars is quite low. To be 

conservative, we assume that the frame bar cost of 2L PAM is the same as that of 4L 

PAM (0.08 $/ft2).  

A major cost item of 2L PAM is the low-e film cost. Retail price of 3M CC75 

low-e film is $12/ft2 [49]. The manufacturing cost of low-e film is usually less than 25% 

of the retail price. Thus, our assessment of low-e film cost is $3/ft2.  

The costs associated with sectioning, packaging/handling, rent, and waste 

management are assumed to be the same as those of 4L PAM. Assembly/installation 

cost of 2L PAM is assumed to be 1/2 of that of 4L PAM, as the layer count is reduced.  

The total cost of 2L PAM is summarized in Table 1.7, wherein other accounts 

for rent and waste management. The assessed total cost of installed 2L PAM is about 

$5.23/ft2. There are a few cost items that may be improved.  
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Table 1.8 Total cost of installed 1L PAM 

 Cost ($/ft2) 

Low-e film 3 

Frame 0.08 

Sectioning 0.01 

Packaging/handling 0.05 

Other 0.06 

Assembly/installation 0.78 

Total 1L PAM Cost (installed) 3.98 

 

 

1.5.4 1-Layer Low-e PAM 

 

A 1-layer low-e (1L) PAM consists of 1 low-e film and frame bars. The frame 

of 1L PAM is similar to that of 2L PAM, except that the cross-section can be simpler 

(square or rectangle). To be conservative, we assume that the frame cost of 1L PAM is 

the same as that of 4L PAM (0.08 $/ft2). The cost of low-e film is the same as that of 2L 

PAM.  

The cost of sectioning is ~1/2 of that of 4P PAM, since the use of materials is 

less. The costs associated with packaging/handling, rent, and waste management are 

assumed to be the same as those of 4P PAM. Assembly/installation cost of 1L PAM is 

assumed to be 1/3 of that of 4L PAM, since there is only 1 layer in 1L PAM.  
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The total cost of 1L PAM is summarized in Table 1.8, wherein other includes 

the costs of rent and waste management.  

 

1.6 Structure of the thesis 

 

In Chapter 2 and part of Chapter 3, the mechanism of liquid flow electrification 

and corona charging were studied. The electrified polymer films were utilized to form 

polymer-air-multilayer (PAM) structure. The thermal, optical, and structural 

performance of PAM were investigated in Chapter 3. In chapter 4, to improve radiative 

heat resistance of PAM, the low-emissivity coating and layer count effects on PAM 

have been investigated. In Chapter 5, the effect of elevating one-layer of low-emissivity 

film from window has been studied. In Chapter 6, anti-reflection coating on PAM 

structure has been investigated to further improve its optical properties. 
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Chapter 2 Flow Electrification of Polycarbonate and 

Polyethylene Terephthalate 

 

2.1 Introduction 

 

It is well known that when a liquid, e.g. an aqueous solution of electrolyte, flows 

across a polymer surface, the polymer can be electrified [1–6], owning to the charge 

separation at solid-liquid interface [7] and the charge accumulation [8–10]. 

Uncontrolled surface charges could be harmful in many circumstances for petroleum 

industry, electrical systems, and electronic devices [11,12]. Controlled surface charges 

can be beneficial and have wide applications for biosensors and bioactuators, electronics, 

drug delivery, energy harvesting, etc. [13–18], especially for our electret structures. We 

envision that if multiple polymer layers are like charged, they would repel each other, 

helping stabilize a hollow solid-air multilayer configuration. The small air gaps block 

conductive heat transfer and suppress air convection, and the polymer layers reduce 

radiative heat transfer. Because the polymer-air interfaces are large and flat, they cause 

little light scatter.  

When a polymer is exposed to an electrolyte solution, ionization and/or 

dissociation of surface groups (e.g. dissociation of proton from carboxylic group) would 

render the solid phase negatively charged and form a positively charged electrical 

double layer (EDL) [7,19]. Since the force fields across the solid-liquid interface are 
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asymmetric, the ion distribution is anisotropic. In the close proximity to the solid surface, 

there is a Stern layer, wherein counter-ions are adsorbed or specifically adsorbed. 

Farther away from the solid surface, there is a diffuse layer, which extends into the bulk 

liquid phase, as depicted in Figure 2.1(a). Within the shear plane in the diffuse layer, 

the solid may be viewed as a single entity [7,20]. When a liquid flow removes a portion 

of counter-ions beyond the shear plane, it will break the static equilibrium of the EDL 

and induce a surface potential [7,21], as illustrated in Figure 2.1(b). Currently, many 

details of the flow electrification are still under investigation [22–24]. One of the critical 

factors that has not been fully understood is the ion size. 

 

 

Figure 2.1 (a) A charged polymer surface exposed to an aqueous electrolyte 

solution. (b) Residual surface charges after liquid flows across the polymer 

surface; a voltmeter can be employed to measure the surface potential.  
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2.2 Experimental 

 

Flow electrification experiment was carried out on a set of aqueous solutions of 

sodium salts. The polymer was either polycarbonate (PC) or polyethylene terephthalate 

(PET) film about 125- μm  thick, obtained from McMaster-Carr (Product No. 

85585K102 and 8567K52). The solutions were prepared by ultrasonically dissolving 

salts in de-ionized (DI) water for 5 min. The molarity was 3 mM. Table 2.1 lists the 

sodium salts under investigation: sodium formate (SF), sodium acetate (SA), sodium 

propionate (SP), sodium butyrate (SB), sodium hexanoate (SH), sodium octanoate (SO), 

sodium decanoate (SD), and sodium stearate (SS). The cation was always sodium. The 

anions had similar functional groups but various carbon chain lengths, increasing from 

SF to SS. We also tested sodium dodecanoate (SDD) and sodium dodecyl (SDS), which 

have different functional groups from the other salts.  

PC or PET films were cut into 3838 mm squares, and ultrasonically cleaned 

first in isopropyl alcohol (IPA) for 10 min and then in DI water for 5 min, followed by 

vacuum drying at 60℃ for 24 hr. One side of the PC or PET film was attached to the 

loading grip of a type-5582 Instron machine by duct tapes. As shown in Figure 2.2(a), 

the film was lowered into a container containing an electrolyte solution and immediately 

pulled out at a constant rate of 4 mm/sec. For SF, SB and SO, additional electrification 

was conducted with various salt concentrations from 0.1 mM to 100 mM. For PC film 

with 1 mM SF solution, the lifting rate was varied in the range from 0.01 to 8 mm/sec. 

Surface potential (𝑉) was measured by a Trek Model-344 voltmeter, with the probe 
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distance zvolt =25 mm (Figure 2.1(b)). The capacitive probe allows for non-contact and 

non-destructive evaluation of 𝑉. All the tests were performed in ambient air at ~23 oC, 

with the relative humidity of ~60%. 

 

Table 2.1 List of electrolytes under investigation 

Electrolyte Abbre

viation 

Molecular formula Chain length 

(Number of 

C-C bonds in 

anion) 

Sigma-Aldrich 

Product No. 

Sodium Formate SF HCOONa 0 71539 

Sodium Acetate SA CH3COONa 1 W302406 

Sodium propionate SP CH3(CH2)COONa 2 P1880 

Sodium butyrate SB CH3(CH2)2COONa 3 B5887 

Sodium hexanoate SH CH3(CH2)4COONa 5 C4026 

Sodium octanoate SO CH3(CH2)6COONa 7 C5038 

Sodium decanoate SD CH3(CH2)8COONa 9 C4151 

Sodium 

dodecanoate 

SDD CH3(CH2)10COONa 11 L9755 

Sodium Stearate SS CH3(CH2)16COONa 17 S3381 

Sodium dodecyl 

sulfate 

SDS CH3(CH2)11SO4Na 11 436143 
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Figure 2.2 (a) Schematic of the experimental setup. (b) The surface potential 

and the residual surface charge density as functions of the anion size. 

 

2.3 Results and Discussion 

 

Figure 2.2(b) shows the surface potential of PET and PC upon flow 

electrification. All the samples are negatively charged. As the anion size increases from 

SF to SS, the magnitude of surface potential keeps decreasing. The surface potential can 

be calculated as 𝑉(𝑧) = ∫ ∫
𝜎s

4𝜋𝜀0√𝑥2+𝑦2+𝑧2

𝐿/2

−𝐿/2

ⅆ𝑥 ⅆ𝑦

𝐿/2

−𝐿/2

, where 𝜎s  is the average 

surface charge density, 𝐿 is the polymer sample size, 𝜀0 is the air permittivity, 𝑥 and 

𝑦 are the in-plane dimensions, and 𝑧 is the distance to film surface [25]. Solving this 

integral equation gives  

𝜎s = −2𝜋𝜀0𝑉 {2𝑧volt × ArcTan (
𝐿2

4𝑧volt√𝐿2

2
+𝑧volt

2

) + 𝐿 [ln (−
𝐿

2
+ √

𝐿2

2
+ 𝑧volt

2) − ln (
𝐿

2
+ √

𝐿2

2
+ 𝑧volt

2)]}

−1

    (2.1) 
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In the classic Gouy-Chapman model, with the Debye-Huckel approximation [7,19], the 

ions in the diffuse layer lead to an exponential potential decay along the z-direction: 

𝜓 = 𝜓0𝑒−𝜅𝑧                           (2.2) 

where 𝜓0 is the electric potential at the polymer surface, 𝜅2 = [(𝑒2/𝜀𝑘𝐵𝑇) ∑ 𝑧𝑖
2𝑛𝑖∞𝑖 ], 

𝑛𝑖∞ = 1000𝑀𝑖𝑁𝐴 is the number of ions of type i per unit volume, zi is the ion charge, 

kB is the Boltzmann constant, T is temperature, e is the electron charge, and 𝜀 is the 

liquid permittivity. Based on the Poisson equation, the relationship between the 

potential and the charge density (𝜌)  is: 

∂2𝜓

∂2𝑧
= −

𝜌

𝜀
.                           (2.3) 

Combination of Eqs. (2.2) and (2.3) results in 

𝜌 = −𝜓0𝜅2𝜀𝑒−𝜅𝑧                        (2.4) 

The excess charges in the liquid phase must be balanced by the charges at polymer 

surface (𝜎0); that is  

  ∫ 𝜌
∞

0
ⅆ𝑧 + 𝜎0 = 0.                        (2.5) 

In accordance with Eq. (2.4) and (2.5),  

𝜎0 = 𝜓0𝑘𝜀                           (2.6) 

As the liquid flows, the boundary layer adheres to the polymer surface. Along the shear 

plane, the relative velocity is zero [26]. The shear plane location (zs) is beyond the Stern 
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layer. Upon liquid-polymer separation, the excess charges within the non-slip region 

(∫ 𝜌 ∙ ⅆ𝑧
𝑧𝑠

0
) stay with the polymer. Consequently,  

𝜎𝑠 = ∫ 𝜌 ∙ ⅆ𝑧 + 𝜎0 =
𝑧𝑠

0
𝜎0𝑒

−𝑧𝑠√(𝑒2/𝜀𝑘𝐵𝑇) ∑ 𝑧𝑖
2𝑛𝑖∞𝑖

 .           (2.7) 

From Eq. (2.7), it can be seen that the residual surface charge density depends 

on zs, 𝑛𝑖∞, and 𝜎0. Figure 2.3(a) shows the ratio of residual surface charge density (𝜎s) 

over the solid-surface charge density 𝜎0 for 1:1 electrolyte. Clearly, s (and also the 

magnitude of surface voltage, V) increases with a lower electrolyte concentration or a 

closer shear plane. Figure 2.3(b) and (c) compares the experimental data of SF, SB, SO 

and SDD electrified polymer samples. The trend can be captured by Eq. (2.7) quite well. 

To best fit the data, 𝜎0 should be set to 3.03, 3.07, 3.00, and 2.95 𝜇C/m2, respectively, 

for the four salts. The difference is within the data scatter. That is, the anion size has 

little influence on the solid-surface charge density, which implies that compared with 

the anion charge, the anion size is only a secondary factor of the dissociation of polymer 

surface groups.  

The correlation between 𝜎s and the anion size is mainly related to the shear 

plane position. For SF, SB, SO and SDD, 𝑧s are 2.44 nm, 5.32 nm, 6.56 nm and 41.1 

nm, respectively. As the ion size rises, the effective liquid viscosity becomes larger [27]. 

Thus, the boundary layer is thicker, so that more excess charges remain on the polymer 

surface in the adhered liquid film, which counterbalances 𝜎0 and reduces the overall 

surface charge density. The variation in zs may also be influenced by the polymer-liquid 

interface tension (). As larger ions tend to be adsorbed by the polymer,   would be 
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reduced. Figure 2.4 shows the contact angle measurement results by using a Ramé-hart 

Model-200 Contact Angle Goniometer. The measurement was performed on droplets of 

100 mM electrolyte solutions on a flat surface of PC or PET. The testing data confirm 

that  is lower when the electrolyte has a larger anion size; that is, larger ions tend to be 

adsorbed, so that the shear plane is farther away from the solid surface.  

The contact angle of 10 mM Sodium dodecyl sulfate (SDS) with PC is 37.8°, 

less than that of SDD, 67.5°. As illustrated in Figure 2.3(c), with sulfate radical instead 

of carboxyl group, although SDS has a similar chain length with SDD, its residual 

surface charge density is less, due to the low interface tension (). 

 

 

Figure 2.3 a) The ratio of the residual surface charge density (𝜎𝑠) to the solid-

surface charge density (𝜎0) as a function of the electrolyte concentration; the 

numbers on the curves indicate the shear plane distance to the polymer 

surface (zs). b) and c) The experimental data of residual surface charge 

density of SF, SB, SO, SDD, and SDS, compared with Eq. (2.7).  
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Figure 2.4 The contact angle measurement results 

 

Figure 2.5 The flow rate effect on the surface voltage. In all the tests, 1 mM 

aqueous solution of SF flows across PC film surface.  

