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Thermal Performance of a Triple-Glazed Exhausting
and Ventilating Air� ow Window System

Moo-Hyun Kim¤ and Chang-Yong Oh†

University of Ulsan, Ulsan 680-749, Republic of Korea
and

Wen-Jei Yang‡

University of Michigan, Ann Arbor, Michigan 48109-2125

The thermal performance and optimum design of a triple-glazed exhausting and ventilating air� ow window
system are studied numerically using a � nite volume method. Exhausting and ventilating air� ow rate, solar insola-
tion, and aspect ratio are identi� ed as important governing parameters. Effort is directed toward the reduction in
space cooling and heating load. It is found that both space-heat gain and space-heat loss are reduced considerably
by increasing the exhausting and ventilating air� ow rate. The optimum air� ow rate (Reynolds number) and aspect
ratio are found to be about 600 and 0.05, respectively. Comparisons between the air� ow window system and the
enclosed window system are made qualitatively and quantitatively.The air� ow window system with zero Reynolds
number corresponds to the enclosed window case. The present air� ow window model can be used year round, as
an exhausting air� ow type in summer and as a ventilating air� ow type in winter.

Nomenclature
A = area of glazing, m2

C = heat capacity, kJ/m3 ¢ K
C p = speci� c heat, kJ/kg ¢ K
c = clearance, m
Gr = Grashof number
g = gravitational acceleration,m/s2

H = height of the window, m
h = convective heat transfer coef� cient, W/m2 ¢ ±C
It = solar insolation per unit area, W/m2

k = thermal conductivity,W/m ¢ K
Pm = air mass � owrate, kg/s
Ns = nondimensionalnumber on heat absorption by panes
Nu = Nusselt number
n = unit vector
P = pressure, kPa
Pe = Peclet number
Pr = Prandtl number
p = nondimensionalpressure
q = absorbed energy per unit volume, W/m3

Re = Reynolds number
S = width between panes, m
T = temperature, K
Tout;b = bulk temperature at the outlet, K
t = thickness of glazing, m
U; V = velocities of the x and y directions,m/s
u; v = dimensionless velocities of the x and y directions
V1 = velocity of outdoor air, m/s
W = width of the window, m
X; Y = x and y coordinates, m
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x; y = dimensionless x and y coordinates
® = thermal diffusivity,m2/s
¯ = thermal expansion coef� cient, 1/K
µ = dimensionless temperature
º = kinematic viscosity, m2/s
½ = density, kg/m3

¾ = nondimensional clearance

Subscripts

f = � uid
o = outdoor
r = room/indoor
s = solid
1; 2; 3 = outer, middle, inner pane
* = dimensionless value

Introduction

T HE number of studiesconcerningenergy-ef�cient buildinghas
considerablyincreased in recent years. It is commonly consid-

ered that windows are thermally most vulnerable parts in the build-
ing envelope,signi� cantlycontributingto increasesin spaceheating
as well as cooling load. Energy loss through windows amounts to
over 3% of the total energy consumption in the United States.1;2

Research on thermal insulationproblems of window systems has
been actively conducted in many countries including the United
States, Germany, Canada, and Finland. These window systems in-
clude, for example, those with closed space � lled with noble gases
such as argon, krypton, and xenon,3;4 vacuum glazed windows,2;5

and coated low-emissive glazed windows.4;6 Unfortunately, these
newly developed window systems are often expensive and uncom-
fortable for vision. The window systems in energy-ef�cient build-
ings, however, should have two important qualities: low energy loss
and high residential comfort.

Air� ow window systems often provide these two factors, as well
as thermal comfort. In general, double-glazedwindows have an en-
closedair layer between two glasses,whereas air� ow windows have
an open-air layer between two piecesof glass or between a glass and
a solidwall, throughwhich diverse � ow patternscan exist.Thus, the
� ow and thermalcharacteristicsof air� ow windowsystemsare more
complex in structures and dif� cult for fabrication. Air� ow patterns
between a glass and a roll screen were investigated to determine
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thermal ef� ciency and effectiveness.7 Many studies, mainly for ap-
plications to winter heating, of air� ow types between a glass and a
wall (passive trombe wall) were presented in Refs. 8 and 9. A study
on a semi-open cavity with a screen and a siphon was conducted
by Medved and Novak10 to show how a screen provides good ther-
mal insulation. There were numerous studies on double-glazed or
double-panewindowsystems.However, few studieshavebeendone
on triple-glazedwindow systems. Theoretically, an enclosed triple-
glazed window can reduce energy loss by about one-third more
than an enclosed double-glazed window. Recently, Larsson et al.11

investigated the thermal performance of an enclosed triple-glazed
window system with low-emissivity coating and � lled with krypton
gas. Kim and Yang12 studied the optimum design of a triple-glazed
exhaust air� ow window system for reducing the space cooling load
in summer.

