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Abstract

Minimizing thermal losses through windows and maintaining large glazing areas to provide
adequate natural lighting in residential buildings are essential considerations for modern
architecture, sustainability, and indoor comfort. In this study, a detailed heat transfer model for a
novel energy-active window (EAW) is developed and validated to rate its thermal performance.
An EAW utilizes low-grade heat to reduce building heat losses during the winter season. A
thorough literature review was conducted to select the correct heat-transfer correlations for the
investigated configuration. A two-dimensional finite differencing scheme was applied to
approximate the vertical and horizontal temperature distribution across the EAW. Detailed
temperature gradients, across the height and width of the window, were obtained. Thorough
sensitivity analyses of the governing parameters were conducted to evaluate the windows’ thermal
performance. The results indicate that EAWSs have the potential to reduce heating power demand
by approximately 2.2 W/m’; . ... and 1.3 W/m’; ... at outdoor temperatures of -20°C and -
5°C, respectively, for buildings with a window-to-floor area ratio of 10%. This potential increases
proportionally with the ratio. The highest thermal efficiency of EAW is achieved when the

temperature of the supplied air inside the EAW is equal to or above room temperature.

Keywords:

waste heat; energy efficiency; ventilated window; heat transfer; transmittance; energy conservation
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Nomenclature

Abbreviations
EAE

EAW

TGW

PCM

Latin letters
Ra
Gr
Pr
Nu
Re
Ri
AR

O T Q

(%)

N~ A~ Sa A

char

anin

S =

Greek letters

D>®™< T m™mQD©

X

Subscripts
7

/

in

out

conv

cond

rad

g
w

Sfloor

surf
surfy in

k)

Energy active envelope
Energy active window
Triple-glazed window
Phase change material

Rayleigh number,

—

-]
]

Grashof number

>

—

Prandtl number, |-
Nusselt number, [-
Reynolds number, [-]

Richardson number, [-]

Aspect ratio of window L/dg, [-]

Absorption coefficient of solar radiation of the pane
Window width, [m]

Specific heat capacity, [Jkg K1

Slot width, [m]

Gravitational acceleration, [ms~?]

Heat transfer coefficient, [Wm2K-!]

Solar radiation on a pane

Thermal conductivity [Wm K]

Window height, [m]

Characteristic length, [m]

Heat gain, [W]

Thermal resistance, [m?KW-]

Temperature, [°C] (ot [K])

Window pane (glass) thickness, [m]

Thermal transmittance (of window), [Wm2K-1]

Air velocity in slots, [ms]

e

Density, [kgm-]

Stefan-Boltzmann constant, 5.67X108, [Wm?2K4|
Emissivity of a surface, [-]

Dynamic viscosity, [kgm's™]

Kinematic viscosity, [m?s]

Thermal expansion coefficient, [K-1]

Grid size along the window height, [m]

Denoting a term in a sequence along the window height
Denoting a term in a sequence across the window section
Indoor

Outdoor

Convection

Conduction

Radiation

Glass (Uy)

Window (Uy,)

Room floor (area)( Afipor)

Glass surface

Surface of interior glass

Slot
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1 Introduction

Glazing area in buildings commonly has the lowest thermal resistance compared to the entire
building envelope. Lowering the heat transmittance of windows is essential in order to minimize
the heating demand of buildings in cold climates. Despite recent developments in research to
improve fenestration technology, heat losses from windows are still responsible for
approximately 60% of energy loss in residential buildings [1]. Therefore, innovative designs of
building fenestration can considerably decrease both building energy demand and peak thermal

loads.

Heat transfer between windows and the occupants is conducted in three modes: short-wave solar
radiation from outdoors through the window panes, long-wave radiative heat transfer between
the window panes and occupants, and convection current caused by cold draughts from the cold
surface of windows during winter time. Some of the applied techniques for decreasing the long-
wave radiative heat transfer in windows are low-emittance coatings applied on a glass surface,
suspended films, photovoltaic, and aerogel glazing [2-5]. Chow et al. [6] evaluated the energy
performance of tinted, reflective, and anti-reflective glass in windows to decrease the solar
radiative heat transfer from windows. Similarly, the cold draught from the window’s surface can
be reduced by increasing the thermal resistance of the window. A commonly used technique for
this purpose is multilayer glazing [7,8]. In order to further increase the thermal resistance of the
window, the gaps between the panes can be vacuumed [9-11], filled with an inert gas with low
conductivity [12], or nanoparticle-enhanced PCM [13,14]. Hu et al. [15] investigated a PCM
enhanced ventilation window for preheating/precooling ventilation applications. It was reported
that, compared to a conventional window, this window had the potential to increase the inlet air
temperature by 2°C for 12 hours in a day (heating mode), and maintain the inlet air temperature

by average 1.4°C lower during 7 hours in a day.