 

We also analyzed the effect of flow rate (v), as shown in Figure 2.5. When the 

film is taken out of the liquid faster, the residual surface charge density is increased, and 

eventually converges to about 3 𝜇C/m2. It is interesting that when v is small, the surface 

charge is nearly zero; i.e., mere exposure of polymer to electrolyte solution would not 

cause surface electrification. The liquid velocity profile plays a critical role. This is 

consistent with the literature data [28,29], as well as Eq.(2.7). The charge separation 
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depends on the relative motion between the liquid phase and the polymer surface. The 

effective shear plane distance (zs) is infinitely large if v = 0, and is small when v is large. 

Therefore, the residual surface charge density and the surface voltage are negatively 

correlated to the flow rate.  

 

2.4 Conclusion 

 

We performed flow electrification experiment on PC and PET films with dilute 

aqueous solutions of a variety of sodium salts. The testing data suggest that the surface 

voltage and the residual surface charge density would be higher if the ion size or the ion 

concentration decreases, or the liquid flows faster. An equation (Eq.2.7) is derived based 

on the classic Gouy-Chapman model, which takes into account the solid-surface charge 

density and the shear plane distance. Comparison of the numerical result and the 

experimental data suggests that for the salts with the same functional group, the ion size 

has little influence on the solid-surface charge density; i.e. the dissociation processes of 

surface groups of all the electrolytes are similar. The key factor is the shear plane 

distance, which is dependent on the liquid viscosity, the solid-liquid interface tension, 

as well as the flow rate. 
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Chapter 3 Thermal Insulating Polymer-Air Multilayer  

 

3.1 Introduction 

 

Thermal management of buildings, particularly mitigation of heat loss ofs 

building windows, is of immense importance to energy efficiency and sustainability. 

Among all the consumed energy related to buildings in the U.S., 40% is used for 

building heating, ventilation, and air conditioning (HVAC), in which ~25% is lost 

because of the inefficient thermal insulation of windows [1]. Currently in the U.S., 

30~40% of  windows are still single-pane, responsible to ~50% of window thermal 

energy loss; in the next 40 years, hardly could they be fully replaced by more energy 

efficient double-pane or triple-pane insulated glass units (IGU) [2].  

Low-cost, transparent, and highly thermal insulating coating materials are still 

lacking. Silica aerogel, for example, can have an excellent thermal conductivity (k) as 

low as 0.012 W/(m·K) [3,4], partly due to the high porosity > 99% and partly due to the 

Knudsen effect of rarified air in nanopores [5,6]. Its visual transmittance can be 

satisfactory, as the nanopore size is much smaller than the visual light wavelength [7,8]. 

However, with the structural integrity being considered, the porosity must be quite low 

and therefore, the ultralow thermal conductivity may not be realized. With a porosity 

~50%, the thermal conductivity would be 0.04~0.1 W/(m·K), higher than that of air [7]. 
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Moreover, haze of silica aerogel tends to be large, due to the pore size distribution 

[5,6,9–11].  

Low-emissivity (low-e) film, for another example, blocks radiative heat transfer 

in the infrared (IR) range. An issue of low-e film is water condensation. Low-e film 

does not reduce conductive heat transfer. If its surface is in contact with a water layer, 

heat conduction would dominate the thermal properties [12–14]. The large decrease in 

visual transmittance and the change in color [15], as well as the relatively high materials 

and installation costs [16], are also of major concerns. 

In the current research, we develop and characterize a polymer-based coating 

structure, referred as the polymer-air multilayer (PAM). Figure 3.1(a) shows a side view 

of PAM, comprising multiple transparent polymer films separated by air gaps. The 

polymer layer thickness ranges from less than 10 m to more than 100 m and the air 

gap thickness ranges from less than 0.1 mm to more than 1 mm. The layer separation is 

achieved by slightly stretching the polymer films, aided by like charges induced by 

corona charging and liquid electrification [17,18]. As the air gaps are thinner than 5 mm, 

air convection in them is negligible [19]. The air gaps have a low thermal conductivity 

~0.026 W/mK. In addition, if the polymer absorbs IR radiation from the indoor 

direction and equally re-emits the absorbed energy to indoor and outdoor directions, 

each polymer layer would block the radiation heat loss by roughly 50%. Because all the 

conductive, radiative, and convective heat transports are reduced, PAM should possess 

excellent thermal insulation properties. Its optical properties, such as visual 
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transmittance and haze, are dominated by the transparency and flatness of the polymer 

layers.  

 

 

Figure 3.1 (a) A schematic of the polymer-air multilayer (PAM) structure; 

(b) the top view and c) the side view of a typical PAM sample. 

 

3.2 Experimental Procedure 

 

PAM samples were formed by 4 layers of 125-μm-thick 0.30.3 m electrified 

polyethylene terephthalate (PET) films, with 4 sets of spacers made of 0.25’’-wide 

polycarbonate (PC) at the edges. It was mounted on a 10-mm-thick 0.3556-mm-large 

glass pane, as shown in Figure 3.1. The spacer thickness ranged from 500 μm to 1 mm, 

which determined the thickness of the air gaps. The spacers were affixed by adhesives 

(3M CA5) that cured at ambient temperature.  

3.2.1 Polymer electrification and repulsive force measurement 
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Corona charging and liquid electrification were performed. PET films were 

ultrasonically cleaned in isopropyl alcohol (IPA) for 10 min and then in de-ionized (DI) 

water for 5 min, and dried in vacuum at 60 °C for 24 hr. Figure 3.2(a) and 3.2(b) show 

the corona charging setup, which follows the work of Zhong et al. [17,18]. A 0.75-inch-

long 0.059-inch-diameter tungsten needle electrode and a grid mesh made of stainless 

steel 304 wires (with the wire diameter of 0.016 inches and the mesh size of #20) were 

connected to two Glassman FJ Series 120 Watt regulated high-voltage DC power 

supplies, with the capacities respectively being 40  kV and 20 kV. The PET film was 

placed on a grounded stainless-steel plate. The grid mesh was 4 mm away from the 

polymer surface. The distance between the needle and the grid was 4 mm. The corona 

polarity was kept negative; the charging time was 60 sec. 

 

 

Figure 3.2 (a) Schematic and (b) a photo of the corona charging system. (c) 

A photo of the corona discharging process. (d) Flow electrification. 
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Corona charging induced a dipolar voltage distribution (Vd) along the polymer 

film thickness direction. After the PET film was lifted from the grounded steel plate, the 

positively charged side was covered by a Plastic container made of polycarbonate. The 

negatively charged side was dipped into an aqueous solution of sodium formate (SF) 

and dried in air, similar to the process presented in Chapter 2. The SF concentration (c) 

was 0.3, 1,3, 10, 30, or 100 mM. We also investigated the effect of the grid voltage 

(Vgrid). PET films were corona-charged with various Vgrid (-1, -1.5, -2, -2.5, or -3 kV) 

and then flow-electrified by 10 mM SF solution. Surface voltages were measured by a 

Trek Model 344 voltmeter from both sides of the treated films, with the probe distance 

of 25 mm. All the experiments were carried out in lab air at room temperature, with the 

relative humidity ~60%. 

A force measurement system was developed to characterize the repulsive 

pressure between the charged films. It consisted of an analytical balance (Ohaus 

Explorer Scale-220), two polycarbonate (PC) sample-holding racks, and a glass cage. 

The lower rack was affixed on the balance and the upper rack was affixed on the cage 

ceiling. One electrified PET film was placed on the bottom rack and the scale was 

calibrated to zero. Then, another electrified film was attached on the upper rack, with 

the edges aligned with the bottom film. The repulsive pressure, P, was calculated as F/A, 

where F is the repulsive force and A is the film area. In our measurement, the gap 

between the two polymer film samples, d, was in the range from 2 mm to 8 mm. 
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Figure 3.3 Schematic of the force measuring system 

 

3.2.2 Thermal transmittance (U-factor) measurement 

 

The rate of heat loss through windows can be characterized by the U-factor. 

Figure 3.4 shows the U-factore measurement system, which follows ASTM C1199, 

ASTM C518, NFRC-100, and NFRC-102. The system was developed by Jeongmin Kim 

in Professor Renkun Chen’s lab at the University of California, San Diego. Inside of a 

0.39-m-long 0.47-m-wide 0.47-m-tall environmental chamber, the temperature (𝑇ext) 

was maintained at about -18 ℃. Outside of the chamber, the lab ambient temperature 

(𝑇in) was ~21℃. A PAM sample was mounted on the 0.370.37 m large glass window 

in the chamber wall. To monitor the heat flux, a gSKIN XI heat flux sensor was attached 

to the outer surface of the PAM sample. 𝑇ext and 𝑇in, as well as the temperatures at the 

innermost surface and the outermost surface of PAM (𝑇PAM,in  and 𝑇PAM,ext ) were 

monitored by four Omega type-K thermocouples, respectively. According to ASTM 
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C1199 and NFRC-100, the standard boundary heat transfer coefficients to the exterior 

side (ℎST,ext) was set to 30 W/(m2·K), and the interior side coefficient (ℎST,in) is 

 
ℎST,in = 1.46 [

(𝑇in − 𝑇PAM,in)

𝐻
]

0.25

+ 𝜎𝜀 [
(𝑇in + 273.16)4 − (𝑇PAM,in + 273.16)

4

(𝑇in − 𝑇PAM,in)
] 

(3.1) 

where H is the sample height, 𝜎 = 5.67 ×  10−8 W/m2 · K4 is the Stefan Boltzmann 

constant, and 𝜀 represents the surface emissivity of the innermost surface of polymer 

film. The thermal transmittance (U-factor) evaluates the rate of heat transfer under 

steady-state condition per unit area and per unit temperature difference. It is equal to the 

reciprocal of the total thermal resistance, 

 
𝑈 = (

1

ℎST,ext
+

𝑇PAM,in − 𝑇PAM,ext

𝑞
+

1

ℎST,in
)

−1

 
(3.2) 

 

Figure 3.4 (a) Schematic and (b) a photo of the thermal transmittance (U-

factor) measurement setup. 
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3.2.3 Measurement of optical properties 

 

Visual transmittance measurement was conducted for the spectral range from 

380 nm to 780 nm, using a JASCO V770 UV-VIS spectrometer, following ASTM 

D1003. A UV-Vis spectrophotometer was employed as the light source. The PAM 

sample was placed in front of the entrance port of the integrating sphere, in which the 

visible light could be collected by a photo detector. The visible light transmittance (VT) 

is defined in ASTM G173 as  

     𝑉𝑇 =
∫ 𝜏(𝜆)𝐸(𝜆)𝑑𝜆

∫ 𝐸(𝜆)𝑑𝜆
,  (3.3) 

among which 𝐸(𝜆) is the solar spectral irradiance and 𝜏(𝜆) = 𝜏𝑡/𝜏𝑖, where 𝜏𝑡 is the 

light transmitted through the sample and 𝜏𝑖 is the incident light.  

Haze was calculated from the sample diffusion 𝜏𝑠,𝑑 and the instrument diffusion 

𝜏𝑖,𝑑: 

 Haze= 𝜏𝑠,𝑑/𝜏𝑡 − 𝜏𝑖,𝑑/𝜏𝑖. (3.4) 

The transparency color perceptions of PAM was depicted by the CIE 1931 

chromaticity diagram, designed to represent the colors perceptible to human eyes. CIE 

tristimulus values were obtained using the CIE 1931 standard observer: 

 
𝑋 = ∫ 𝑆𝑃𝐷(𝜆)�̅�(𝜆)𝑑𝜆

780

380

 
(3.5) 

 𝑌 = ∫ 𝑆𝑃𝐷(𝜆)�̅�(𝜆)𝑑𝜆
780

380
, (3.6) 
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 𝑍 = ∫ 𝑆𝑃𝐷(𝜆)𝑧̅(𝜆)𝑑𝜆
780

380
. (3.7) 

where �̅�(𝜆),  �̅�(𝜆), and 𝑧̅(𝜆) are the standard observer's color matching functions 

(CMFs) from ASTM E308. The CIE 1931 (x, y) chromaticity values are 

 
𝑥 =

𝑋

𝑋 + 𝑌 + 𝑍
 

(3.8) 

 
𝑦 =

𝑌

𝑋 + 𝑌 + 𝑍
. 

(3.9) 

The color difference between the TCS illuminated by the light through the sample and 

by the reference white light source was computed, and  

 𝐶𝑅𝐼 = 100 − 4.6∆𝐸uvw, (3.10) 

where ∆𝐸uvw is the measured color difference.  

 

3.2.4 Structural integrity of PAM 

 

Robustness and resilience tests were performed on 4-layer PAM samples with 

the initial thickness of ~4 mm. The PET films were 0.125 mm thick and the air gap 

thickness was ~0.875 mm. Compression test was conducted by using a Type 5582 

Instron machine. The loading rod had a 5-mm-radius round tip. The crosshead speed 

was set to 0.01 mm/s and the total displacement was 3.5 mm. 4000 loading-unloading 

cycles were applied and the thickness at the center point was measured periodically by 

a micrometer. To monitor the long-term stability, a PAM sample was placed in open lab 

air for one year (relative humidity: 50% to 60%), and the center-point thickness was 

measured periodically. 
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3.3 Modelling of thermal properties 

 

Heat transfer through PAM depends on the solid and air heat conduction (𝑅cond), 

air convection in air gaps and at outer surface (𝑅conv), and the radiative heat flow across 

the reflective polymer film surfaces and glass pane surface (𝑅rad). Since the aspect ratio 

of PAM is greater than 40, the thermal properties may be investigated through 1D 

parallel plate analysis [19]. The following model was developed by Qingyang Wang in 

Professor Renkun Chen’s lab in the University of California, San Diego.  

