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Abstract: Despite significant advancements in fenestration technology in the last two decades,
the thermal transmittance of fenestration products is still significantly higher than that of walls.
This corresponds to 60% of the total energy loss of a modern building envelope through the windows.
Hence, further development and improvements of fenestration products are necessary. Increasingly
stringent codes and standards for fenestration stimulate industry to work on improved solutions.
Thus, it is crucial that assessment techniques are able to account for innovations accurately. The ther-
mal effects of non-continuous hardware in window frames are currently ignored by international
rating procedures. A preliminary investigation conducted by our team showed significant perfor-
mance degradation in two of the three out-opening casement profiles caused by the presence of
operating hardware. Frames with the structure made of vinyl and fiberglass consist of many air
cavities that are penetrated by operating hardware made of highly conductive materials. In these
frames, in order to have an accurate assessment, it may be required to employ three-dimensional
modeling due to the convective nature of heat transfer within the cavities. However, in this study,
we demonstrate that the three-dimensional (3D) effects of non-continuous hardware can be approx-
imated accurately with simpler two-dimensional (2D) simulations. We then develop a simplified
model based on weighted average capable of replacing the time- and computation-intensive 3D sim-
ulations with 2D simulations and validate it against market available frames and their corresponding
hardware. Validation results show that our approximation technique results in discrepancies lower
than 0.05 W/(m2K), or 3% of the total thermal transmittance. Thus, we conclude that simplified 2D
simulation models may be used for predicting hardware impact in window frames with reasonable
accuracy. As windows and glazing structures are becoming ever better thermally insulated, it is
becoming even more important to be able to model the impact of the operating hardware on the
total thermal performance in order to design the best windows possible and not let the operating
hardware ruin an otherwise well-proven design, which is hence addressed in this study.

Keywords: window; operating hardware; energy; thermal bridge; U-value

1. Introduction

Windows represent an inseparable and growing component of the building envelope
and have a large impact on the thermal performance, and thus also on the energy efficiency
of buildings. The trend of increasing fenestration-to-wall area in modern residential and
commercial constructions is seen worldwide. On the one hand, windows contribute to a bet-
ter living standard by providing a view out, daylight, and beneficial heat gains [1,2]. On the
other hand, fenestration may contribute to higher thermal heat losses and non-desirable
solar heat gains [3,4]. Currently, the thermal transmittance of fenestration components is
still significantly higher than typical for walls. Studies show that up to 60% of the total
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energy loss through a modern building envelope can be attributed to windows. Therefore,
improved fenestration products have considerable potential to provide energy savings [5].

Overall, window thermal performance is defined by the component properties of
glazing, frame, and spacer. There have been intense research and development activities in
all areas of window technology over the last few decades. Glazing, due to its high share of
the assembly area, is the most influential factor determining the thermal performance and
also the most heavily researched one. Several studies have investigated insulating glazing
units (IGUs) thermal and spectral properties [6–9], while others proposed alternative
contructions to replace traditional IGUs [10–14]. The most advanced IGUs currently on the
market have U-values around 0.3–0.5 W/(m2K) and typically employ three glass layers,
two or more low-emissivity (low-E) coatings, and an inert gas fill. Spacers separate glass
panes in IGUs and typically create a thermal bridge effect at the connection between the
IGUs and window frames. Spacer thermal performance has been improved substantially in
recent years by the introduction of new designs including less conductive materials [15–17].

Window frames typically constitute 20–30% of the total window area. The desire to
create frames with thin profiles and high strength often leads to the use of conductive
materials such as aluminum and steel that significantly reduce the overall product thermal
performance. Over the years, many studies have focused on finding new solutions to
improve the frame thermal performance and develop numerical assessment strategies for
window frames [18–26]. Frames continue to be the weakest thermal insulation part of
highly insulating windows, but they are improving, and the most insulating frame profiles
now have U-values in the range of 0.6–0.8 W/(m2K).

As frame performance improves, we must ensure that the simulation standards
continue to represent their performance accurately. Gustavsen et al. [5] conducted a
simulation study showing the importance of continuous window frame elements such as
spacers, frame cavities, and solid materials properties. The work defined research targets
for window frame components that will result in a better frame thermal performance.
While continuous frame hardware is accounted for, none of the common international
numerical assessment procedures, such as ISO 10077-1 [27] or NFRC 100 [28], consider
non-continuous hardware effects on the thermal performance of windows.