Another innovative design of windows is to direct fresh or exhaust airflow into the gap between
the window panes. This changes the heat transfer type between the window panes in the gaps.
Lago et al. [16] and Zeyninejad et al. [17] investigated the thermal performance of a ventilated
double-glazed window with a solar reflective film. Lago et al. found that with the optimum
spacing of 25 mm, the heat gain to the internal ambient in summer time could be at its minimum.
Zhang et al. [18] compared the performance of a conventional triple-glazed window (TGW) with
a triple-glazed exhaust air window. This window utilized the low-grade thermal energy from the
room exhaust air between the panes. Their results showed that using the triple-glazed exhaust air

window could reduce the annual accumulated cooling and heating loads by approximately 25%
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and 50%, respectively. Michaux et al. [19] analyzed the thermal performance of an airflow
window with conventional double- and triple-glazed windows. They showed a significant
reduction in the energy required to heat the fresh supply air to the room by 36-79% for night-
and day-time conditions. Liu et al. [20] investigated the energy efficiency and perceived thermal
comfort in a space equipped with 15 different window configurations, concluding that ventilated
windows had the potential to reduce the heating/cooling demands of buildings and improve the
thermal comfort. Lollini et al. [21] studied the efficiency of a dynamic glazing system that actively
responds to the external environmental loads. They analyzed the variables that determine the
system performance such as U- and g-value. Furthermore, they investigated the glazing type,
airflow slot thickness, airflow rate in slots etc. to provide the best performance under different

weather conditions and in several building types.

The above-mentioned studies either utilized the fresh supply outdoor air between the glazing to
preheat the supply air to the rooms, or used indoor (exhaust) air to heat/cool the window panes
during winter/summer. The present papetr presents the winter performance of an innovative
EAW that utilizes low-grade energy, such as waste heat in a sealed air loop between the window
panes. The purpose of using EAW is to utilize waste heat to maintain higher window-surface
temperatures in winter. This technology converts conventional passive windows into an energy-
active component in addition to previously studied dynamic glazing systems [22]. This will reduce
building heating demand, improve the indoor thermal comfort, and alleviate peak heating

demands.
1.1  Concept of EAW and heat sources

The investigated EAW was composed of a double-slot glazing configuration and a closed air loop,
see Figure 1. The middle glazing assembly was a super-insulated double-pane window filled with
argon to minimize the transverse heat transfer from the supply to the return air slot. The sealed
closed air loop ensured the avoidance of accumulation of dust on the glass surfaces, and the
avoidance of frosting by maintaining a low level of humidity in the air. A built-in heat exchanger
combined with a fan underneath the window provided heated air to the slots. A schematic of the
analyzed EAW and connections to two possible heat sources, return water from heat emission

system, and/or working medium in a heat pump cycle are illustrated in Figure 1a and Figure 1b.



104

105
106
107
108
109
110

111

112

113

Low-emittance coating

%* * %*
-20°C

Tou: = -20°C

Troom = 20°C

Argon

Return Supply
cold air (_ﬁ ﬁ—) warm air

Heat exchanger

Fan
Supply/Retum
Figure 1a: Schematic of EAW configuration and the connection to heat sources.
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Figure 1b: Two possible low-grade heat sources for EAW, floor heating, and a heat pump cycle.

Detailed information about EAW components was reported in a complementary study [23]. The
heat transfer model in the cross-section and along the height of the EAW is the focus of this
paper. A major challenge of heat transfer modelling in the slots of EAW lies in the convective
mechanism. As shown above, the current Nusselt correlations for the laminar flow in narrow
asymmetrically heated gaps are limited in the open literature. It is often unknown which type of
heat transfer — convective or radiative — controls the heat transfer mechanism through the
investigated window type, nor is it certain which convection type (natural, mixed or forced) is
predominant between the surfaces. Accordingly, we conducted a thorough study to develop a

valid heat transfer model for the energy-active window.

L — -— e
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1.2 Obijectives

The main objective of this study is to analyze the thermal performance of an EAW as shown in
Figure 1. The goal is to develop a valid simulation model for this novel window type, which is
designed and will be field-tested in 2020. The second goal is to select the relevant Nusselt
correlations and assess their validity for the investigated configuration. Lastly, the thermal
performance of this novel window type is compared with the performance of a corresponding

conventional triple-glazed window.
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2 Methodology with Literature Review

The thermal performance of an energy-active window is evaluated for the heating mode in winter
and compared to a conventional triple-glazed window. Heat losses across these two window
types are investigated with heat transfer analysis through the windows in the transversal direction.
Figure 2 illustrates the detailed heat transfer modes in the cross-section of a conventional TGW

and an EAW.
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Figure 2: Studied windows, (a) conventional triple-glazed window, (b) energy active window EAW

Equation 1 is obtained by applying the energy balance at each temperature point on the window
pane surfaces. This analytical derivation of the heat transfer equations for EAW is based on

Schmidt and Johanesson [24].