In this study, a numerical investigation is presented on a triple-
glazed window with exhausting and/or ventilating air� ow through
open-air layers. In the exhausting air� ow type, indoors air � ows
through the air layers and then exits outdoors. Air-mass � ow rate
carries the accumulated solar energy of the system out. Hence, this
type is appropriate for reducing the space-cooling load in summer.
In the ventilatingair� ow type, on the other hand, outdoors air � ows
through the air layers and then enters indoors. Air-mass � ow rate
carries theaccumulatedsolar energyof the systemin.Therefore, this
type is suitable for reducing the space-heatingload in winter. Three
parameters, including the air� ow rate, solar insolation, and aspect
ratio, are selected to determine their roles on decrease in the space-
heat gain and space-heat loss. Thermal performance and optimum
values for design of the air� ow window system are presented.

a) Exhausting air� ow type

b) Ventilating air� ow type

Fig. 1 Schematics of triple-glazed air� ow windows.

Analytical Model
The triple-glazedair� ow windowsystems to be studiedare shown

in Figs. 1a and 1b for an exhausting air� ow type and a ventilating
air� ow type, respectively. The window systems are of height H
and width W . The Cartesian coordinates with the corresponding
velocity components u and v are indicated therein. Each system
has two open-air spaces, the outer and the inner air spaces, and
three glazings, the outer, the middle and the inner glazings. In the
exhaustingtype, indoors air enters through the inlet clearance at the
top of the inner glazing and exits through the outlet clearance. In
the ventilating type, outdoors air enters through the inlet clearance
at the top of the outer glazing and exits through the outlet clearance
at the top of the inner glazing.

This study treats the problems of mixed convectionsinducedby a
combinationof the buoyancy effect and the forced inlet/outlet � ows
by fan. The physical model for the numerical calculation does not
take any frame into consideration, that is, only the air spaces and
solid glasses are calculated. The computational domain includes
both � uid and solid layers, thus, formulating a conjugate problem.
In this study, glazing is assumed to be a heat source that absorbs
a portion of solar energy and then emits part of that energy, and
radiation effect between glazings is not included.

Mathematical Formulation
The � ow is assumed to be steady, laminar, incompressible, and

two-dimensional.Viscousdissipationis neglected,and propertiesof
the � uid are assumed to be constant except for the buoyancyterm in
the y-momentum equation, that is, the Boussinesq approximation.
The equations are obtained in dimensionless forms as follows:
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These equations were nondimensionalized using the following
nondimensionalvariables:
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where º¤, k¤, and C¤ are the dimensionlesskinematicviscosity,ther-
mal conductivity, and thermal capacitance, respectively. All vari-
ables are unity in the � uid region. In the solid region, however,
º D ºs ; k D ks; .½C p/ D .½C p/s , and the dimensionless kinematic
viscosity º¤.D ºs=º f ) is on the order of 105 or 106 , large enough to
be treated as solid in numerical calculations. Here f .Ä/ is a step
function that is equal to zero in the � uid region (air spaces) and
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unity in the solid region (panes). In this mixed convective calcula-
tion, Reynolds number covers the range of 0 » 1500 and Grashof
number is 1.05 £ 109 in the exhausting case and 2.71 £ 109 in the
ventilating case.

The appropriate hydrodynamic, thermal, and solid–� uid interfa-
cial boundary conditions are speci� ed as follows.

The velocity boundary conditions at Y D 0, H are

u D 0; v D 0 (6a)

at pane surfaces are

u D 0; v D 0 (6b)

and at air inlet clearance in the exhausting and in the ventilating
air� ow types are, respectively,

u D ¡1 (6c)

u D 1 (6d)

The thermal boundary conditions at Y D 0, H are

@µ
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D 0 (7a)

at X D W are

Nur
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at X D 0 are
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and at air inlet clearance in the exhausting and in the ventilating
air� ow types are, respectively,

µ D 0 (7d)

µ D 1 (7e)

Nur and Nuo are the Nusselt numbers calculated at the inside sur-
face of the inner pane and at the outside surface of the outer pane,
respectively.They are de� ned as

Nur D hr H=k f ; Nuo D ho H=k f (8)

The � uid–solid interfacial conditions are

µ f D µs; k f
@µ f
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D ks
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where n is a unit vector at the solid–� uid interface.
An energy balance for the control volume of window system is

obtained as

Qgain C Qamb C Qroom C Qair D 0 (10)

where Qgain is the portion of solar energy absorbed by the panes,
Qamb the ef� ux energy transferredoutdoors through the outer pane,
Qroom the in� ux energy transferred indoors through the inner pane,
and Q air the energy transported by air-mass � ow rate. Qroom is the
energyof the room- or space-heatgain throughthe inner pane,which
results in an increasein spacecoolingload in summer. Equation (10)
can be rewritten as

.Qamb C Qroom C Qair/=Qgain D ¡1 (11)