The thermal effects of non-continuous frame hardware are justifiably ignored for the
relatively low-performing frames typically produced today, but their impact may become
significant for highly insulating windows [29,30]. A preliminary investigation [31] was
conducted by our team to determine how typical hardware designs impact frame sill sec-
tions. Four different 600 mm long sill geometries were modeled in three-dimensions using
computational fluid dynamics (CFD). Geometries incorporating hardware were compared
to base frames, and the hardware effects on frame thermal performance were determined.
Two of the three out-opening casement profiles examined showed performance degrada-
tion greater than 0.05 W/(m2K), which is considered significant with regards to ISO and
NFRC rating systems. The research demonstrated that fastener types, hardware location
within the frame, and other factors related to the method of hardware implementation
might significantly impact the effect of hardware on the frame. Neither the base perfor-
mance level nor the primary frame material appeared to determine the thermal effect of
hardware based on those metrics alone [31]. Since non-continuous operating hardware has
been shown to significantly impact frame performance, a more detailed study was needed
to develop models that can efficiently predict the thermal and, hence, energy efficiency
impact of non-continuous hardware.

Modern and well-insulating windows nowadays are often made of vinyl and fiberglass.
These frames consist of many air cavities, which in actual designs are often penetrated with
highly thermally conductive operating hardware. Local changes in surface temperatures
and perforations between the cavities cause convection and thus play an important role in
the heat transfer process. In order to account for air flows in different directions, 3D simu-
lations may be necessary for an accurate thermal assessment. In this study, a model has
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been developed that replaces the time- and labor-consuming three-dimensional (3D) CFD
simulations with two-dimensional (2D) modeling while providing acceptable accuracy.

To achieve the best energy efficiency in buildings, the thermal performance of modern
and highly insulating windows is becoming even more crucial, and, hence, it will be
important to be able to model the impact of the operating hardware of windows and
thereby choose the best window design so that the operating hardware does not spoil an
otherwise satisfactory thermally insulating design.

2. Theory and Calculation Methodology
2.1. Theory

The thermal effects of non-continuous operating hardware are currently ignored
in window thermal assessment procedures. Since operating hardware designs differ
significantly from each other, it is necessary to develop relatively simple methods to
account for hardware impacts on frame thermal performance.

2.2. Frame Geometries

Initial investigations conducted by our team [31] examined hardware designs for
fiberglass, wooden, and PVC frames. Actual frame and hardware designs were simplified
to minimize simulation time without significant loss of calculation accuracy. Simplified
operating hardware geometries investigated in the study are presented in Figure 1.
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Figure 1. Simplified geometries of wooden (a), fiberglass (b), and PVC (c) frames and the associated operating hardware
designs examined in preliminary research [31].

The current study utilizes geometries investigated in the initial work [31] as inputs for
a generic frame (GF) design. GF geometry is created to accommodate the 24 mm glazing
panel described in ISO 10077, all frame types presented in Figure 1, and several different
hardware designs by a simple change of material properties. Two-dimensional heat transfer
calculations performed in THERM software [32], indicate a maximum 3 percent difference
in U-value between the original simplified geometries and revised GF-based geometries.
Figure 2 illustrates the wooden frame transformation from the simplified version used
in the preliminary study (a) to the design based on the generic frame (b). Use of this
modeling approach significantly increases the mesh generation and simulation speed of
the 3D geometries utilized in the current study.
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Figure 2. Wooden frame: simplified geometry (a), and geometry based on the generic frame (GF) (b).
Finite element simulations in 2D indicate a maximum 3 percent difference in U-factor between the
original simplified model and GF.

The 2D generic frames were extruded to 3D to create 600 mm long sill geometries.
The geometries were divided into 30 vertical sections along the length of the frame (z-axis
in Figure 3). Each resulting cross-section is 20 mm wide and consists of 117 components.
These subdivisions allowed for estimation of different hardware designs in several lengths.
Figure 3 presents the intersection of GF geometry and 3D assembly of an example sill.
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Figure 3. An individual 117-component generic frame cross-section (a) and 600 mm long sill section
assembly (b) constructed from 30 individual cross-sections.

2.3. Hardware Configurations

Altogether, 11 simplified and 12 realistic hardware configurations in the cross-section pro-
files were investigated. The hardware geometries range from minimal to significant penetration
into the frame profiles. The cross-sections of the three base frame types (fiberglass, wood,
and PVC) considered in this study, along with the hardware configurations considered for
each frame, are presented in Figure 4.

2.4. Numerical Simulations

In the CFD program (ANSYS Fluent Release 13, Ansys, headquarter in Canonsburg,
PA, USA), a control-volume method is used to solve the coupled heat and fluid flow
equations in three dimensions. Conduction, convection, and radiation are simulated
numerically. ANSYS Model Designer and Meshing Tool were used as a pre-processor to
create the geometry, mesh, and computational domains.