=a,l (1)

where T, is the temperature on each pane surface, | and @, are solar radiation and the
coefficient of solar radiation absorption on each pane, and R;is the total thermal resistance in

each slot, as shown in Equation 2:

R- — RRadJ RC0an

: RRad | + RConv f (2>

Table 1 presents the mathematical and empirical equations used for heat transfer approximation
in this study. The validity range for each equation and the conditions in which they are utilized

are provided in Table 1:
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Table 1: Mathematical and empirical equations used for calculation of heat transfer coefficients used in Equation 1 and 2.

Reference

Zhao et al. [25]

Churchill & Chu [20]

Bar-Cohen &
Rohsenow [27]

Bar-Cohen &
Rohsenow [27]

Edwards et al. [28]
Stephan [29]

Granryd [30]

Equation
=Nu kg%
l.l:on\/ Ll:har
hr _ g (Tsurf 1 + Tsurf 2 ) (Tsurf ,12 + Tsurf ,22 )
ad 1 1
+ -1
gsurf 1 Esurf 2

k
hcond = /
- /’1 as
Pr = Cp,gas g%gas

0B (Tyoe =Tt )

v 2

gas
p?gBATL e,
Hk

Gr =

Ra, = GrPr =

0.326071

Ra 1.36869
Nu =|1+4.4265%x10™* x(—L)
AR

6
Ny, =| 0.825+——2307Ra
0492/ "
(0402, )
2 4
P gBATd,"c,
Rad == > P
s HKL
Nu = 44 ,+2.873
ad Ra
0.03(D, /L) RePr
Nu=754+ v/ ) 7
1+ 0.016[ D,/L)RePr |
1.14
NU = 755 + 0.024(RePrD, /L) _
1+0.0358Pr *®*[RePrD, /L]
1.37
NU = 754+ 0.0289(RePrD, /L)

0.87

1+0.0438(RePrD, /L)

Equation No.

)

)

®)
©)
)
(®)

©)

(10)

(11)

12)

13)

14

(15)

Convective heat transfer coefficient

Radiative heat transfer coefficient between two panes of
different emissivity

Conductive heat transfer coefficient through a pane
Prandtl number
Grashof number

Rayleigh number for the inner window surface

Nusselt number for large aspect ratio (AR) vertical cavities.
Used here for calculating natural convective heat transfer
coefficient between window panes

Nusselt number for the inner window surface facing room

Modified Rayleigh number for slots used in Equation 12

Nusselt correlation for vertical asymmetrically heated
isothermal parallel plates

Laminar forced convection between isothermal parallel plates
Laminar forced convection between isothermal parallel plates

Laminar forced convection between isothermal parallel plates

Validity

30< AR<110
Rg <20000

Entire range of
Rayleigh
number

ReDh<2800

R90h<2500
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2.1 Boundary conditions

In this study, indoor and outdoor air temperatures are assumed to be at +20°C and -20°C,
respectively. Furthermore, the sensitivity analysis of an outdoor temperature between -30°C and
+10°C on the window U-value is also performed. Intermittent solar radiation especially during
winter season in Sweden, and low outdoor temperatures that happen during night are more
critical for examining the window performance with the absence of solar radiation. The gas
utilized in the slots for the TGW is krypton. For EAW, air is used as heat transfer fluid in the

slots. The window parameters and additional boundary conditions are presented in Table 2.

Table 2: Parameters and boundary conditions used in EAW simulations

Lxbxt .
Parameter ( ) d s U g hout m,;, Tin Tout &
Unit m3 m Wm2K-! Wm2K-! kgs! °C °C [-]
0.84 (and
Value 1x1x0.04 0.01 5.75 34 0.003 20 -20 0.12)

2.2 Heat transfer from window interior and exterior surfaces

The heat transfer mechanism on the interior and exterior window surfaces are radiation and
convection. Thus, radiative and convective heat transfer correlations for vertical plates are
adopted in this paper. The air flow type on the exterior window surface depends on the weather
conditions. The total thermal transmittance across the window is mainly dependent on the largest
thermal resistance, as they are in series. Therefore, different values for the outdoor heat transfer
coefficient, which has a larger value than other sections in the window, induce a negligible

difference, as shown in the results section. A commonly used value of peak load calculation for

the exterior heat transfer coefficient, h, , in winter is used in this investigation [31].

The empirical correlation of the average Nusselt number for natural convection over a vertical
surface by Churchill and Chu [26], shown in Equation 10, is considered. This equation is valid for
the entire range of Rayleigh number. Equation 3, presented in its general form, is used to

approximate the convective heat transfer on the interior window surface.