Assume that there are N layers of polymer film and one glass pane. Each surface 

of film and glass pane is isothermal. The steady-state thermal balance equation of nodes 

is 

 𝑞rad,ext + 𝑞conv,ext = 𝑞cond,G

= 𝑞rad,gap,i + 𝑞cond,gap,i + 𝑞conv,gap,i = 𝑞cond,P,i

= 𝑞rad,in + 𝑞conv,in 

(3.11) 

where 𝑞rad,ext and 𝑞conv,ext are radiative and convective heat fluxes from the weather 

side to the exterior window surface, respectively; 𝑞cond,G and 𝑞cond,P,i are conductive 

heat fluxes through the glass and the i-th layer of polymer film; 𝑞rad,gap,i, 𝑞cond,gap,i 

and 𝑞conv,gap,i are respectively the radiative, the conductive, and the convective heat 

fluxes through the air gaps; 𝑞rad,in and 𝑞conv,in are respectively the radiative and the 

convective heat fluxes from the innermost polymer film to the room side. Subscripts “in” 

and “ext” indicate interior and exterior, respectively; subscripts “cond”, “rad”, and 
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“conv” indicate conduction, radiation, and convection, respectively; and “G”, “gap”, 

and “P” indicate window glass, air gap, and polymer film, respectively. 

 

 

 

 

Figure 3.5 Thermal analysis for PAM. The thermal nodes represent, from 

the left to right, Text: the exterior temperature, TG,ext and TG,in: the exterior 

and interior temperatures of window glass, Ti,ext and Ti,in: the exterior and 

interior temperatures of the i-th layer of polymer film, and Tin: the interior 

temperature. According to ASTM C1199 and ASHRAE Handbook [20], the 

exterior weather side and the room side temperatures are set to 𝑇ext = -18 ℃ 

and 𝑇in = 21℃; the exterior heat transfer coefficient (ℎext) is 30 W/(m2·K). 

 

The conductive heat transfer through glass, air, and polymer film follows the 

Fourier law [21],  

 𝑞cond = −𝑘∇𝑇 (3.12) 

where ∆𝑇 represents temperature difference and k is the medium thermal conductivity. 

The radiative heat transfer between two layers is governed by the Kirchhoff Law [19], 

 
𝑞rad,𝑖 =

𝜎(𝑇𝑖,ext
4 − 𝑇𝑖−1,in

4)

1
𝜀𝑖,ext

+
1

𝜀𝑖−1,in
− 1

 
(3.13) 
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where the Stefan Boltzmann constant 𝜎 = 5.67 ×  10−8 W/m2K4. The radiative heat 

transfer and the thermal resistance on the interior/exterior surface of innermost layer can 

be written as: 

 𝑞rad,in = 𝜀P𝜎(𝑇in
4 − 𝑇𝑁,in

4) 

 𝑞rad,ext = 𝜀P𝜎(𝑇𝐺,ext
4 − 𝑇ext

4) 

(3.14) 

For the convective heat transfer in air gap and at the outermost surfaces of window glass 

and polymer film, the heat flux is 

 𝑞conv = ℎconv∆𝑇 (3.15) 

where ℎconv  is the convective heat transfer coefficient of air in air gap or at the 

outermost vertical surfaces. Churchill and Chu [20] derive the following equation for 

air convection adjacent to a vertical plane: 

 
 ℎconv,in =

𝑁𝑢 ∙ 𝑘air

𝐿
 

(3.16) 

where Nu is the mean Nusselt number [22][23],  𝑘air is the thermal conductivity of air, 

and L is the surface height. The thermal resistance can be expressed as  

 
𝑅 =

∆𝑇

𝑞
. 

(3.17) 

Finally, U-factor can be calculated as 
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𝑈 = [𝑅rad,ext + 𝑅cond,G

+ ∑(𝑅rad,gap,i
−1 + 𝑅cond,gap,i

−1 + 𝑅conv,gap,i
−1)

−1
𝑁

𝑖=1

+ 𝑁 ∙ 𝑅cond,P + (𝑅rad,in
−1 + 𝑅conv,in

−1)
−1

]

−1

 

(3.18) 

 

 

3.4 Results and discussion 

 

3.4.1 Polymer electrification  

 

Figure 3.6(a) and 3.6(b) illustratex typical results of dipolar voltage (Vd) 

distribution of a 125-μm-thick PET film charged with a needle voltage of 10 kV. 

Without the grid mesh between the needle electrode and the plate electrode, the dipolar 

voltage distribution fits with “bell jar shape”. As a grid mesh with the grid voltage (Vgrid) 

of 2 kV is inserted in the system, the charges become much more uniform. The 

magnitude of Vd can be controlled by Vgrid, as illustrated in Figure 3.6(c). Figure 3.6(d) 

shows the decay measurement result for the dipolar voltage of a 125-μm-thick 3×3” 

PET film exposed to lab air. The voltage was periodically measured for 9 months.  
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Figure 3.6 Dipolar voltage distribution of the positive and the negative sides 

of corona charged 125-μm-thick PET films (a) without mesh grid and (b) 

with a mesh grid (𝑉grid=2 kV). (c) Dipolar voltage distribution of PET films, 

with the mesh grid voltage varying from 1 kV to 3 kV, measured along the 

center line of the polymer film. (d) Dipolar voltage decay over 9 months. 

The initial dipolar voltage is -1.8 kV. The needle voltage is 10 kV; the 

needle-electrode distance is 4 cm; the charging duration is 60 s. 

 

To better adjust the surface voltages, flow electrification provides “additional”  

surface charges ( 𝜎𝑠 ). As shown in Figure 3.7(a), with the increase in the SF 

concentration, the surface voltages of the negative side (Vn)  and the positive side (Vp) 

were conditioned. The dipolar component was quite stable. When the grid voltage of 

corona charging was changed, the dipolar component of surface voltage was varied, as 

illustrated in Figure 3.7(b). For the pure dipolar-charged polymer film, the magnitudes 

of surface voltage at the positive side and the negative side are close to each other, so 
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are the surface charge densities; i.e., 𝜎p ≈ 𝜎n. Subscripts “p” and “n” indicate positive 

side and negative side, respectively. 

 

 

Figure 3.7 (a) Effects of the molarity of SF on the surface voltages of the 

positive and the negative sides. (b) Effects of grid voltage on the surface 

voltages of the positive and the negative sides. The negative sides of all the 

films are exposed to 10 mM SF solution. The samples are 125-μm-thick and 

76.2 mm×76.2 mm large.  

 

When two like-charged polymer films are placed in proximity, there would be a 

repulsive force, F. Repulsive pressure measurement was conducted on a set of 125-μm-

thick 76.2 × 76.2 mm large PET films. The films were electrified through corona 

charging, with the grid voltage being 1 kV, 2 kV, or 3 kV. The negative sides were then 

liquid-electrified by 3 mM, 10 mM, or 100 mM SF solution. As shown in Fig.3.8, the 

repulsive pressure is significant, which helps separate the polymer films for PAM 

assembly. However, because the surface voltage would decrease over time (Fig.3.6d), 

it may not contribute to the long-term stability of the hollow structure.  
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Figure 3.8 The effects of gap distance on the repulsive pressure between two 

dipolar-electrified polymer films.  

 

3.4.2 U-factor evaluation 

 

Four 0.3048-m-large polymer films were assembly into a PAM sample. The total 

thickness was ~6 mm. Figure 3.9(a) and 3.9(b) show the measurement results of 𝑇ext, 

𝑇in, 𝑇PAM,ext, 𝑇PAM,in, and the heat flux q under different wind speeds at the exterior 

side. When the wind speed was increased, the temperatuer difference and the heat flux 

across the PAM sample became larger, while the U-factor did not vary much. The U-

factor was calculated by Eq. (3.2) to be around 0.5 Btu/(h∙ ft2 ∙ ℉). 

Figure 3.9(c) shows the U-factor of a 4-layer and a 1-layer PAM sample with 

respect to the total thickness. The solid lines are the numerical predication, and the data 

dots are the measurement results. Clearly, the U-factor is much reduced when the total 

sample thickness is increased. The multilayer struture has better thermal insulation 

properties than the single layer structure.  



 

 

54 

 

 

Figure 3.9 The exterior wind speed effect on the temperature difference 

across PAM and the U-factor. (a) 𝑇ext, 𝑇in, 𝑇PAM,ext, and 𝑇PAM,in and (b) 

the heat flux q and U-factor at the steady state (𝑡PAM=6 ±0.1 mm). (c) The 

relationship between the U-factor and the total thickness of 1-Layer and 4-

Layer PAM. 

 

 

 

3.4.3 Optical properties 

 

Figure 3.10 and Table 3.1 show the measured optical properties of a pristine PET 

film and a typical PAM sample (4 layers of 125-μm-thick PET films). The visual 

transmittance (Vt) of a single PET layer is 90.67%, and that of PAM is 76.44%, which 

is superior to most of low-emissivity films [12]. Although Vt of PAM is ~15% lower 
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than that of a single PET layer, the effective emissivity of PAM is only 21% of pristine 

PET, which can much reduce the radiative heat conduction. The haze of PAM is lower 

than 2%. From the color coordinates CIE 1931 (x,y) and CRI values of PAM, it can be 

seen that it has good achromatic and neutral color sensation, and it is able to provide 

high-quality illumination with achromatic sensation. 

 

Figure 3.10 The visual transmittance of pristine PET film and PAM sample. 

 

 

 

Table 3.1 Summary of the optical properties of PET 

Optical properties Pristine PET PAM (PET-based) 

VT (%) 90.7 76.44 

Emissivity (%) 76.4 16.73 

Haze (%) 0.2 1.6 

CRI 

Color coordinates (0.339319, 0.352434) (0.334388, 0.347274) 

CRI value 99.66 95.5 
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3.4.4 Structural integrate 

 

Figure 3.11(a) shows the compression test results of a 0.3048-m-large PAM 

sample, with the initial thickness (tPAM) being ~4 mm. The force required to flatten the 

PAM sample is around 1.1 N. After 4000 times of repeated flattening, the hollow 

multilayer structure can still be restored instantaneously when the loading was removed, 

as illustrated in Figure 3.11(b). The satisfactory structural robustness should be 

attributed to the large aspect ratio. When the air gaps are flattened, the maximum strain 

in polymer films is less than 0.3%, well within than the linear elastic limit of PET [24].  

 

Figure 3.11 (a) Experimental results of compression of PAM. (b) The 

stability of air gap thickness upon repeated compression. (c) The stability of 

air gaps over time. 
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3.5 Installation 

 

Figure 3.12 shows an on-site assembly and installation procedure of 4-Layer 

PAM, including: sectioning of polymer films, film clamping and stretching, spacer 

insertion, adhesive curing, trimming, and mounting. In general, like-charged PET films 

would not adhere to each other, relatively easy to handle. They will be shear-cut into 

size and shape. The clamp is a portable device formed by metal bars, which holds and 

separates the polymer films. The clamped PAM set is affixed on a stretcher, and the 

polymer films are slightly stretched. In this process, surface charging is beneficial. A 

small tensile force is sufficient to render the films planar, as they “float” on top of each 

other. Next, adhesive-sprayed spacer bars are inserted into the film stack along the edges. 

The structure is secured, as the adhesive is cured at room temperature for about 10 min. 

Finally, the edges of the PAM are trimmed, and the entire set is attached to a window 

pane, by using adhesives on the outer spacer bars at the edges. No adhesives is needed 

across the inner layer surface and the glass pane surface. 
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Figure 3.12 (a) a schematic of the installation of PAM. (b) Photos of 

demonstration for film sectioning, film clamping, stretching and spacer 

insertion. 

 

 

3.6 Concluding remarks 

 

To summarize, we investigate the transparent polymer-air multilayer (PAM) 

structure. Four flat 125-m-thick PET films are separated by a set of spacer bars at the 

edges and mounted on the window glass pane. The air gap between adjacent layers is 

0.5~1 mm thick. Corona charging followed by flow electrification can render the 

polymer surfaces like charged, which leads to a non-trivial repulsive pressure, helpful 

for materials handling, assembly, and installation. The surface voltage would decrease 

after a few months. Long-term structural stability of PAM is achieved by slightly 

stretching the films and keeping the aspect ratio ultra-large. It was measured that such 

4-layer PAM had a low thermal transmittance (U-factor) less than 0.5 Btu/(h∙ ft2 ∙ ℉), 

as the conductive, convective, and radiative heat transfer was all suppressed. The visual 
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transmittance and haze of PAM were higher than 70% and lower than 2%, respectively. 

The emissivity was below 0.2. The PAM structure was flexible and resilient. There was 

no sign of degradation upon repeated flattening for 4000 cycles, or after exposure to lab 

air for 1 year. This technology not only is useful for retrofitting of single-pane windows, 

but also may be applied for electrical insulation, soundproof layers, as well as 

enhancement of double-pane and triple-pane IGUs. 
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Chapter 4 Hollow Bilayer Structure with Low-Emissivity 

Coating 

  

4.1 Introduction 

 

As discussed in the previous chapters, in order to enhance energy efficiency and 

energy security, it is imperative to develop advanced thermal insulating materials for 

building windows, especially to retrofit the large stock of single-pane windows. About 

30~40% of present-day windows in the U.S. are still single-pane and they are 

responsible to ~50% total thermal energy loss associated with building heating, 

ventilation, and air conditioning (HVAC), which is ~4 quads per year [1][2]. The 

replacement rate of single-pane windows will be quite slow in the next 40~60 years [2]. 