Energies 2021, 14, 1145 5 of 12Energies 2021, 14, x FOR PEER REVIEW 5 of 12 
 

 

 

Figure 4. Base frame cross-sections and associated hardware configurations investigated in the 

study. Dark grey indicates operating hardware, blue is glazing panel, and green is air cavities. All 

other colors present materials typical for the frame type, dark brown is fiberglass, light brown is 

wood, and light grey is PVC (refer to the electronic version for colors). 

2.4. Numerical Simulations 

In the CFD program (ANSYS Fluent Release 13, Ansys, headquarter in Canonsburg, 

Pennsylvania, USA.), a control-volume method is used to solve the coupled heat and fluid 

flow equations in three dimensions. Conduction, convection, and radiation are simulated 

numerically. ANSYS Model Designer and Meshing Tool were used as a pre-processor to 

create the geometry, mesh, and computational domains. 

The sill cross-sections were simulated in three dimensions. Three dimensions are nec-

essary to accurately account for the non-continuous hardware shapes and associated air 

flow around the hardware within the frame cavities. The maximum Rayleigh number cal-

culated for frame cavities in this study is 1.5 × 104, and the frame cavities have vertical-to-

Figure 4. Base frame cross-sections and associated hardware configurations investigated in the study.
Dark grey indicates operating hardware, blue is glazing panel, and green is air cavities. All other
colors present materials typical for the frame type, dark brown is fiberglass, light brown is wood,
and light grey is PVC (refer to the electronic version for colors).

The sill cross-sections were simulated in three dimensions. Three dimensions are
necessary to accurately account for the non-continuous hardware shapes and associated
air flow around the hardware within the frame cavities. The maximum Rayleigh number
calculated for frame cavities in this study is 1.5 × 104, and the frame cavities have vertical-to-
horizontal (Lv/Lh) aspect ratios less than five. For such Rayleigh numbers and aspect ratios,
we expect steady laminar flow [33]. Incompressible and steady laminar flow is therefore
assumed in this work. Viscous dissipation is not addressed, and all thermophysical
properties are assumed to be constant except for the buoyancy term of the y-momentum
equation, where the Boussinesq approximation is used. The Semi-Implicit Method for
Pressure-Linked Equations Consistent (SIMPLEC) was used to model the coupling between
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pressure and velocity. The Quadratic Upstream Interpolation for Convective Kinetics
scheme (QUICK) was used as a differencing scheme for energy and momentum equations.
The CFD program uses central differences to approximate diffusion terms and relies on the
PREssure STaggering Option scheme (PRESTO) to find the pressure values at the cell faces.
Convergence was determined by checking the residuals for energy and ensuring that they
were lower than 1 × 10−13. Radiation heat transfer is included in the simulations through
use of the Surface to Surface (S2S) radiation model, which calculates the energy exchange
between surfaces taking into account their size, distance, and orientations using the view
factor function. The S2S model ignores absorption, emission, and scattering phenomena
occurring in the air between the cavity walls. The internal cavity walls are assumed
to be diffuse grey (emissivity and absorptivity values independent of the wavelength),
and emissivity values for cavity walls were set according to the frame material wood (0.9),
fiberglass (0.9), and PVC (0.9).

Before the final simulations, grid sensitivity tests were performed on base frames.
Maximum computation grid element sizes of 0.5, 0.7, 1, 1.5, 2, and 3 mm were tested.
The frame U-values only change by 0.42% from the finest to the coarsest orthogonal mesh.
Since the difference in grid size appears insignificant within this range, a grid size of 1 mm
was selected.

2.5. Materials and Boundary Conditions

Material properties assigned to geometries were obtained from ISO 10077-2 [34].
Air properties for interior frame cavities were calculated using Fluid Properties Calculator
(for the average temperature of 283.15 K) [35] and are presented in Table 1.

Table 1. Air properties for interior frame cavities used in computational fluid dynamics (CFD)
simulations.

Property Value Unit

Average air temperature 283.15 K

Thermal conductivity 0.02482 W/(mK)

Specific heat capacity 1005.5 J/(kgK)

Dynamic viscosity 1.7724 × 10−5 kg/(ms)

Density 1.2467 kg/m3

Thermal expansion coefficient 3.5317 × 10−3 m3/K

Gravitational acceleration 9.81 m/s2

Simplified Boundary Conditions (BCs) as described in ISO 10077-2 were applied to
the CFD simulations. Indoor temperature was set to 293.15 K and the indoor combined
convection and radiation coefficient of heat transfer was 7.692 W/(m2K). Outdoor temper-
ature was set to 273.15 K and outdoor combined convection and radiation coefficient of
heat transfer was 25.0 W/(m2K).