Finally, the U-value of the window is evaluated with energy balance as shown in Equation 16.
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W — surf ,in (1 6)
n Tin _TOUT
where T_,, . is the temperature of inner glazing facing room and h, is the heat transfer

coefficient on this surface.

2.3 Heat transfer between window panes

The radiative heat transfer coefficients between the window panes and the conductive heat
transfer coefficient in the window panes are calculated with Equations 4 and 5; see Table 1 for
both window types. The convective heat transfer modeling due to differences in the air flow in

the TGW and EAW are presented in the Subsections 2.3.1 and 2.3.2, respectively.
2.3.1 Triple-glazed windows

Heat transfer across the window depends on three modes of convection and radiation in the slot
and conduction in the window panes. The gas conduction in the slots can be neglected since the
Rayleigh number is larger than the critical limit [32-34]|. The critical Rayleigh number in
rectangular vertical cavities exposed to a horizontal heat flow is 1000; below this number, the
buoyancy forces cannot overcome the viscous forces [32]. Rayleigh numbers for the studied
TGW are 1280 and 1390 for the inner and outer slots, respectively. This explains that heat

transfer due to advection is dominant compared to conduction.

For natural convection between window panes, the spacing between the panes serves as the
characteristic length. Air properties used in equations are chosen at respective air bulk
temperatures between -40°C and +40°C. The slots between the TGW panes are sealed at the
bottom and top and the encased gas is treated as an enclosed cavity. Correlations for the
convective heat transfer in narrow cavities with large aspect ratios (AR) optimally predict the heat
transfer in slots between the window panes. The Nusselt relation suggested by Zhao et al. [25]
covers ARs of 30 = AR = 110 and is used here to estimate convective heat transfer in the glazing

cavities where AR= 100 (see Equation 9).
2.3.2  Energy-active windows

Unlike the conventional triple-glazed window, the air flow between panes in the EAW is driven
by an integrated fan below the window, cf. Figure 1. The injected air velocity in this study is

approximately 0.24 m/s, which is equal to air mass flowrate of 3x10” kg/s in the slots. This air



195
196
197

198

199
200
201
202
203

204

205
206
207
208
209
210

211
212
213

214

215
216
217
218
219

220

flow rate results in laminar flow with Reynolds number of 300 to 400 due to fluctuation in
temperatures. The glass surface exposed to the fan-driven air flow transfers heat with both

natural and forced convection. The dominance of each type is shown through the Richardson

number Ri = G%{ , which is studied for similar cases [35-38]. These literatures suggested
e

Ri=0.25 and Ri =4 as the limits for forced, mixed, and natural convection in these studies.
For Richardson numbers above 4, inertia forces are negligible and natural convection is dominant.
Forced convection is the major heat transfer mechanism for Richardson numbers below 0.25;
therefore, buoyancy forces are omitted in this regime. At the intermediate range, the mixed
convection is dominant in the slots, and the Nusselt number is calculated with Equation 17

[28,31].
Numixed = ( N L'lsforced + Nusnatural )}é (1 7>

Three commonly used Nusselt correlations for laminar forced convective heat transfer for
parallel plates are listed in Equations 13, 14, and 15 in Table 1. These relations were originally
developed for prediction of convective heat transfer between symmetrically heated parallel plates
with uniform surface temperature. In this study, window pane (surface) temperatures are
asymmetrically heated due to a large indoor and outdoor temperature difference and due to the
injected hot air flow. This results in air slots enclosed by asymmetric glazing temperatures. As a
simplification, the surface temperature of each glazing is assumed to be uniform. Shah and
London [39] considered this important difference in the boundary condition and suggested the
values for the fully developed Nusselt numbers for symmetrically and asymmetrically heated

parallel plates with uniform surface temperatures, see Equation 18.

It T, #T, Nu,= Nu,= 4
1 2 (18)

If T, =T,  Nu,=7.54070087

As can be seen, the fully developed Nusselt number for asymmetrical temperature conditions was
significantly lower than that of symmetrically heated wall temperatures. The Nusselt correlations
shown in Equations 13, 14, and 15 consist of a constant value (7.54 and 7.55), followed by a
correction term for hydro-dynamical and thermal undeveloped flows. Therefore, these constant
values of 7.54 in Equations 13 and 15 and 7.55 in Equation 14 are changed to 4 to more correctly

consider the effects of asymmetrically heated boundaries, as shown in Equation 18. The modified



221 Equations 13—15 are presented in Figure 3 for the relevant flow velocities and Reynolds numbers

2292 in the EAW.
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0.15 0.3 0.45 0.6 0.75
4.50 T ‘ T T T
adr Nu - Edwards et al., Eqn 13, [28] i
— — —Nu - Stephan K., Eqn 14, [29]
4.4 F Nu - Granryd E., Eqn 15, [30] .
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Figure 3: Nusselt correlations for laminar forced convective heat transfer for parallel plate flow
223

224  Figure 3 shows that the difference between the predicted Nusselt numbers by Equations 13, 14,
225 and 15 was negligible for Reynolds numbers between 50 and 1200. For the air velocity of 0.24
226 m/s and the corresponding Reynolds number (approximately 300) in this study, the difference
227  among Equations 13—15 was less than 1%. Thus, Equation 13 by Edwards et al. [28] is put

228  forward in this study.