The rate of heat loss through windows can be characterized by the U-factor. The U-

factor of single-pane window is typically ~1 Btu/(h∙ft2∙℉), much higher than the Energy 

Star standard (0.3 to 0.4 Btu/(h∙ft2∙℉)) [3]. It is envisioned that if highly transparent, 

low-haze, and highly thermal insulating material can be produced and attached to single-

pane windows, the energy saving and the improvement in occupant comfort would be 

significant.  
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Conventional thermal insulating materials, such as silica aerogels, suffer poor haze 

and poor structural integrity [4,5]. Low-emissivity (low-e) films can block a 

considerable portion of infrared (IR) radiation, yet does not reduce thermal conductivity; 

their efficiency may be largely reduced if water condensation is formed in a cold 

weather, as the conductive thermal transport through water layer becomes the dominant 

factor [6,7].  

In Chapter 3, we investigated the concept of polymer-air multilayer (PAM), 

which is both low-e and thermal insulating [8,9]. The previously developed PAM 

comprised four polymer layers fully separated by air gaps from glass pane; the layer 

separation is aided by polymer electrification [9,10]. Although multilayer polymer films 

block a large portion heat loss by radiation, the overall radiative thermal resistance is 

still much lower than that blocked by a low-e film [8]. To further increase the radiative 

thermal resistance of PAM, a low-e coating can be applied on its outer surface. However, 

because low-e coating would reduce the visual transmittance (Vt) by more than ~20% 

[11][12], to keep the overall visual transmittance (Vt ) above 0.7, only 1 inner polymer 

layers can be placed between the low-e layer and the window pane, based on the 

assumption that Vt of polymer is ~90% [8]. In this chapter, we construct and characterize 

a 2-layer (2L) PAM, with the outer surface being enhanced by a low-e coating. 

Compared with the 4-layer (4L) PAM in Chapter 3, it has a lower emissivity, and is 

easier to install. 
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4.2 Modelling of thermal properties 

 

As depicted in Figure 4.1, the 2L-PAM consisted of two layers of polymer films, 

mounted on a glass pane. The polymer films and the glass pane were separated by air 

gaps about 1.25~2.25 mm thick. A low-e coating was attached to the outer polymer film, 

facing the indoor temperature (Tin); the glass pane is exposed to the exterior weather 

side, with temperature of Text. Because the aspect ratio of 2L-PAM is larger than 40, the 

heat transfer model will be simplified as an one-dimensional (1D) parallel-plates system 

[13]. The important factors include the solid/air heat conduction ( 𝑅cond ), the air 

convection at outer surface and in air gaps (𝑅conv), and the radiative heat flow across 

the reflective surfaces (𝑅rad). The model was originally developed by Mr. Qingyang 

Wang in Professor Renkun Chen’s group at the University of California, San Diego.  

Consider one glass pane and two polymer films (indicated by “1” and “2”, 

separately). The outer polymer film (layer 2) has a low-e coating. Assume that all 

surfaces are isothermal. The steady state thermal balance equation of all nodes can be 

written as 

 𝑞rad,ext + 𝑞conv,ext = 𝑞cond,G

= 𝑞rad,gap,i + 𝑞cond,gap,i + 𝑞conv,gap,i = 𝑞cond,P,i

= 𝑞rad,in + 𝑞conv,in 

(4.1) 

where, 𝑞rad,ext and 𝑞conv,ext are the radiative and the convective heat fluxes from the 

weather side to the exterior window surface, respectively; 𝑞cond,G, and 𝑞cond,P,i are the 

conductive heat fluxes through the glass and the i-th layer of polymer film, respectively 
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(i = 1,2); 𝑞rad,gap,i, 𝑞cond,gap,i and 𝑞conv,gap,i are the radiative, the conductive, and the 

convective heat fluxes through the air gaps, respectively; 𝑞rad,in and 𝑞conv,in are the 

radiative and the convective heat fluxes from the outmost polymer film to the room side, 

respectively; subscripts “in” and “ext” indicate interior and exterior, respectively; 

subscripts “cond”, “rad”, and “conv” indicate conduction, radiation, and convection, 

respectively; and “G”, “gap”, “P”, and “Lowe” indicate window glass, air gap, polymer 

film and low-e coating, respectively. 

 

Figure 4.1 Thermal analysis for 2L-PAM. From the left to right, the thermal 

nodes represent Text: the exterior temperature, TG,ext and TG,in: the exterior 

and interior temperatures of window glass, TP,ext and TP,in: the exterior and 

interior temperatures of polymer film, TLowe,in: the interior temperatures of 

the polymer film with low-e coating, and Tin: the interior temperature. 

According to ASTM C1199 and ASHRAE Handbook [14], the exterior 

weather side and the room temperatures are set to 𝑇ext = -18 ℃ and 𝑇in 

=  21℃, respectively; the exterior heat transfer coefficient ( ℎext ) is 30 

W/(m2·K). 

 

The conductive heat transfer in solid and air follows the Fourier law [15],  

 𝑞cond = −𝑘∇𝑇 (4.1) 
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where  ∇𝑇  is temperature gradient and k is the medium thermal conductivity. The 

radiative heat transfer between two nodes is governed by the Kirchhoff Law [13], 

 
𝑞rad,𝑖 =

𝜎(𝑇𝑖,ext
4 − 𝑇𝑖−1,in

4)

1
𝜀𝑖,ext

+
1

𝜀𝑖−1,in
− 1

 
(4.2) 

where the Stefan Boltzmann constant 𝜎 = 5.67 ×  10−8 W/m2K4. The radiative heat 

transfer and the thermal resistance on the interior/exterior surface of PAM can be written 

as: 

 𝑞rad,in = 𝜀Lowe𝜎(𝑇in
4 − 𝑇Lowe,in

4) 

 𝑞rad,ext = 𝜀G𝜎(𝑇𝐺,ext
4 − 𝑇ext

4) 

(4.3) 

The convective heat transfer in air gaps and at the outer surfaces of window glass and 

polymer film can be calculated by 

 𝑞conv = ℎconv∆𝑇 (4.4) 

where ℎconv is the convective heat transfer coefficient of air. Churchill and Chu [14] 

derived the following equation for air convection adjacent to a vertical plane: 

 
 ℎconv,in =

𝑁𝑢 ∙ 𝑘air

𝐿
 

(4.5) 

where Nu is the mean Nusselt number [16][17],  𝑘air is the thermal conductivity of air, 

and L is the surface height. The thermal resistance can be expressed as  

 
𝑅 =

∆𝑇

𝑞
. 

(4.6) 

where ∆𝑇  is the temperature difference between two nodes and q is the heat flux 

through them. Finally, U-factor can be calculated as 
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𝑈 = [𝑅rad,ext + 𝑅cond,G

+ ∑(𝑅rad,gap,i
−1 + 𝑅cond,gap,i

−1 + 𝑅conv,gap,i
−1)

−1
𝑁

𝑖=1

+ 𝑁 ∙ 𝑅cond,P + (𝑅rad,in
−1 + 𝑅conv,in

−1)
−1

]

−1

 

(4.7) 

 

 

Figure 4.2 (a) The effects of the layer count and the low-e coating on the U-

factor. The total thickness is 3 mm; “w/” indicates “with”; “w/o” indicates 

“without”; the numbers in the legend indicate the polymer layer thickness. 

The emissivity of low-e coating on the outer surface is 0.14. (b) The U-factor 

of 2L-PAM as a function of the total thickness and the surface emissivity of 

low-e coating. 

 

The influence of the layer count and the low-e coating on the U-factor was 

analyzed. As shown in Figure 4.2(a), when the total thickness of PAM is 3 mm and the 

polymer layer thickness is 250 𝜇m or 125 𝜇m, the U-factor of 2L-PAM is lower than 

that of a 1-Layer PAM; i.e., the thermal insulating is more effective. When the layer 

count is further increased, although 𝑅rad,gap is enhanced, 𝑅cond,gap would be reduced, 
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because the air gaps are thinner. Thus, the U-factor remains constant or even increase. 

With the overall optical properties of multiple polymer films being taken into 

consideration, the 2-layered design is optimum. Figure 4.2(b) shows the U-factor as a 

function of the total 2L-PAM thickness and the surface emissivity of low-e coating. The 

polymer film thickness is 250 𝜇m. The glass thickness is 1 cm. The surface emissivity 

of glass and polymer film are 0.84 and 0.76, respectively. It can be seen that increasing 

the air gap thickness and reducing the surface emissivity are beneficial. With the low-e 

coating with the surface emissivity 𝜀 = 0.14, the U-factor of a 3-mm-thick 2L-PAM is 

~0.52 Btu/(h∙ ft2 ∙ ℉). 

 

4.3 Experimental procedure and results 

 

To investigate the 2-layered design experimentally, 2L-PAM sample was 

formed by two 250-μm-thick 0.30.3 m polyethylene terephthalate (PET) films, while 

the second layer being coated by a 3M Thinsulate CC7 low-e film (Fig.4.3). The PET 

films were ultrasonically cleaned in isopropyl alcohol (IPA) for 10 min and then in de-

ionized (DI) water for 5 min. The 3M low-e film was firmly attached on the surface of 

a PET film. The low-e coated PET film was separated from another uncoated PET film 

by four polycarbonate (PC) bars at the edges. The two-layered frame was mounted on a 

10-mm-thick 355.6-mm-large glass pane, with two sets of 0.25’’-wide PC spacer bars 

along the boundary. The spacer thickness ranged from 1.5 mm to 2.5 mm, which 

controlled the air gap to the glass pane. The PC bars were affixed by an epoxy adhesive 
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(3M CA4) cured at room temperature. Figure 4.3 (b-c) show the typical sample 

configuration.  

Figure 4.3(d) shows the installation procedure of 2L-PAM. First, window glass 

is measured. The polymer films and spacers are sectioned by a cutter into size. Then, 

through the adhesive layer of the low-e film, it is firmly attached to the outer PET film. 

The two PET films are assembled into a frame, and affixed to the glass pane through 

spacer bars. To save the installation time, the spacer can be L-shaped.  

 

 

Figure 4.3 (a) A schematic of the 2L-PAM. (b) Top view and c) side view. 

(d) The installation procedure. 
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4.3.1 Sample characterization 

 

U-factor measures the overall thermal transmittance, including conduction, 

convection, and radiation. A U-factor measurement system was designed and fabricated 

following ASTM C1199, ASTM C518, NFRC-100, and NFRC-102, originally 

developed by Dr. Jeongmin Kim in Professor Renkun Chen’s group at the University of 

California, San Diego.  Figure 4.4(a-b) shows the schematic and a photo. Inside a 0.39-

m-long 0.47-m-wide 0.47-m-tall environmental chamber, Text was maintained at -18 ℃. 

A 2L-PAM with glass pane was mounted on the opening of the side wall of the chamber. 

The 2L-PAM sample faced to the room, as shown in Figure 4.4(b). The room 

temperature (Tin), the chamber temperature (Text), the exterior surface temperature of 

glass (TG,ext), and the interior surface temperature of PAM (TPAM,in) were monitored by 

four Omega type-K thermocouples. A gSKIN-XI heat flux sensor was installed on the 

interior surface of the 2L-PAM to monitor the heat flux.  A fan was operated in the 

chamber, to control the wind speed at the exterior side of window glass.  
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Figure 4.4 (a) Schematic and (b) a photo of the U-factor measurement setup. 

 

U-factor is calculated as the reciprocal of the total thermal resistance: 

 
𝑈 = (

1

ℎST,ext
+

𝑇PAM,in − 𝑇PAM,ext

𝑞
+

1

ℎST,in
)

−1

 
(4.8) 

where, according to ASTM C1199 and NFRC-100, the standard boundary heat transfer 

coefficients to the exterior side ( ℎST,ext ) is set to 30 W/(m2·K); the interior side 

coefficient (ℎST,in) is 

 
ℎST,in = 1.46 [

𝑇in−𝑇PAM,in

𝐻
]

0.25

+

𝜎𝜀 [
(𝑇in+273.16)4−(𝑇PAM,in+273.16)

4

𝑇in−𝑇PAM,in
]; 

(4.9) 

H is the sample height (0.3 m); 𝜎 = 5.67 × 10−8 W/m2 · K4 is the Stefan Boltzmann 

constant; and 𝜀 = 0.14 is the surface emissivity of low-e coating. 

Figure 4.5(a-b) gives the measurement results of 𝑇ext , 𝑇in , 𝑇PAM,ext , and 

𝑇PAM,in, and the heat flux q of a ~3 mm thick 2L PAM. The U-factor is 0.51 Btu/(h∙ ft2 ∙
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℉), calculated from Eq.(3.2). Figure 4.5(c) shows the effects of the wind speed in the 

environmental chamber on the temperature difference across the 2L-PAM sample, and 

the adjusted U-factor. When the exterior heat transfer coefficient is changed by the wind 

speed, the temperature difference and the heat flux become larger. Since ℎST,ext  is 

standard in Eq. (4.9), the adjusted U-factor is insensitive to the exterior wind speed. 

Figure 4.5(d) shows the effects of the low-e coating and the total sample 

thickness. The solid lines are the numerical predication, and the data points are from the 

measurement. Clearly, the U-factor is much reduced when the sample is thicker or a 

low-e coating is applied. 

 

Figure 4.5 (a) 𝑇ext, 𝑇in, 𝑇PAM,ext, and 𝑇PAM,in and (b) the heat flux q and 

the U-factor at the steady state. (c) The influence of the exterior wind speed 

on ∆𝑇 and U-factor. The total thickness of 2L-PAM is 3±0.1 mm. (d) the 

relationship between the U-factor and the total 2L-PAM thickness, and the 

low-e coating effect. “w/” indicates with; “w/o” indicates “without”; “lowe” 

indicates “low-e coating”.  
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4.3.2 Optical properties 

 

Visual transmittance and haze measurement were conducted at the spectral range 

from 380 nm to 750 nm by a JASCO V770 UV-VIS spectrometer, following ASTM 

D1003. The spectrophotometer was equipped with an integrating sphere accessory. 