3. Results and Discussion

Each of the 23 hardware configurations presented in Figure 4 was modeled as a
fraction of a 30-section assembly (600 mm total length) in three different lengths: 20 mm
(1 section), 120 mm (6 sections), and 240 mm (12 sections). Refer to Figure 5 for example
hardware configurations in three lengths. The performance of the three base frames and
the frames including operating hardware was determined both by 2D and 3D simulations
and is reported in Table 2.
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Figure 5. Example hardware configurations (marked with red) placed in a 600 mm long sill (30 sections) in three different
lengths: (a)—20 mm (1 section), (b)—120 mm (6 sections), (c)—240 mm (12 sections).

Table 2. Thermal performance of base frames and hardware configurations with various lengths in a 600 mm long sill.

Case
Label

2D Cross-Section
Performance

W/(m2k)

3D Performance, Number of Sections

Linear Regression1 Section
(20 mm)
W/(m2K)

6 Sections
(120 mm)
W/(m2K)

12 Sections
(240 mm)
W/(m2K)

F0 1.92 1.92 1.92 1.92 Base frame

F1 1.84 1.92 1.91 1.89 1.00

F2 1.86 1.92 1.91 1.90 1.00

F3 2.03 1.92 1.95 1.97 1.00

F4 2.21 1.93 1.98 2.04 1.00

F5 1.63 1.92 1.87 1.81 1.00

F6 1.66 1.92 1.88 1.82 1.00

F7 1.66 1.91 1.86 1.80 1.00

F8 1.67 1.91 1.87 1.82 1.00

F9 1.69 1.91 1.87 1.82 1.00

WO 1.90 1.90 1.90 1.90 Base frame

W1 2.13 1.91 1.95 2.00 1.00

W2 2.64 1.95 2.07 2.22 1.00

W3 3.58 2.00 2.28 2.62 1.00

W4 2.38 1.96 2.12 2.31 1.00

W5 2.38 1.92 2.00 2.08 0.99

W6 1.93 1.93 2.01 2.11 0.99

W7 2.43 1.93 2.02 2.13 0.99

W8 2.38 1.93 2.01 2.11 0.99

P0 1.38 1.38 1.38 1.38 Base frame

P1 1.41 1.38 1.38 1.38 0.98

P2 1.43 1.38 1.39 1.41 1.00

P3 1.51 1.38 1.49 1.42 0.99

P4 1.78 1.41 1.48 1.56 0.99

P5 1.84 1.40 1.46 1.52 1.00

P6 1.89 1.40 1.49 1.59 0.99
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The presented results show how each hardware design influences the base frame
performance. Due to the diversity of frame and hardware geometries, it is difficult to draw
any general conclusions regarding the hardware impact on the thermal performance of
the base frames. However, the presence of hardware lowers thermal performance by up
to 37% in the 2D cross-sections (case P0–P6). Unexpectedly, hardware improves frame
performance in some cases (e.g., case F6). This is explained by the splitting of frame cavities
into smaller and more insulating convection loops. An example of such a situation is
shown in Figure 6, where the large convection loop is split into three smaller loops.
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Figure 6. Velocity vectors, colored according to the temperature, showing convection loops for the base fiberglass frame (a)
and hardware configuration labeled with F6 (b). The hardware in section F6 breaks up the large convection loop, resulting
in a more insulating frame.

Frames made of fiberglass and vinyl have many cavities in their design, as compared
with the investigated wooden frame. With multiple large, air-filled cavities, uncertainties
are increased in the heat transfer since 3D convection in these frames is not as obvious as
3D conduction in wooden frames, especially when these cavities are penetrated and/or
partially filled with hardware. However, the results show that for all hardware configu-
rations and frames, thermal impacts on the sill are linearly proportional to the hardware
length. Calculated U-values for each configuration were plotted against the hardware
length (in the Z-direction), and a linear trend line was fit to the data. An example of a
240 mm long hardware configuration in a 600 mm long sill and plot showing the linear fit
for three lengths of this hardware are presented in Figure 7.
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For all of the considered cases, the linear regression trend was higher than 0.98. Due to
the highly linear trend of hardware impact with respect to the length, we can conclude that
the 3D convection effects are negligible for the configurations examined. Therefore, a simple
representative model based on a weighted average was developed. Equation (1) intends to
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predict hardware influence on frame thermal performance using length-weighted U-values
of the base frame and frame with hardware configuration derived from 2D modeling.