13
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Figure 4: Convective heat transfer type according to the Richardson and Reynolds numbers in slots

As discussed above, the choice of cotrect correlations for natural, mixed and forced convection
in the slots is evaluated using the Richardson number (Gr/Re’). Figure 4a illustrates the
corresponding Richardson number for each convection type in an expectable range for relevant
airflow velocity and Reynolds number in the slots. It can be seen that for Reynolds numbers
higher than 270, laminar forced convection was the dominant heat transfer mechanism, which
means that buoyancy forces are negligible. Figure 4b presents the Nusselt correlations given by
Equations 12, 13, and 17 for natural, laminar forced, and mixed convection, respectively. Since
the Reynolds number of the supplied air flow to the slots is above 300, all calculations of

convective heat transfer in the slots of EAW can be assimilated to forced convection.

In the case of very low airflow velocities in the slots, natural convection in the slots are to be
considered with the Nusselt correlation suggested by Bar-Cohen and Rohsenow [27]. Thus,
Equation 12 is used to calculate the Nusselt number for vertical isothermal parallel plates with

asymmetric temperatures for natural convection in the slots.
2.4 Prediction of vertical temperature distribution in slots

A two-dimensional finite differencing scheme is used to approximate the vertical and transverse
temperature distribution between the window panes. Since the airflow in the slots is only affected
by the upstream properties, an upwind differencing scheme is used for the thermal modeling of

the air, as presented in Equation 19 [40].

14
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mp.aeraij;l + bAXZ (TlerJf htlnolnv)
J
rn:p.air + bAXZ ( htlsojnv)
J

T = (19)

where m is the air mass flowrate, h'

Lo, 1s the convective heat transfer coefficient in previous

control volume, h'

., is the heat transfer coefficient with the window panes across the window,

AXis the grid size along the window height, b is the window width, and Tsiurf is the temperature

at window panes across the window cross-section.

Equations 20 and 21 are utilized to calculate panes temperature along the height of the window.

(T T )+ X (T TR+ T
Tsurf - ok bt +bA oy hi:i R (20)
E X(hrad ‘conv hn/out )
ij k 2:( (-I-slu_r:fLJ + -I-slutil-J ) + bAX (Tsitjrjf_lhrir;lji_l + TE:II‘J ié)jnv + Tsitjrjfﬂhriéjjﬂ + Targon hargon)
Tain = bt RN i+l @D
ZkE + bAX(hréld TN hréld + hargon)

where T, and O, are the indoor/outdoor temperatures and the heat transfer coefficients at
the interior/exterior glazing, respectively. h, . = Z.QS%ZK denotes the total transmittance of

the middle glazing assembly. T, and T, are obtained with Equation 20, and T, and T; are

obtained with Equation 21.

Tout

Control
volume

Ax

§
.

Return air T2 Supply air

surf J

Figure 5: Discretization of air slots along the window height
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As shown in Figure 5, the window is discretized along the height and energy Equations 19, 20,
and 21 are used over each air and pane control volume. The minimum number of mesh along the
height of the window for mesh independence amounts to 150 from this study. The radiative and
convective heat transfer coefficients used in both equations are calculated as described in

Sections 2.2 and 2.3.

2.5 Validation

In the following two subsections, the validity of the developed modeling approach is verified by
comparison with available data from previous studies. The conventional TGW model is validated
as a base model for the EAW. Nusselt correlations used in the models are discussed and the front

and end boundary conditions are compared against measured data for both window types.

2.5.1 Validation of TGW simulation

The simulated heat transfer for the triple-glazed window is validated against measured data
reported by Larsson et al. [41]. Two different indoor and outdoor temperature conditions are
investigated and the results are shown in Figure 6. The temperature gradients across the cross-
section of a one-meter-high TGW with krypton in 12 mm wide slots is shown. Temperatures T|—

T, comply with the temperature points shown in Figure 2a. The window height is 1m, which

means the aspect ratio is 83.