During the measurement, a 2L-PAM sample was placed in front of the sphere entrance 

port, through which light can pass into the sphere and be fully collected. The visible 

light transmittance (VT) is defined in ASTM G173 as  

     𝑉𝑇 =
∫ 𝜏(𝜆)𝐸(𝜆)𝑑𝜆

∫ 𝐸(𝜆)𝑑𝜆
, (4.10) 

where 𝐸(𝜆) is the solar spectral irradiance, 𝜏(𝜆) = 𝜏𝑡/𝜏𝑖, 𝜏𝑡 is the light transmitted 

through the sample, and 𝜏𝑖 is the incident light. Haze can be calculated from the sample 

diffusion 𝜏𝑠,𝑑 and the instrument diffusion 𝜏𝑖,𝑑:  

 Haze= 𝜏𝑠,𝑑/𝜏𝑡 − 𝜏𝑖,𝑑/𝜏𝑖. (4.11) 

The transparency color perceptions of 2L-PAM was shown by the CIE 1931 

chromaticity diagram, which is designed to represent the colors perceptible to human 

eyes. The CIE 1931 (x, y) chromaticity values are 

 
𝑥 =

𝑋

𝑋 + 𝑌 + 𝑍
 

(4.15) 

 
𝑦 =

𝑌

𝑋 + 𝑌 + 𝑍
. 

(4.16) 

among which X, Y, and Z are CIE tristimulus values, obtained by a CIE 1931 standard 

observer. The color difference between the TCS illuminated by the light through the 
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sample and by the reference white light source was computed, and the color rendering 

index was assessed as  

 𝐶𝑅𝐼 = 100 − 4.6∆𝐸uvw, (4.17) 

where ∆𝐸uvw is the measured color difference.  

Figure 4.6(a) shows the visual transmittance of 2L-samples with and without 

low-e coating. According to Eqs. (4.10) and (4.11), VT of these samples are 70.8% and 

83.6%, respectively. Although the low-e coating reduces VT by nearly 13%, it reflects 

more infrared light and can block the radiation energy dissipation. The haze values are 

0.4% and 0.8%, respectively, both adequate for window applications [8]. In Table 4.1, 

the values of color coordinates CIE 1931 (x, y) and CRI are shown. The color 

coordinates for both samples are located in the low colorfulness region in the CIE 

chromaticity diagram, indicating that the samples have desired ability to accurately 

present colors. 

 

 

Figure 4.6 The visual transmittance of 2L-PAM with or without low-e 

coating.  
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Table 4.1 Summary of the optical properties of 2L-PAM (without glass) 

Optical properties without low-e coating with low-e coating 

VT (%) 87.0 70.4 

Emissivity (%) 76.4 14.2 

Haze (%) 0.4 0.8 

CRI 

Color coordinates (0.340305,0.351874) (0.336798, 0.352643) 

CRI value (%) 99.68 94.29 

 

Figure 4.7 (a) A typical compression curve of a 2L-PAM sample. (b) The 

stability of air gaps upon repeated compression. (c) The stability of air gaps 

over time. 
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4.3.3 Structural properties 

 

The structural integrate of a 0.3-m-large 2L-PAM was evaluated through 

compression tests in a Type 5582 Instron machine. The initial thickness of the 2L-PAM 

was 3 mm. The PET films were 0.25 mm thick and the air gap in between was 1.25 mm. 

The loading rod had a 5-mm-radius round tip. It was compressed by the Instron machine 

as a speed of 0.01 mm/s to the 2L-PAM sample. The total displacement was 2.5 mm. 

Figure 4.7(a) shows the compression test results. The force required to flatten the PAM 

sample was around 0.3 N. The sample was repeatedly flattened for more than 3,000 

cycles, and the thickness of the center point was monitored by a micrometer. Figure 

4.7(b) shows that the hollow structure was able, able to self-restore when the loading 

was removed. To monitor the long-term stability of 2L-PAM, a sample was placed in 

open lab air for one year, with the relative humidity of 50-60%. The gap thickness was 

monitored periodically, which was quite stable. Since the service lives of PET and low-

e film are over 10 years [11][18], we expect that the service life of PAM will be at least 

5 years.  

 

4.4 Concluding remarks 

 

We investigate the 2-layer polymer-air multilayer (2L-PAM) structure. It 

consists of 1 outer low-e coated polymer film and 1 inner uncoated polymer film, 

separated by a set of spacer bars. The 2L-PAM is mounted on the window glass, lifted 
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by another set of spacer bars. Thanks to the air gaps and the low-e coating, the thermal 

transmittance (U-factor) of a 3-mm-thick 2L-PAM mounted on a 10-mm-thick window 

glass pane is as low as 0.51 Btu/(h∙ ft2 ∙ ℉), as the conductive, convective, and radiative 

heat transfer are all suppressed. The visual transmittance and haze of 2L-PAM are 

around 70% and lower than 1%, respectively, satisfactory to the window applications. 

The emissivity of outer surface is 14%. Because of the excellent mechanical properties 

of PET films, the 2L-PAM structure is flexible and resilient. There is no sign of 

structural degradation upon 3000 loading-unloading cycles or after exposure to lab air 

for 1 year. This technique not only can be used for building windows, but also may have 

wide applications for electrical insulation, soundproof layers, etc. 
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Chapter 5 Elevating Low-emissivity Film for Lower Thermal 

Transmittance 

 

5.1 Introduction 

 

As discussed in the previous chapters, each year in the U.S., ~15 quads of energy 

is consumed for building heating, ventilation, and air conditioning (HVAC), ~25% of 

which (~4 quads) is lost through building windows in cold weather [1]. In newer 

buildings, double-pane windows have been widely adopted and they offer satisfactory 

thermal insulation [2]; in older buildings, however, single-pane windows are dominant, 

which accounts for over half of the total energy lost through building windows [3]. If 

all the remained single-pane windows could be replaced by double-pane windows, about 

1.2 quads would be saved per year [1]. Yet, windows replacement is costly ($50~100/ft2 

with installation [4]) and slow (only 2% single-pane windows per year are removed [5]). 

It is imperative to develop advanced and effective retrofitting techniques that are low 

cost, fast, and can offer a low thermal transmittance [6,7]. 

The unique functional requirements of window pane retrofitting impose tough 

technical challenges. Visual transmittance (VT) must be high, desirably higher than 70%. 

Haze must be low, desirably less than 2%. The thermal insulation efficiency must be 
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excellent, desirably with the thermal transmittance (U-factor) reduced from 1~1.2 

Btu/h·ft2·℉ to less than 0.5 Btu/h·ft2·℉. Moreover, the structure must be reliable and 

robust. A relatively mature technique of window insulation is to use low-emissivity 

(low-e) films [8]. With a thin coating of metal-based multilayer or doped semiconductor 

with a wide band gap, a low-e film minimizes the amount of the infrared (IR) light that 

passes through window glass [9,10]. One hurdle that blocks low-e films from being more 

widely applied is their time-consuming and expensive installation procedure [11]. To 

prevent wrinkle formation and to ensure perfect bonding with window pane, low-e film 

installation demands careful window pane preparation and is usually performed by 

professional installers. Probably more critically, in cold weather when the temperature 

difference across the coated window pane (∇𝑇) is large, water condensation would be 

formed and with the large specific heat of the water layer, heat conduction becomes the 

dominant heat loss mechanism, and the benefit of the reduction in radiative heat transfer 

is significantly reduced. 

In the current chapter, we investigate an alternative installation approach of low-

e films. By using a polymer substrate, a low-e film can be conveniently elevated from 

window pane and form an air gap, improving the thermal insulation and preventing 

water condensation with a relatively large ∇𝑇. It may be viewed as a simplified version 

of the 2-layer polymer-air multilayer (2L-PAM) presented in Chapter 4. Compared with 

2L-PAM, the single-layer structure in this chapter is simpler, more cost efficient, easier 

to install, and has similar thermal and optical properties. The air gap increases the 

conductive thermal resistance and low-e coating decreases the IR heat transfer. Optical 
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measurement indicates that desired visual transmittance and haze are achieved. 

Mechanical testing demonstrates satisfactory resilience and robustness.  

 

5.2 Modelling of thermal properties 

 

Figure 5.1 depicts an elevated low-e assembly (ELEA), consisting of a low-e 

film, a glass pane, and a mm-thick air gap in between. The low-e film is exposed to the 

interior temperature (𝑇in), and the glass pane faces the exterior temperature (𝑇ext). The 

aspect ratio of ELEA is greater than 40, and its thermal properties can be examined 

through one-dimensional parallel plate analysis [12]. We take into consideration the heat 

conduction of solid and air (𝑅cond), the convection in air gap and at outer surfaces 

(𝑅conv ), and the radiation through reflective low-e surface and glass pane (𝑅rad ). 

Conductive, convective and radiative thermal transfers through the air layer are 

characterized by parallel thermal resistance  𝑅cond,gap  ,  𝑅conv,gap and  𝑅rad,gap  

respectively. The radiative resistance (𝑅rad,ext and  𝑅rad,in) and convective resistance 

(𝑅conv,ext and  𝑅conv,in) are considered at the interior surface of low-e film and the 

exterior surface of window glass, in series with the conductive resistance of solid 

window glass (𝑅cond,G) and low-e polymer film (𝑅cond,Lowe). Subscripts “in” and “ext” 

indicate interior and exterior, respectively; subscripts “cond”, “rad”, and “conv” 

indicate conduction, radiation, and convection, respectively. 
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Figure 5.1 Schematic representation of the elevated low-e assembly (ELEA). 

The thermal nodes represent, from the left to right, Text: the exterior 

temperature, TG,ext: the exterior temperature of window glass, TG,in: the 

interior temperature of window glass, TLowe,ext: the exterior temperature of 

low-e film, TLowe,in: the interior temperature of low-e film, and Tin: the 

interior temperature. 

 

Based on the Fourier’s law [13], the conduction heat flux (𝑞) in low-e film, air 

gap and glass is 

𝑞cond = −𝑘𝛻𝑇 (5.1) 

where 𝛻𝑇 represents temperature gradient and k is the local thermal conductivity. The 

thermal resistance (𝑅) can be expressed as the ratio of thickness (𝑡G,  𝑡gap, 𝑡Lowe) to 

thermal conductivity (𝑘G, 𝑘gap, 𝑘Lowe): 

 
𝑅cond =

𝑡

𝑘
 

(5.2) 

where t is the thickness of local component and subscripts “G”, “gap” and “Lowe” 

indicate glass, air gap and low-e polymer film, respectively.  

According to Kirchhoff’s Law [20], the emissivity of each layer equals to its IR 

absorption, 𝜀. The radiation thermal flux between two parallel surfaces is 
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 𝑞rad,gap =
𝜎(𝑇Lowe,ext

4 − 𝑇G,in
4)

1
𝜀Lowe

+
1
𝜀G

− 1
 

(5.3) 

where 𝜎 = 5.67 ×  10−8 W/m2 · K4 is the Stefan Boltzmann constant. The radiation 

thermal resistance could be expressed as 

 𝑅rad,gap =
𝑇Lowe,ext − 𝑇G,in

𝑞rad,gap
 (5.4) 

Similarly, the radiation heat transfer and thermal resistance on the interior surface of 

low-e film can be written as: 

 𝑞rad,in = 𝜀Lowe𝜎(𝑇in
4 − 𝑇Lowe,in

4) (5.5) 

 𝑅rad,in =
𝑇in − 𝑇Lowe,in

𝑞rad,in
 (5.6) 

The convective heat flux in the gap and at the interior surface of the low-e film 

is 

 𝑞conv = ℎconv𝛻𝑇 (5.7) 

where ℎconv is the thermal transfer coefficient of air convection in the gap or at a 

vertical surface. According to Churchill and Chu [14]: 

 

 𝑅conv,in =  ℎconv,in
−1 =

𝐿

𝑁𝑢 ∙ 𝑘air
 (5.8) 

where Nu is the mean Nusselt number and  𝑘air is the thermal conductivity air phase 

and L is the surface height. Nu is a function of the Grashof number (Gr) and the Prandtl 
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number (Pr). Pr is 0.70798 for air[15], and for free convection on the low-e surface, Gr 

is[16] 

 Gr =
𝑔𝛽𝑑𝑇𝐿3

𝜈2
 (5.9) 

where 𝑔  is the gravitational constant (9.81 m/s2), 𝛽  is the thermal expansion 

coefficient, L is the sample height, 𝜈 is the dynamic viscosity of the air, and 𝛼 is the 

air thermal diffusivity.  Based on these values, 

 𝑁𝑢 = 0.68 +
0.67Ra1/4

[1+(0.492/Pr)9/16]
4/9 for Ra𝐿 ≤ 109 (5.10) 

 𝑁𝑢 = {0.825 +
0.387Ra1/6

[1+(0.492/Pr)9/16]
8/27}

2

 for 109 ≤ Ra𝐿 ≤ 1012 (5.11) 

where Ra is Rayleigh number and Ra=GrPr.  