Ufsill Lh =
(L − Lh) ∗ Ufbase + Lh ∗ Ufhrwd

L
(1)

where
Ufsill Lh = U-value of sill including hardware of Lh length (in the Z-direction) (W/(m2K))
L = length of sill (in the Z-direction) (m)
Lh= length of hardware (in the Z-direction) (m)
Ufbase = U-value of base frame (W/(m2 K))
Ufhrwd = U-value of sill cross-section with hardware (W/(m2 K))
Market available hardware assemblies are irregular along their length, which means

convection at perimeters and connections of different hardware shapes may not be accu-
rately estimated using 2D modeling techniques. Thus, it is crucial to validate the presented
model against sill geometries consisting of hardware assemblies with variable shapes.
To check the model validity for each frame type, 600 mm long sills were created with
hardware geometries as similar as possible to the production operating hardware shapes
presented in Figure 1. These sill sections were simulated to determine the U-value with
both the 3D method and the 2D method with the developed model. Table 3 presents results
and detailed descriptions of the investigated configurations.

Table 3. Comparison of U-values for frames with variable hardware shapes obtained from 3D simulation and 2D simulation
weighted by the developed model.

Frame
Material

Sill Description
Case Label (Width in mm)

3D CFD
U-Value
W/(m2K)

2D Weighted Model
U-Value
W/(m2K)

Percent
Difference

Actual
Difference
W/(m2k)

Fiberglass F0(50)-F1(225)-F6(120)-F7(130)-F0(75) 1.78 1.77 0.66% 0.01

Wood W0(315)-W2(30)-W7(30)-W4(30)-
W1(50)-W6(145) 2.19 2.16 2.19% 0.04

PVC P1(320)-P6(100)-P4(180) 1.64 1.60 2.55% 0.04

The presented results show relatively good agreement between the developed 2D
weighted model and 3D models representing production hardware geometries. In each
of the three cases presented, the U-value percentage difference between the simulation
methods is less than 3%, and the actual difference is less than 0.05 W/(m2K). Deviations at
this level may not be significant with regard to ISO and NFRC assessment methods.

The primary reason for the model discrepancies is the 3D convection effect in the
frame cavities at the perimeters and at connections of different hardware shapes. Isotherms
presented in Figure 8 show thermal behavior in the transition between profiles that is
neglected by 2D modeling techniques.
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4. Conclusions

This study presents the influence of operating hardware on three different window
frame types (wood, fiberglass, and PVC), where the operating hardware may have a large
impact on the thermal performance of the windows, and hence also on the energy efficiency
of the buildings. Several generic and actual hardware geometries were considered, and their
thermal performance was determined. The introduction of operating hardware into a frame
profile typically lowers thermal performance due to the introduction of highly conductive
hardware materials in the frame. Unexpectedly, the study indicates that the presence of
operating hardware may improve thermal performance of a frame cross-section. In the case
of the fiberglass frame (F6), hardware split the large air cavity into three smaller ones and is
what improved thermal performance by breaking the convection loop. However, based on
these results and the parameters investigated, no general trend in hardware influence on
frame thermal performance could be determined. Thus, it is advisable to consider each
particular hardware design with dedicated thermal simulations.

The frames investigated in this study differ in their structures. Fiberglass and vinyl
frames include many cavities in their design compared with traditional wooden frames.
The multiple large, air-filled cavities introduce more uncertainties into the heat transfer,
since 3D convection in these frames is not as predictable as 3D conduction in wood frames,
especially when these cavities are penetrated and/or partially filled with hardware. However,
the results demonstrate that thermal performance is linearly proportional to hardware
length in the sill for all frame types, which means that 3D convection effects are negligible
for the configurations examined. Based on that fact, a weighted average model was devel-
oped to utilize significantly faster 2D simulations that are more broadly utilized in window
ratings and standards than 3D simulations. The proposed model was validated with three
common frame designs with typical operating hardware configurations. Validation results
show small thermal transmittance percentage discrepancies (below 3%) and actual differ-
ences less than 0.05 W/(m2K), which may not be significant with regard to ISO and NFRC
assessment methods. We conclude that the developed simplified 2D simulation models
may be used for predicting hardware impact in window frames with reasonable accuracy.

The ability to model the impact of the operating window hardware will be crucial in the
development of the high-performance windows of tomorrow, as the operating hardware
may be detrimental to an otherwise satisfactory thermal design. Thus, an optimized
operating window hardware design based on thermal modeling may become an important
tool for the design of energy-efficient and zero-energy buildings in the coming years.
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