20 T —T — 35

T =-206°C& Tin =19°C

out

T T ml

T =-129°C&T. =324°C
30 out in

—_———— —

— Study by Larsson et al. [41]
— — —Developed model

Study by Larsson et al. [41] 7

— — —Developed model

Temperature, [°C]
Temperature, [°C]

@) (®)

5L L L L L

I - . T . - - . - -
Outdoor 1 2 3 4 2 6 Indoor L Outdoor 1 2 3 4 5 6 I Indoor

Window cross-section Window cross-section

Figure 6: Comparison of the developed model with the study by Larsson et al. [41] for two outdoor and indoor temperatures.
The AR =83.
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The simulated temperature change across the window shows good agreement with the measured
one by Larsson et al [41]. The maximum deviations between the two methods are 0.9 °C and 1°C

(2.9% and 5.7%), respectively, for the two studied temperature conditions.

The deviations in the temperature profiles in Figure 6 are due to different Nusselt correlations.
Larsson et al. calculated the Nusselt number for a cavity configuration using the Nusselt
correlation suggested by Elsherbiny et al. [42]. In the present study, however, the Nusselt
correlation suggested by Zhao et al. [25] has been used because it is more suitable for convective
heat transfer in the slots. Correlations suggested by Elsherbiny et al. result in higher Nusselt
values for larger Rayleigh numbers and aspect ratios compared to the correlation proposed by
Zhao et al. The higher accuracy of the correlations was previously elaborated and thoroughly

discussed by Zhao et al. [25].

2.5.2  Validation of the developed EAW simulation model

The thermal performance of a prototype of an EAW was previously investigated by Bergman
[43]. Bergman measured the air flow and inner glazing temperatures of an EAW installed in a
demonstration building. The results of these temperature measurements for various airflow rates

are compared to the simulated values in this study and are presented in Figure 7.

25 T T T T T T
$ Supply air
g 20 - — — —Return ait, developed model .
2 | === Return ait, study by Bergman [43]
g _______
s ==
g 15 B
3} = T i
= _ ,_:_:_: ————————————
o @)
10 | | 1 1 1 1
5 6 7 8 L 9 10 11
Air flowrate, ~/ .
21.5 T T T T T T
— — —Inner glazing, developed model
U 21 —-—-— Inner glazing, study by Bergman [43] E
S S R
g 205 e T T .
g
g 20 _
e -
R I
19.5 i
(b)
’l 9 | | | | | |
5 6 7 8 9 10 11

. L
Air flowrate, "/
S

Figure 7: Simulated and measured [43] return air and inner glazing temperatures for EAW.
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The supply air temperature for present simulation and previous demonstration was 23 °C. The
injected airflow rate to the slots varied between 4.5-11 L/s in the study by Bergman [43]. The
temperature of the inner glazing was measured at four locations of the pane to identify the
transverse and vertical temperature gradients. Figure 7a shows the measured and the simulated
return air temperatures as they diverge with the increasing airflow rate. Comparison showed that
the measured and simulated temperatures for the low airflow rate (4.5 L/s) are in excellent
agreement, and the maximum deviation was 2 °C, which corresponds to 12%, at an airflow rate
of 11 L/s. Figure 7b shows the measured and simulated inner glazing temperatures at the studied
air flowrate of 4.5-11 L/s. The maximum temperature difference between these two methods was
approximately 0.7 °C, which corresponds to 4% at flowrate of 11 L/s. In this study, airflow rate
of 2.4-5.7 L/s is investigated and the maximum deviation in this range is 3%. This comparison

verifies that the selected heat transfer equations and the developed simulation model are valid.
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3 Results

The thermal performance results of the mentioned EAE were presented by comparing them with

a conventional TGW. The key parameters of windows were identified and their impact on the

performance of both window types was studied.

3.1 EAW performance

Figure 8 depicts the air and pane temperature distribution along the EAW height. The indoor and
outdoor temperatures were 20°C and -20°C, respectively, as introduced in Section 2. Supply air

temperature to the slot was 20°C and the return air temperature at the bottom of window, as can

be seen, was -5°C.
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Figure 8: Air and panes temperature and U-value along the height of the EAW

The supply and return air temperature in the slots is shown in Figure 8(a). The air temperature at
the upper window edge was 14°C and decreased to -5°C at the bottom of the return slot facing
outdoors. The glass temperatures are shown in Figure 8(b), where temperatures T, T, T,, and T
comply with the surface temperatures presented in Figure 1. Surface temperatures T, and T, were
almost constant along the window height compared to the other two (T, and T5). Figure 8(c)

shows the representative U-value along the window height. Due to different inner glazing
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temperature and indoor heat transfer coefficient, the U-value varied from 0.5-0.7 W/m’K. The

indoor heat transfer coefficient, R, varied from 6.8-7.1 W/ m’K.

3.2 Impact of slot size

Within the cross-section of windows, the vacuum or gas-filled gaps have the largest thermal
resistance compared to the window panes. Therefore, the size of the gap and the properties of

the encased gas influence the total heat transfer through the window cross-section.