For the convective heat transfer in the enclosed air gap [16],  

  ℎconv,gap =
𝑡gap

𝑁𝑢 ∙ 𝑘air
−  ℎcond,gap (5.12) 

Nusselt number [16] can be obtained as, 

 𝑁𝑢 = [0.0605Ra1/3, (1

+ [
0.104Ra0.293

1 + (6310/Ra)1.36
]

3

)

1/3

, 0.243 (
Ra

𝐿/𝑡
)

0.272

]

max

 

(5.13) 

where Ra=GrPr and the Gr number [16] also can be calculated by Eq. (5.9), in which 

L=𝑡gap. 
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The heat transfer in Figure 5.1 should be in balance at the steady-state. Thus, 

 𝑞rad,ext + 𝑞conv,ext = 𝑞cond,G

= 𝑞rad,gap + 𝑞cond,gap + 𝑞conv,gap = 𝑞cond,Lowe

= 𝑞rad,in + 𝑞conv,in 

(5.14) 

Hence, the thermal transmittance (U) is: 

 𝑈 = [𝑅ext + 𝑅cond,G + (𝑅rad,gap
−1 + 𝑅cond,gap

−1 + 𝑅conv,gap
−1)

−1

+ 𝑅cond,Lowe + (𝑅rad,in
−1 + 𝑅conv,in

−1)
−1

]
−1

 

(5.15) 

According to ASTM C1199 and ASHRAE Handbook [14], the boundary 

condition is set as 𝑇ext  =  18 ℃  and 𝑇in  = 21 ℃, and the exterior heat transfer 

coefficient (ℎext) is 30 W/(m2·K). 

Eq.(5.2) implies that 𝑅cond,gap increases linearly with the air gap thickness. 

Eqs.(5.3) and (5.4) suggest that 𝑅rad,gap  would be reduced, if the temperature 

difference across the air gap rises. Since tair is very thin, ranging from 3 mm to 5 mm, 

based on Eq.(5.13), Nu is reduced to be almost 1, and ℎconv,in is lower than 0.1% of 

that of air conduction, which is negligible. The overall relationship between the ELEA 

thickness and 𝑅cond,gap and 𝑅rad,gap is illustrated in Figure 5.2(a). Because the heat 

resistance of air gap is 𝑅gap = (𝑅rad,gap
−1 + 𝑅cond,gap

−1)
−1

and 𝑅cond,gap is much 

smaller than 𝑅rad,gap, the heat flux in air gap mainly depends on 𝑅cond,gap; the effect 
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of 𝑅rad,gap  is secondary. Hence, a thicker air gap tends to improve the thermal 

resistance. Figure 5.2(b) demonstrates that, by decreasing the surface emissivity of the 

low-e film, 𝑅rad,in is enhanced, which can overcome the slightly decrease of 𝑅conv,in 

due to larger temperature difference between the low-e surface and the interior room 

temperature. Therefore, with a lower emissivity, the interior boundary heat resistance 

𝑅in is still much increased. Figure 5.2(c) shows the relationship among the U-factor, 

the total ELEA thickness, and the surface emissivity of low-e film. The low-e film 

thickness 𝑡Lowe=500 μm; the glass thickness 𝑡G=1 cm; the glass surface emissivity 

𝜀G=0.84; the back-surface emissivity of low-e film is the same as that of polyethylene 

terephthalate (PET) substrate, 𝜀Lowe,ext= 0.76. Clearly, increasing air gap thickness and 

reducing surface emissivity are beneficial. If the low-e film surface emissivity is ~0.1 

and the air gap thickness is ~3.5 mm, the thermal transmittance (U) can be reduced to 

below 0.5 Btu/h·ft2·℉. 
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Figure 5.2 (a) The thermal conductive and the radiative resistance as 

functions of the total ELEA thickness (𝜀Lowe,ext= 0.76). (b) The convective 

and radiative resistance at interior surface of ELEA, as functions of the 

surface emissivity (𝑡total= 5 mm). (c) The value of U as a function of the 

total ELEA thickness (𝑡total) and the surface emissivity of low-e film (𝜀Lowe). 

The sample size L = 0.3048 m and the low-e film thickness 𝑡Lowe= 500 μm. 

 

 

 

5.3 Experimental procedure and results  

 

ELEA samples were assembled by using 3M Thinsulate CC75 low-e films. A 

500-μm-thick 0.3048 m by 0.3048 m large PET substrate was ultrasonically cleaned 

first in isopropyl alcohol (IPA) for 10 min and then in de-ionized (DI) water for 5 min. 

CC75 low-e film was firmly attached on the PET surface. The compound low-e layer 
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was mounted on a 9.5-mm-thick 0.3556-mm-large glass pane by four 0.2794-m-long 

12.7-mm-wide polycarbonate (PC) frame bars at the edges. The frame bar thickness 

ranged from 2.5 mm to 4.5 mm, which determined the thickness of the air gap between 

the low-e layer and the glass pane. The frame bars are affixed by adhesives (3M CA4) 

that cures at ambient temperature. Figure 5.3(a) ~(c) shows a typical sample.  

Assembly and installation of ELEA structure to the real window may be 

relatively easy and fast, as shown in Figure 5.3(d). First, clean the window glass and 

measure its height and width. Second, section the frame bars and low-e film according 

to the dimension of the window. Then, attach the frame bars on window pane. Finally, 

mount the sectioned low-e layer on the frame bars.  
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Figure 5.3 A typical ELEA sample: (a) top view, (b) side view, (c) a 

schematic and (d) the installation procedure 

 

5.3.1 Thermal properties of ELEA 

 

A thermal transmittance measurement system was fabricated, following ASTM 

C1199, ASTM C518, NFRC-100, and NFRC-102. As shown in Figure 5.4, inside a 

0.39-m-long 0.47-m-wide 0.47-m-tall environmental chamber, 𝑇ext was maintained at 

~255 K. An ELEA sample was mounted at the opening of a side wall of the chamber. 
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The opening was 0.37-m by 0.37-m large. Four Omega K-type thermal couples were 

used to measure 𝑇ext, 𝑇in, the outer surface temperature of glass (𝑇G,ext), and the inner 

surface temperature of low-e assembly (𝑇Lowe,in). A gSKIN®-XI heat flux sensor was 

attached on the exterior surface of the ELEA. The temperature variation in the chamber 

was less than 1 oC. Ambient temperature (𝑇in) was ~294 K in all the tests.  

 

 
Figure 5.4 (a) Schematic and (b) a photo of the thermal transmittance 

measurement setup, with temperature being monitored by four 

thermocouples and the heat flux being measured by the Q sensor. 

 

In our experiment, the exterior heat transfer coefficient was not a standard or 

constant value. The total thermal resistance was converted to U by adding standard 

boundary thermal transfer coefficients to the exterior (ℎST,ext) and the interior (ℎST,in). 

Based on ASTM C1199 and NFRC-100, ℎST,ext was set to 30 W/(m2·K) and 
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 ℎST,in = 1.46 [
(𝑇in − 𝑇Lowe,in)

𝐻
]

0.25

+ 𝜎𝜀 [
(𝑇in + 273.16)4 − (𝑇Lowe,in + 273.16)

4

(𝑇in − 𝑇Lowe,in)
] 

(5.16) 

where H is the sample height and 𝑇Lowe,inand 𝑇G,ext are respectively the measured 

temperatures at interior and exterior boundaries of ELEA. Consequently, 

 𝑈 = (
1

ℎST,ext
+

𝑇Lowe,in − 𝑇G,ext

𝑞
+

1

ℎST,in
)

−1

 (5.17) 

where 𝑞 is the measured heat flux. The surface emissivity of low-e film and PET were 

taken as 0.14 and 0.76, respectively.  
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Figure 5.5 (a) 𝑇ext, 𝑇in, 𝑇G,ext, and 𝑇Lowe,in and (b) the heat flux q and U 

at the steady state (𝑡air=4.5 ±0.1 mm). (c) The exterior wind speed effect on 

the temperature difference across ELEA and the U (𝑡air=3.5 ±0.1mm). (d) 

The relationship between the U and the total ELEA thickness. 

 

Figure 5.5(a,b) show the measurement result of the temperatures and the heat 

flux of ab ELEA sample with the total thickness (𝑡total) of 5±0.1 mm. The thermal 

transmittance (U) is calculated by Eq. (5.17) to be ~0.445 Btu/h·ft2·℉. Since the heat 

transfer coefficient is standardized, if the exterior heat transfer coefficient varies, the 

validated U should not be influenced. This is confirmed by controlling the wind speed 

in the environmental chamber, the temperature at the exterior side of glass pane (𝑇G,ext), 

and the temperature at the interior side of low-e film (𝑇Low,in). Figure 5.5(c) shows the 
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measured temperature difference across and the validated U of an ELEA with 𝑡total = 

4±0.1 mm with various wind speeds. As the wind speed rises, the heat transfer 

coefficient becomes larger, so is the temperature difference across the sample, while the 

validated U keeps stable, as it should.  

The aforementioned heat transfer model suggests that the air gap thickness (𝑡gap) 

and the surface emissivity are two vital factors for the U-factor. We tested ELEA 

samples with different 𝑡gap; the PET substrates were either coated with CC75 low-e 

films (Lowe/PET) or pristine (PET). The results are summarized in Figure 5.5(d). The 

solid lines are numerical prediction. The thermal transmittance is much reduced when 

the surface emissivity of low-e film decreases from 0.76 (PET) to 0.14 (Lowe/PET) and 

when the air gap thickness increases. Clearly, a lower emissivity leads to a higher IR 

reflection, which blocks the irradiation heat loss; with a thicker air gap, thermal 

resistance is increased. A single glass pane typically has the U around 1.1 Btu/h·ft2·℉ 

[17], compared with which the U of ELEA mounted is considerably lower by nearly 

50%.  

As the thermal resistance was improved by ELEA, the water condensation 

resistance of the structure is significantly enhanced. We compared the temperature at 

the interior of ELEA assembly to the dew point (𝑇dp). The interior temperature (𝑇in) 

was standardized to be 294 K and the relative humidity (RH) was set to 30% and 50%. 

Other parameters are the same as the thermal modelling. The dew point is a function of 

air temperature (𝑇in) and RH [18]: 
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𝑇dp =

243.5(𝑙𝑛𝑅𝐻 +
17.67𝑇in

243.5 + 𝑇in
)

17.67 − 𝑙𝑛𝑅𝐻 −
17.67𝑇in

243.5 + 𝑇in

 
(5.18) 

Under the testing condition (RH=30%) discussed in Section 5.3.1, the calculated dew 

point is 2.77 C . If RH is increased to 50%, Tdp=11 C . Figure 5.6 shows that 

compared with a window pane with directly coated low-e film, the ELEA can lower 

𝑇sur,in by 5~10 C ; with RH of 30% or 50%, the critical exterior temperature of water 

condensation is reduced by 7~10 C and 3~5 C , respectively.   

 

Figure 5.6 The relationship between the interior surface temperature and the 

exterior temperature. The total thickness of ELEA is 3 mm, 4 mm, or 5 mm. 

The dew point is calculated by Eq. (5.18), with the interior temperature being 

21 C  and RH being 30% or 50%.  
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5.3.2 Optical Properties of ELEA 

 

The visual transmittance and haze of ELEA were characterized by a JASCO 

V770 UV-VIS spectrometer, equipped by an integrating sphere, following ASTM 

D1003. An UV-Vis spectrophotometer was employed as the light source. The surface 

of the integrating sphere was coated with barium, and the signals collected by it were 

detected by a photomultiplier tube detector. The visible light transmission (VT) was 

calculated by ASTM G173: 

 𝑉𝑇 =
∫ 𝜏(𝜆)𝐸(𝜆)𝑑𝜆

∫ 𝐸(𝜆)𝑑𝜆
 (5.19) 

where 𝐸(𝜆) is the solar spectral irradiance.  

The total light transmittance was evaluated by 𝜏𝑡 = 𝜏2/𝜏1 , where 2  is the 

light transmitted through the sample and 𝜏1 is the incident light. With light scatter, we 

define 𝜏s = 𝜏4 − 𝜏3𝜏2/𝜏1, where 𝜏3 is the instrument diffusion and 4  is the sample 

diffusion. The diffuse transmittance is measured by 𝜏d = 𝜏s/𝜏1. In our experiment, the 

incident light (𝜏1) was measured with no ELEA sample mounted at the sample beam 

entrance aperture on the integrating sphere. A white standard was placed at the exit 

aperture. The light transmittance (𝜏2) was measured by placing an ELEA sample at the 

sample beam entrance aperture, with everything else unchanged. The instrument 

diffusion was measured as the scattered light when the entrance and exit apertures were 

empty. The sample diffusion was measured with an ELEA sample at the sample beam 
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entrance aperture and a white standard at the exist aperture. The haze value is defined 

as:  

 

Haze= 𝜏d/𝜏t = 𝜏4/𝜏2 − 𝜏3/𝜏1. 

(5.20) 

The transparency color perception ELEA was depicted using the CIE 1931 

chromaticity diagram. The transmitted light was represented by the product of the 

ASTM G173 solar spectrum and the transmission spectrum of each sample. The CIE 

tristimulus values were obtained using a Type-1931 standard observer:  

 𝑋 = ∫ 𝑆𝑃𝐷(𝜆)�̅�(𝜆)𝑑𝜆
780

380

 (5.21) 

 𝑌 = ∫ 𝑆𝑃𝐷(𝜆)�̅�(𝜆)𝑑𝜆
780

380

 (5.22) 

 𝑍 = ∫ 𝑆𝑃𝐷(𝜆)𝑧̅(𝜆)𝑑𝜆
780

380

 (5.23) 

where �̅�(𝜆),  �̅�(𝜆), and 𝑧̅(𝜆) are the standard observer's color matching functions 

(CMFs) from ASTM E308 and SPD represents the spectral power distribution of the 

transmitted light. The CIE 1931 (x, y) chromaticity was calculated as  

 𝑥 =
𝑋

𝑋 + 𝑌 + 𝑍
 (5.24) 

 𝑦 =
𝑌

𝑋 + 𝑌 + 𝑍
 (5.25) 

The color rendering index (CRI) was obtained by averaging 8 standard test color 

samples (TCS), with the reflectance spectrum given in CIE-2004. Based on 

transmittance spectrum of low-e film and the reflectance spectrum of the TCS, the CIE 
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1931 (x, y) chromaticity of TCS was assessed under illumination and was converted 

into CIE-1964 color space. Finally, the color difference between the TCS illuminated 

by the light through the sample and by the reference white light source was computed, 

and  

 𝐶𝑅𝐼 = 100 − 4.6∆𝐸uvw, (5.26) 

where ∆𝐸uvw is the color difference. 