Figure 9 shows the impact of sizing of slots of the EAW on the U-value along the window height
and the return air temperature from the slots. Three cases of EAW designs with 10mm, 12.5mm,
and 15mm slot width in a range of injected air temperatures were simulated. By increasing the
slot size for every supply air temperature, the return air temperature also increased. In contrast,
the average U-value along the window height decreased when supply temperatures were raised.
However, at a supply air temperature of approximately 18°C, the effect of slot size on the U-
value was negligible. Therefore, the U-value decreased in wider slots and for supply air

temperatures below 18°C, and increased for wider slots and for supply air temperatures above

18°C.
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Figure 9: Impact of slot size on air temperature in the slots and U-value
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3.3 Impact of temperature difference

The window U-values presented by window manufacturers are commonly defined for a specific
temperature difference on the two sides of the window surfaces. In practice, these values vary as
the outdoor temperature changes. Figure 10 indicates such influence of outdoor temperature on
the U-value and the return air temperature in the slots. These results are presented for four
different supply air temperatures to the slots. Note that the indoor temperature remained
constant (20°C) for the entire simulations. Therefore, the temperature difference at the two sides

of the window varied between 10°C and 50°C.

As can be seen, the return air temperature constantly increased by the increased outdoor
temperature. This trend was not affected by the supply air temperature. However, the average U-
value of the window along the height was dependent on the supply air temperature. For supply
air temperatures below 20°C, the U-value increased by increasing the outdoor temperature. For

supply air temperatures above 20°C, the U-value decreased as the outdoor temperature increased.
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3.4 Impact of airflow rate on EAW performance

The thermal performance of EAW could also be affected by the injected airflow rate to the slots.
Furthermore, higher velocities due to increased airflow rates will affect the rate of convective
heat transfer in the slots. Thus, Figure 11 illustrates the effect of the injected air velocity on the

EAW thermal transmittance and the return air temperature.

The thermal performance of EAW was investigated by injecting warm air (20°C) with velocities
ranging from 0.24—0.57 m/s, which corresponds to air flowrates of 3x10°-7x10" kg/s. As can
be seen, higher air velocity in the slots resulted in an increase in the return air temperature to the
heat exchanger at the bottom of EAW. The slope of the black lines increased for higher air
velocities, which means that the return air temperature increased proportionally with the supply

air velocity.

However, the U-value (blue lines) decreased with both supply air velocity and temperature. In
other words, higher air velocities in the slots at constant supply temperatures resulted in lower
thermal transmittance. Similarly, injecting the air with higher temperatures to the slots resulted in

lower average U-values along the window height.
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Figure 11: Impact of air velocity in slots on window U-value and return air temperature for air velocities
between 0.24 and 0.57 m/s (ait flowrates of 3X10-3 — 7x10-3 kg/s)
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4  Discussion

In this paper, the heat transfer in an energy-active window (EAW) has been investigated. The
window was heated by a tempered internal air flow that was circulated between window panes.
Results have shown that the total heat transfer rate through this window type was mostly
controlled by the thermal radiation between the panes. However, the heat transfer rate between
the injected warm air and the panes was predominantly governed by the convection that has been
evaluated in this study. For convectional windows, the narrow distance between the window
panes and the height of the window resulted in high aspect ratios. Nusselt correlations for such
configurations are rare in the available literature. In this study, appropriate Nusselt correlations
from two previous studies were used to model the heat transfer through conventional triple-
glazed windows. The obtained results were compared with results from a previous study. A close

agreement between the simulated and the previous data was obtained.

Nusselt correlations for narrow open cavities with different surface temperatures and low
Richardson numbers are also rare in the available literature, which made modeling work
challenging. In this paper, well-known Nusselt correlations for laminar forced convection were
adjusted for use in EAWSs, whose panes had different surface temperatures. Because of this, the
constant value in the original Nusselt correlations was changed according to recommendations in
the literature. Furthermore, a detailed mapping of the convection type (natural, mixed or forced)
inside the window slots was performed to correctly evaluate the heat transfer characteristics in

these parts.

As presented in Figure 8, the airflow temperature dropped more significantly in the return slot
compared to the supply slot. This showed that the heat transferred from the EAW to outdoor
was largely higher than the heat transfer to an indoor environment. Therefore, low-grade heat,
such as waste heat, should preferably be used for heat supply to EAW. Another reason for such
temperature profile for the air along the window height is the high thermal insulation of the
middle section, in which argon is utilized. As a result, T, and T profiles were less affected by the

air temperature in the return slot.