 

 

Figure 5.7 (a) VT of PET and Low-e/PET layers. The inset shows the 

schematic of JASCO UV-VIS spectrometer with a 150-mm integrating 

sphere. (b) IR absorbance of PET and Low-e/PET layers. The insets are 

schematics of the FTIR spectrophotometer. 
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Table 5.1 Summary of the optical properties of PET 

Optical properties Pristine PET CC75 coated PET 

VT (%) 90.7 74.3 

Emissivity (%) 76.4 14.2 

Haze (%) 0.2 1 

CRI 
Color coordinates (0.339319, 0.352434) 

(0.343153, 

0.354865) 

CRI value 99.66 98.9 

 

The measurement setup of emissivity consisted of a FTIR spectrophotometer 

with an integrating sphere attachment. FTIR spectrophotometer worked as the light 

source in the IR spectral region. The integrating sphere collected all the light transmitted 

or reflected by the sample, including both specular and diffuse transmittance or 

reflectance. It was coated with gold on the interior wall, which could scatter mid-IR 

light uniformly. Signals collected by the integrating sphere were detected by a MCT 

detector. This device could measure emissivity from 2300 nm to 15000 nm. Taking 1 

as the total amount of energy in the incident IR light beam, at a certain temperature, the 

law of conservation of energy demands that 1 = 𝛼′ + 𝛾 + 𝜏 , where 𝛼′  is the 

absorptivity, 𝛾  is the reflectance, and 𝜏  is the transmittance. As indicated by 

Kirchhoff’s law, the emissivity of a surface equals to its absorptivity.  

The procedure of IR transmittance measurement was similar to the measurement 

of VT. For IR reflectance measurement, we put the sample at the reflectance port of the 
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integrating sphere and let IR beam to go through the entrance port of the integrating 

sphere.  

Figure 5.7(a) shows VT of pristine PET film and low-e coated PET (lowe/PET) 

layers. The former is 90.7% and the latter is 74.3%. Although the low-e coating reduces 

VT, the coating reflects more infrared light and can block the radiation energy dissipation.  

As shown in Figure 5.7(b), the low-e coating decreases the emissivity (equal to IR 

absorbance) from 76.4% to 14.2%. The haze values of these samples are shown in Table 

5.1, both lower than 1%, suggesting that the low-e film does not induce much light 

scatter, superior to silica aerogels [19,20]. Table 5.1 also gives the color coordinates 

CIE 1931 (x,y) and CRI values. The color coordinates are located in the low colorfulness 

region in the CIE chromaticity diagram [21], indicating good achromatic or neutral color 

sensations when looking through the samples under standard white light source. The 

color rendering properties prove that the samples are capable of providing high-quality 

illumination with achromatic sensation.  

 

5.3.3 Structural Integrity of ELEA 

 

The structural integrity of 0.3048-m-large ELEA was evaluated through 

compression tests in a Type 5582 Instron machine, as shown in Figure 5.8. The PET 

layer thickness was 250 μm, 375 μm, or 500 μm. The air gap thickness was 3 mm. The 

crosshead speed was set to 0.01 mm/s and the total displacement was the same as the 
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air gap thickness. Figure 5.8(a) indicates that the force needed to flatten an ELEA 

increases with the PET thickness, as it should.  

Finite element analysis (FEA) was conducted with COMSOL Multiphysics, to 

quantitatively analyze the relationship between the compression force and the PET 

deflection. The polymer film was modeled with the same geometry and material as the 

testing sample, with linear elastic-plastic model; the Young’s modulus was E = 2.4 Gpa; 

the Poisson’s ratio was  = 0.37; the mass density was 1190 kg/m³. The compressive 

load was applied at the central 5-mm-radius circular area of the polymer film, the same 

as the size of the compression rod in the experiment. Rigid boundary condition was 

employed. Free triangular mesh was used, and the maximum and minimum element size 

were set to 610 m and 61 m, respectively. Geometric nonlinearity was taken into 

consideration. As shown by the solid lines in Figure 5.8(a), the numerical result matches 

well with the experimental data. 

After repeated complete flattening, the hollow structure would be restored 

instantaneously as the loading was removed. Figure 5.8(b) shows the force-

displacement curves of the first 10 cycles. A micrometer was used to monitor the 

thickness at the center point of the ELEA. More than 4000 cycles were applied, and no 

sign of degradation could be observed, as shown in Figure 5.8(c). Because of the large 

aspect ratio, even when the air gap is fully compressed, the maximum strain is only 

~0.3%, order-of-magnitude smaller than the linear elastic limit (1.5-2% for most 

polymers [22,23]). That is, the ELEA configuration is deformable and resilient.  
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The ELEA sample was also constantly exposed to lab air (relative humidity: 50 

to 60%), and the total thickness at the center point of the ELEA was monitored in about 

one year. As shown in Figure 5.8(d), the air gap in ELEA has a desirable long-term 

stability. Since the expectance life of low-e film is also 10 years and beyond and PET 

substrate has excellent long-term dimensional stability, the ELEA structure may be on 

active serve for more than 10 years.  

To maximize the service life of ELEA, care should be taken not to scratch and 

tear the Low-e film. During the cleaning operation, users should try to avoid using a 

high pressure or any abrasive materials. Regular window cleaning solutions and clean 

synthetic sponge are recommended.  
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Figure 5.8 (a) Experimental and modelling results of compression of ELEA. 

The numbers indicate the PET substrate thickness; the inset is a photo of the 

compression testing setup. (b) Repeated flattening of ELEA for 10 cycles. 

(c) The stability of air gap thickness upon compression test; the cycle 

numbers are shown. (d) The stability of air gap over time. 

 

5.4 Energy saving performance 

 

To analyze the energy saving performance of ELEA installed single-pane, 

double-pane and triple-pane windows, their thermal transmittance can be calculated 

according to the model shown in section 5.2. In this analysis, we assume that the glass 

thickness is 1 cm, the gap in double-pane or triple-pane window is ½ inch, and the air 

thickness in ELEA is 5 mm. Other environmental parameters are the same as in ASTM 

C1199. The reduced heat flux through window can be evaluated by q=(Uoriginal- UELEA)∆T, 
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where ∆T is the temperature difference between the interior and exterior sides. We 

assume that the service life (𝑡service) of ELEA is 10 years. As the heating energy price 

(p) in U.S. is taken as 0.1040 $/kWh, the total energy saving can be assessed as 

𝑞𝑝𝑡service . As shown in Table 5.2, ELEA sis most cost-efficient for single-pane 

windows, since it can save ~1391 $/m2 in 10 years. If the total cost of installed ELEA is 

~50/m2, the recoup time is 4~5 months. 

 

Table 5.2 Energy saving of ELEA 
 

Original 

U (W·m-

2∙K-1) 

U (with 

ELEA) 

(W·m-

2∙K-1)  

Reduced 

heat flux 

(W/m2) 

Heat 

energy 

cost 

($/kWh) 

Money 

saving in 10 

years 

($/m2) 

Single-Pane 6.60 2.69 152.5 0.1040 1390.7 

Double-Pane 2.92 1.62 50.7 463.6 

Triple-Pane 1.66 1.18 18.7 171.6 
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5.5 Concluding Remarks 

 

In summary, we investigate a simple and cost-efficient installation approach of 

low-e films. The low-e film is attached to a transparent polymer substrate and mounted 

on glass pane with frame bars. The polymer layer and the glass pane are separated by a 

3~5 mm thick air gap. Such an elevated low-e assembly (ELEA) can have a low thermal 

transmittance (U) less than 0.5 Btu/h·ft2·℉, due to the reduction in conductive and 

radiative heat transfer. The U-factor can be further improved if the air gap thickness is 

increased and/or the emissivity is reduced. The visual transmittance and haze of ELEA 

are >70% and <2%, respectively, satisfactory for the window pane retrofitting 

applications. The hollow structure helps mitigate water condensation, by increasing the 

inner surface temperature and suppressing heat conduction of water layer. The 

installation of ELEA is fast and does not require processional skills. ELEA is flexible 

and resilient. Repeated flattening does not induce evident structural degradation. We 

envision that the ELEA design can not only be applied to present-day low-e films, but 

also be adaptive to future window coating materials, such as advanced silica aerogels 

and polymer aerogels.  
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Chapter 6 Improving Visual Transmittance by Anti-

Reflection Coating 

 

6.1 Introduction 

 

In Chapters 2-5, we presented our work on the polymer-air multilayer (PAM) 

technique [8,10], as shown in Figure 6.1. PAM can simultaneously reduce conductive 

and radiative heat transport. It contains multiple polymer layers separated by air gaps, 

with spacers on the edges. The outer polymer layer can be coated by a low-e film. The 

layer separation is ensured by in-plane tension, and enhanced by polymer electrification 

[10,11]. Under a compressive loading the layers may be flattened, but upon unloading 

the hollow structure can be self-restored. The air gaps offer low thermal conductivity 

~0.026 W/(m∙K).  

 One issue of PAM is that, it uses polymer films that have relatively high 

refractive index. For instance, the refractive index of polyethylene terephthalate (PET) 

is 1.58 [12]. Because each PET layer would reflect a certain portion of incident visible 

light, the overall visual transmittance may be low if the layer count is too large. Some 

other transparent polymers, such as polydimethylsiloxane (PDMS) and 

polytetrafluoroethylene (PTFE), have lower refractive indexes (1.41 and 1.35, 

respectively for PDMS and PTFE) [12]. However, their mechanical properties, 
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especially the long-term stability, are poor. Poly(methyl methacrylate) (PMMA) is 

clear, strong, and stable. Its refractive index is 1.49. Yet, PMMA films thinner than 200 

m are expensive and often unavailable. In view of these considerations, in the current 

chapter, anti-refraction (AR) techniques will be investigated. The study is focused on 

PET films, the top candidate of polymer films used in the previous chapters. With the 

optical properties, compatibility with PET, and the cost-performance balance being 

taken into consideration, the candidates of AR coating material are chosen to be PMMA 

and PDMS. 

 

 

Figure 6.1 A schematics of a) 4-Layer polymer-air multilayer (PAM), b) 2-

Layer PAM, and c) 1-Layer low-e PAM. 
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6.2 Experimental 

 

6.2.1 Materials preparation 

 

125-𝜇 m-thick PET films were obtained from McMaster-Carr (Product No. 

8567K52), and squared with dimensions of 20×20 mm. They were ultrasonically 

cleaned in acetone for 10 min, and in de-ionized (DI) water for 5 min. The PET films 

were then dried in vacuum at 60 °C for 24 hr, followed by plasma treatment for 1 min 

in the corona charging system discussed in Chapter 2. The corona treatment was 

conducted at room temperature, with the needle voltage of 20 kV and the grid voltage 

of 2 kV. The needle height was 4 cm, and the grid height was 1 cm. 

The PMMA source was an A2 resist solution obtained from MicroChem Corp; 

the PMMA concentration was 2 wt%, and the solvent was chlorobenzene. The PDMS 

source was a 2 wt% hexane solution. The PDMS base (Sylgard 184, Dow Corning 

Corporation) was mixed with its curing agent with the mass ratio of 10/1 in a Thinky 

Mixer at 1500 rpm for 3 min, and subsequently ultrasonically dissolved in hexane 

(Aldrich chemicals, CAS Number: 110-54-3) for 5 min.  
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6.2.2 Spin coating and dip coating 

 

  Two AR coating methods were investigated: spin coating and dip coating. 

Laurel Spin Coater was employed for the spin coating. A PET film was mounted on the 

spin vacuum chunk at the center. Spin coating began with depositing the solution 

dropwise onto the PET surface. After the resist covered the PET film completely, the 

spin coater was turned on. The spinning rate ranged from 2000 rpm to 3000 rmp; the 

duration was 60 seconds. For PMMA coating, the coated PET film was rested at 80 ℃ 

for 90 seconds; for PDMS, the PET film was heated at 100 ℃ for 20 min. The sample 

was cooled down in ambient area. For some samples, the same procedure was repeated 

for the other side of the PET films. 

Dip coating was performed by immersing the cleaned PET film into the PMMA 

or PDMS solution. The film was attached to the loading grip of a type-5582 Instron 

machine by duct tapes, and lowered into the container of the PMMA/PDMS solution 

for 60 sec. Then, the film was pulled out at a constant rate of 4 mm/s, dried for 20 min 

in ambient air, and cured at 80 ℃ for 90 seconds for the PMMA coating or at 100 ℃ 

for 10 min for the PDMS coating.  
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Figure 6.2 Schematics of AR coated a) 4-layer PAM, b) 2-layer PAM and c) 

1-layer PAM. 