The present study did not examine the effects of flow disturbances on the inner glazing towards
the room due to factors such as occupants’ movements, room heaters, and curtains. Thus, the
indoor heat transfer coefficient was rather constant along the window height. This, together with
used constant heat transfer coefficient on the glazing towards outdoor, resulted in a fairly

uniform temperature distribution along the window panes.
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The thermal performance of the EAW was quantified as an average U-value along the window
height. The U-value was impacted by several parameters that were given special notice in Figure 9,
Figure 10 and Figure 11. These figures generally showed that by increasing the supply air
temperature the U-value dropped. This was independent of variations in the slot gap, outdoor
temperature, and the air velocity in the slots. However, if the supply air temperature was equal to
the indoor temperature, the U-value was not affected by the outdoor temperature. Thus, an
important conclusion that could be drawn from Figure 10 is that to ensure low U-values at
different outdoor temperatures, the supply air temperature to EAW must be above the indoor
temperature, which was 20 °C in this study. The negative U-values in Figures 9, 10, and 11
represent the heat transfer to indoor. In this situation, the window acts as a heat emitter for the

indoor environment since its surface temperature is higher than the room temperature.

The return air temperature from EAW can be used to evaluate the rate of the used heat from a
waste heat source and the heat gain by the window. As can be observed in Figure 9, Figure 10,
and Figure 11, the return air temperature was raised by increasing the supply air temperature to

EAW, the injected air velocity, and the slot size.

According to the latest Swedish building regulation release provided by Boverket (The Swedish
National Board of Housing, Building and Planning), the window glazing area should be at least
10% of the floor area [44]. The studied EAW case here, shown in Figure 8, can be compared to a
conventional window with nominal U-value of 1.2 W/m?*°C at two outdoor temperatures of -
20°C and -5°C, using Equation 22. The room heat gains by replacing the conventional window
with EAW will be 13-22 W for each window unit area. Assuming a window-to-floor area ratio of
10% and given the indoor/outdoor conditions, the evaluated EAW has a potential to reduce the

room heating demand by 1.3-2.2 W/m’, . ... for the mentioned outdoor temperatures.

Q ain
¢ Ioor TGW -U EAW out Aﬂ oor (22)

The real-life implementation of the studied window has not yet been evaluated and its thermal
energy and power implications have not been fully attained. Therefore, a pilot study will be
conducted to evaluate the feasibility, cost, and other implications in order to improve the concept

design prior to further industrialization.
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5 Conclusions

In this study, thermal performance of a novel energy-active window (EAW) type was evaluated
and compared with a conventional triple-glazed window. According to the previous studies, the
Nusselt correlations used for evaluating the laminar forced convective heat transfer in narrow
slots with asymmetric temperatures result in considerably lower values compared to symmetric
conditions. Moreover, the unique configuration of the studied window with specific airflow
regime mandated use of modified correlations to simulate the heat transfer mechanism correctly.
Therefore, a detailed heat transfer model was developed and validated for the investigated

configuration of EAW. The major findings are:

* The heat source for the energy-active window must come from a low-grade thermal
source or waste heat since a large share of supplied heat to the EAW is transferred to the
outdoor.

* Thermal radiation is the dominant heat transfer mechanism for both the EAW and the
conventional triple-glazed window.

* The Nusselt number for parallel plates with asymmetric surface temperatures is
approximately 1.9 times lower than for symmetric (same) surface temperatures. This fact
should be considered carefully when designing heat exchangers with different surface
temperatures, as was shown in this study.

* At various outdoor and supply temperatures, the effect of slot size is negligible. For an
example, at outdoor and supply temperatures of -20°C and 18°C, the U-value is not
impacted by the slot size.

* The U-value of energy-active window is significantly influenced by variations in supply
(injected) air temperature. In order to maintain a low U-value (< 0.65 W/m’ °C), the
supply air temperature to EAW must be above the indoor temperature.

* Tor a window-to-floor area ratio of 10%, the EAW could potentially reduce the building
heating demand by approximately 2.2 W/m?, ., .. and 1.3 W/m?, . ... at outdoor
temperatures of -20 °C and -5 °C, respectively. The potential increases proportionally

with the window-to-floor area ratio.
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Highlights:
* Thermal performance of a novel window type is investigated
* A detailed heat transfer model is developed and validated
*  Waste heat is efficiently used to decrease building peak heat demands

* Suggested window type has lower transmittance than conventional equivalent
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Comments received on 2020-10-06 - Ms. Ref. No. RENE-D-20-03385

Title: Heat transfer model for energy-active windows — An evaluation of efficient reuse of waste
heat in buildings
The authors are again grateful for the reviewers’ comments. The minor changes requested by the

first reviewer are applied in the new version.

Reviewer #1:

The authors respond to the reviewers' comments.

I have yet one recommendation: when you compare temperature profile, for example in figure
7a, please do not use percentage but difference in degrees because it is very unusual to use

percentage to describe temperature changes.

* Response:

0 This is addressed in the new version.

Reviewer #2:

No further recommendations are needed.

The authors want once again to thank the reviewers for their time spent on reviewing our

manuscript and for their valuable comments.
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