 

6.2.3 PAM assembling 

 

The AR coated 125-μm-thick PET films were cut into 20×20 mm large square 

pieces. A PAM sample was formed by N layers of the films with N sets of spacers at the 

edges in between adjacent layers. The spacers were made of 3-mm-wide 500-μm-thick 

polycarbonate bars (McMaster Product No. 85585K15). The layer count (N) was either 

1, 2, or 4. For some 1-layer and 2-layer PAM samples, 3M Thinsulate CC75 low-e films 

were firmed attached to the outer surfaces of the AR coated PET films. The spacers 

were adhered by 3M CA5 epoxy adhesive, cured at room temperature for 1 day. Figure 

6.2 depicts the configurations of the 4-layer, 2-layer, and 1-layer PAM samples.  
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6.2.4 Measurement of optical properties 

 

The visual transmittance and haze of the polymer films and the PAM samples 

were characterized by a JASCO V770 UV-VIS spectrometer, equipped with an 

integrating sphere, following ASTM D1003. An UV-Vis spectrophotometer was 

employed as the light source. The spectral ranges from 380 nm to 750 nm. To measure 

the visual transmission, samples were placed in front of the light entrance port of the 

integrating sphere. The visible light transmission (VT) was defined by ASTM G173 as 

 
𝑉𝑇 =

∫ 𝜏(𝜆)𝐸(𝜆)𝑑𝜆

∫ 𝐸(𝜆)𝑑𝜆
 

(6.1) 

where 𝐸(𝜆) is the solar spectral irradiance, 𝜏(𝜆) is the light transmission at certain 

wavelength. Following ASTM D1003, haze can be calculated as: 

 Haze= 𝜏4/𝜏2 − 𝜏3/𝜏1 (6.2) 

among which 2  is the light transmitted through the sample, 𝜏1 is the incident light, 𝜏3 

is the instrument diffusion, and 4  is the sample diffusion. The detailed procedure was 

similar to the VT and haze measurement in previous chapters.  

 

6.3 Numerical modeling 

 

The visual transmission model for PAM was based on the EnergyPlus 8.5 [13], 

developed by the Department of Energy as a standard building energy simulation tool. 
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Consider N layer of polymer films, as shown in Figure 6.3.  Ti,j indicates the visual 

transmittance through polymer layer i to j; Rf
i,j and R

b
i,j indicate the front and the back 

visual reflectance from polymer layer i to j, respectively. Layer 1 is the outer layer and 

layer N is the inner layer. These relations account for multiple internal reflections of the 

polymer films. The optical properties are dominated by the following recursion relations 

of Ti,j: 

 
𝑇𝑖,𝑗 =

𝑇𝑖,𝑗−1𝑇𝑗,𝑗

1 − 𝑅𝑗,𝑗
𝑓

𝑅𝑗−1,𝑗
𝑏

 
(6.3) 

 
𝑅𝑖,𝑗

𝑓
= 𝑅𝑖,𝑗−1

𝑓
+

𝑇𝑖,𝑗−1
2 𝑅𝑗,𝑗

𝑓

1 − 𝑅𝑗,𝑗
𝑓

𝑅𝑗−1,𝑖
𝑏

 
(6.4) 

 
𝑅𝑗,𝑖

𝑏 = 𝑅𝑗,𝑗
𝑏 +

𝑇𝑗,𝑗
2 𝑅𝑗−1,𝑖

𝑏

1 − 𝑅𝑗−1,𝑖
𝑏 𝑅𝑗,𝑗

𝑓
 

(6.5) 

where Ti,j = 1 and Ri,j = 0, if i<0 or j>N. 

 

Figure 6.3 Schematic of visual transmission and reflection in a PAM 
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Figure 6.4 UV-Vis-NIR transmission spectra of: a) PMMA single-side spin 

coated, double-side spin coated, and dip coated PET films (the spin rate is 

2500 rpm); and b) PDMS single-side spin coated, double-side spin coated, 

and dip coated PET films (the spin rate is 3000 rpm). c) The spin rate effect 

on VT of PMMA and PDMS coated PET films. 

 

6.4 Results and discussion 

 

Anti-reflection (AR) coatings of PMMA and PDMS were applied on the PET 

films to decrease the visual reflection and to increase the light transmission. Figure 6.4 

shows the UV-Vis-NIR spectra of pristine and PMMA/PDMS coated PET films in the 

wavelength range of 380-750 nm, with the weighted average VT value for each sample 

being shown in the legend. Pristine PET had a VT of 90.7%. With desirably low 

refractive indexes, PMMA coating and PDMS coating increased VT to 94.26% and 

95.58%, respectively. In the figure, “PMMA/PET” and “PDMS/PET” indicate PMMA 

and PDMS coated PET films, respectively. Moreover, double-sided coating increased 
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VT more than single-sided coating. For example, VT of PMMA double-sidedly coated 

PET (94.26%) is 0.8% higher than that of the single-side coated sample (93.46%).  

 

 

Figure 6.5 UV-Vis-NIR transmission spectra of 1-layer, 2-layer and 4-layer 

of a) pristine PET films; b) PMMA double-side coated PAM (the spin speed 

is 2500 rpm); and c) PDMS double-side coated  PAM (the spin speed is 

3000 rpm). (d) The simulation and the measurement results of the effects of 

layer count on the visual transmittance. 

 

The spin speed in spin coating would affect the final coating thickness. However, 

it did not have any significantly influence on the VT values, as illustrated in Figure 

6.4(c). Clearly, the critical factor of the AR coating was the reduced difference in the 

indexes of refraction between solid and air, and the coating thickness effect was 

secondary.  
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The VT values of PMMA and PDMS dip-coated PET films could also reach 

94.05% and 94.27%, respectively, quite close to the effects of spin coating. Because the 

vital parameter is the refractive index of the coating material, not the coating thickness, 

even when the dip-coated surface layer is thicker, the final VT is similar. Since dip 

coating is faster, lower cost, and able to simultaneously handle both sides of the PET 

films, it is preferred for mass manufacturing. 

 

 

Figure 6.6 UV-Vis-NIR transmission spectra of a) uncoated and PMMA 

coated 1-layer PAM and b) uncoated and PMMA coated 2-layer PAM. The 

spin speed of PMMA coating is 2500 rpm. 

 

Figure 6.5(a-c) are UV-Vis-NIR spectra of 1-layer (1L), 2-layer (2L), and 4-

layer (4L) PAM constructed by uncoated and PMMA and PDMS double-sidely coated 

PET films. Figure 6.5(d) compares the simulated and measured VT of PAM with 

different layer counts. The VT measurement data fit well with the model prediction. With 

an increasing layer count, Vt would be reduced. With the PMMA or PDMS coating, VT 

of 4L PAM can be enhanced to 80.25% and 81.79%, respectively. 
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Figure 6.6(a,b) are UV-Vis-NIR spectra of uncoated and PMMA coated 1L and 

2L PAM with low-e coatings. It can be seen that the PMMA coating significantly 

increases VT by 2.8% to 3.7%.  

Table 6.1 Haze of uncoated, PDMS coated, and PMMA coated PAM (%) 

 Uncoated PDMS coated PMMA coated  

1-Layer PAM 0.2 1.1 0.2 

4-Layer PAM 0.8 4.3 1 

 

Table 6.2 Haze of uncoated and PMMA coated 1L and 2L PAM, with low-e 

coating (%) 

 Pristine PMMA coated 

1L PAM 0.6 0.6 

2L PAM 0.8 0.8 

 

Table 6.1 shows the haze measurement results of uncoated and PDMS and 

PMMA coated 1L and 4L PAM (without low-e coating). PMMA coating does not 

increase the haze, suggesting there is little additional light scatter. PDMS coating 

increases the haze from 0.2 to 1.1 for 1-layer PAM; for 4-Layer PAM, haze is raised to 

4.3, exceeding the window application requirement (2%). The high haze of PDMS 

coating should be associated with the relatively poor adhesion between PDMS and PET, 
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which causes microscopic scale markings and wrinkles. Table 6.2 summarizes the haze 

measurement results of uncoated and PMMA coated 1L and 2L PAM (with low-e 

coating). Again, the PMMA coatings do not affect haze.  

 

6.5 Conclusion 

 

In summary, to improve the overall visual transmittance, we investigated the AR 

coating technique using PMMA and PDMS. AR layer can be coated through either spin 

coating or dip coating. Because the coating thickness is a secondary factor, the two 

methods lead to similar AR effects. As dip coating is faster and lower cost, it may be 

the preferred choice for mass manufacturing. Between PMMA and PDMS, PMMA is 

better. Although PDMS coating improved VT slightly more than PMMA, it also 

considerably increased haze, due to the relatively weak PDMS-PET bonding. Both 

model prediction and experimental data suggested with increasing the layer count, VT 

would be reduced. However, with PMMA coating, VT of 4-layer PAM could still reach 

80.3%. If low-e layer was applied, for 1-layer PAM and 2-layer PAM, VT was 76.9% 

and 74.5%, respectively. All of these visual transmittance values exceeded the building 

window applications (70%). Hazes of 4-layer, 2-layer and 1-layer PAM were 

respectively 1%, 0.8%, and 0.6%, satisfactory to the window-pane retrofitting 

requirement (2%).  
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Chapter 7 Conclusion and Future Work  

 

7.1 Conclusion 

 

A low-cost, resilient, and transparent retrofitting technique of single-pane 

windows, polymer-air multilayer (PAM), was developed and characterized. PAM 

comprises one to four polyethylene terephthalate (PET) layers fully separated by air 

gaps. The layer separation is achieved through in-plane tension and assisted by polymer 

electrification. All of the conductive, convective, and radiative heat transport are 

reduced by PAM. To further improve the radiative heat resistance, a low-emissivity 

(low-e) film can be coated on the outer polymer layer. Our study is mainly focused on 

three types of PAM: 1-layer low-e (1L) PAM, 2-layer low-e (2L) PAM, and 4-layer (4L) 

PAM. The overall visual transmittance of PAM can be enhanced by anti-reflection (AR) 

coating, through either spin coating or dip coating. As summarized in Table 7.1, the 

visual transmittance (VT) of 4L PAM can reach 80.3%; VT of 1L and 2L PAM can reach 

76.9% and 74.5%, respectively. Haze of 1L, 2L and 4L PAM is 0.6%, 0.8% and 1%, 

respectively. The color render index of them is 97.74%, 95.55% and 94.43%, 

respectively. A 4-mm-thick 1L PAM, 3-mm-thick 2L PAM, or a 6-mm-thick 4L PAM 

can reduce the U-factor to around 0.5 Btu∙h-1∙ft-2∙℉-1, which nearly halves the energy 

compared to a regular single-pane window. PAM is flexible and resilient. There is no 
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sign of degradation upon loading-unloading for over 4000 cycles, or exposure to lab air 

for 1 year.  

Table 7.1 Summary of U-factor and optical properties of PAMs 

 

1-Layer low-e 

(1L) 

2-Layer low-e 

(2L) 

4-Layer 

(4L) 

U-factor  

(Btu∙h-1∙ft-2∙℉-1) 0.507 0.510 0.501 

VT (%) 76.85 74.45 81.79 

Haze 0.6 0.8 1 

CRI（%） 97.74 95.55 94.43 

Thickness (mm) 4 3 6 

 

7.2 Future work  

 

The effective thermal conductivity of PAM, kPAM, can be modeled as a series of 

thermal resistors of polymer and air layers: 

      
p 1a

PAM a p

, p

( ) ( )
air eff

tt
k t t

k k

−= + +           (7.1) 

where kp is the thermal conductivity of polymer, typically 0.2~0.4 W·m-1·K-1 [1]; ta and 

tp are the thicknesses of air gap and polymer films, respectively. kair,eff is related to the 

air gap thickness, which can expressed by [2]: 

3/2
0

air,eff

15 (2 )

16 28

RT b
k

D




=

+
                       (7.2) 
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where ρ is the air density, R is the gas constant, T0 is the average temperature, b is air 

gap thickness, and D is the inverse Knudsen number. We envision that if the air gap can 

be reduced to below 200 nm, the air thermal conductivity can be much lowered. Such a 

nanometer scale PAM may be referred to as nanoPAM. The effective thermal 

conductivity of nanoPAM is shown in Figure 7.1. For micro-sized PAM, kair,eff is in the 

range from 0.026~0.03 W·m-1·K-1. For nanoPAM, kair,eff can be lower than 0.02 W·m-

1·K-1. According to Eq. 3.18, the U-factor of PAM highly depends on its thermal 

conductivity. Thus, nanoPAM may offer much improved thermal insulating properties 

than microscopic PAM. 

 

 

Figure 7.1 Contour plot of the thermal conductivity of PAM. 
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Figure 7.2 manufacturing process of nanoPAM. a) Coextrusion. b) A nano-

alternating-layers made of polymers A and B. c) Removal of polymer B. 

 

 

Figure 7.3 SEM photos of a) a PA/PC nano-alternating-layers (with the layer 

thickness of 400 nm/500 nm) and b) a PA nanoPAM  

 

We have investigated nanoPAM processing, as sketched in Figure 7.2. The 

coextrusion system at PolymerPlus (Valley View, Ohio) was employed to manufacture 

nano-alternating-layers. Polyamide (Ultramide B36) and polycarbonate (Makronlon 

2407) were selected as the layer materials. They were coextruded together at 250 ℃ to 

form 1024 layers of PA/PC nano-alternating-layers, with the layer thickness around 

(a) (b)
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400-500 nm. PA is chemically resisted to chloroform, while PC can be dissolved in 

chloroform. Thus, we used chloroform (CAS Number: 67-66-3) to rinse the PC 

nanolayers away, at 40 ℃ for 1 day. Finally, supercritical drying was carried out in 

Tousimis Autosamdri 815B to replace the chloroform by carbon dioxide (CO2). Typical 

SEM photos are shown in Fig.7.3.  

A main issue of PA nanoPAM was that its visual transmittance and haze were 

poor. The possible reasons include 1) the instability of polymer A nanolayers, associated 

with thermal mismatch, internal stress, and swelling in solvent; and 2) the light 

scattering by the remnant of polymer B materials. In the future, we plan to 1) process 

new materials with higher dimensional stability, e.g. polyamide (PA) and 

polyvinylidene difluoride (PVDF); 2) perform a detailed parameterized study to 

optimize the coextrusion process, to minimize the internal stresses and thermal 

mismatch; 3) optimize the solvent and the etching setup to fully remove material B; 4) 

use AR coating to reduce the surface defects and also to improve the optical properties; 

5) use corona charging to improve the layer separation.  
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