Equation (11) is used to validate the analytical model and its com-
putation presented here. Each term in Eq. (10) may be expressed
as

Qgain D .q1 C q2 C q3/At ; Qamb D ho A.To ¡ T jx D 0/

Qroom D hr ; A.Tr ¡ T jx D w/; Qair D PmC p.Tr ¡ Tout;b/ (12)

Table 1 Properties of glass and air

Property Glass Air

Conductivity k, W/m ¢ K 0.756 0.025
Density ½, kg/m3 2550 1.165
Speci� c heat C p , J/kg ¢ K 754 1006
Kinematic viscosity º, m2/s —— 1.5 £ 10¡5

Prandl number Pr —— 0.70
Absorptivity 0.139 ——
Re� ectivity 0.072 ——
Transmissivity 0.789 ——

Table 2 Speci� cations of triple-glazed air� ow window
systems in meters

Aspect ratio, Width, Height, Thickness, Clearance, Width,
W=H W H t c S

0.03 0.027 0.900 0.006 0.005 0.0045
0.04 0.036 0.900 0.006 0.005 0.0090
0.05 0.045 0.900 0.006 0.005 0.0135
0.10 0.090 0.900 0.006 0.005 0.0360

Here, q1 , q2, and q3 are the heats absorbed per unit volume by the
three panes 1, 2, and 3 and can be expressed as

q1 D .It =t/ ¢ A3.1/; q2 D .It =t/ ¢ A3.2/; q3 D .It =t/ ¢ A3.3/

(13)

A3.1/; A3.2/, and A3.3/ are the absorptivitiesof the outer, middle, and
inner panes, respectively, to be determined using the net radiation
method.13 The external convective heat transfer coef� cient ho , in
watts per square meter degrees Celsius, and the internal convective
heat transfer coef� cient hr , in watts per square meter degrees Cel-
sius, are calculatedfrom the relationshipssuggestedby McAdams14

as

ho D 8:07V 0:605; V1 > 2:0

hr D 1:42.1T=H /
1
4 (14)

In the case of the ventilating air� ow type, the outdoors temperature
To is used instead of Tr for the calculation of Qair in Eq. (12). In
the present study, Tr D 24±C and To D 35±C are employed for the
exhaustingair� ow type in summer and Tr D 22±C and To D ¡1:2±C
for the ventilating air� ow type in winter.

The governing equations are solved using the � nite volume
method developed by Patankar.15 A grid system of 40 £ 110 nodes
is used in basic calculation. The solution domain is discretized us-
ing a nonuniform mesh with smaller grid spacing near the glazings
and larger spacing in the interior. Results obtained with � ner grids
did not show any noticeable changes in the � ow� eld and calculated
heat rates. The relaxation factors are 0.7, 0.3, and 0.4 for the energy
equation, momentum equation, and pressure-correction equation,
respectively.The number of iterations is approximately1500–4000,
and the criterion for numerical convergence that is, the maximum
relative difference between two consecutive iterations, is less than
10¡6. The properties of the air and glass and the speci� cations of
the window system are listed in Tables 1 and 2, respectively.

Results and Discussions
Figure 2 shows the calculatedenergies, Q=Qgain in dimensionless

form against the Reynolds number Re. Results provide an insight
into the energy balancecharacteristicsof the system with increasing
Reynolds number. The Reynolds number implies the � ow rate of
exhaust air through the air spaces. Re D 0 correspondsto the case of
enclosed windows. The minus sign (¡) indicates the energy ef� ux
from the control volume to the surrounding area, whereas plus sign
(C) indicates the energy in� ux from the surrounding area to the
control volume.
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Fig. 2 Calculated heat rates for the exhausting air� ow type at
It = 100 W/m2 .

Observein Fig. 2 that themagnitude(absolutevalue)of Qair=Qgain

grows with an increase in Reynolds number Re, which implies
that energy loss to the surroundings by convection increases with
Reynolds number Re. The room-heat gain (or space-heat gain),
Qroom=Qgain , however, diminishes and approaches zero as the
Reynolds number increases. Note that, in summer, the space-heat
gain can be reduced considerably by increasing the exhaust air-
� ow rate. Discussion of the optimum exhaust air� ow rate will be
presented later. The energy transferedoutdoors, Qamb=Qgain, shows
both heat ef� ux through the outer pane at Re D 0 and heat in� ux
through the outer pane at Re ¸ 200.

Figure 3 shows the global views of the streamline and isotherm
for the exhausting, ventilating, and enclosed air� ow windows to
aid in investigating the effects of solar insolation on the � ow and
temperature� elds. In thecaseof theexhaustingwindowat Re D 300,
Fig. 3a shows a clockwise cell at both the lower part of the outer
air space and the upper part of the inner air space. As the solar
insolation It increases, the intensity of the cell at the upper part
of the inner air space increases due to an increase in the buoyancy
effect. In contrast, in the case of the ventilatingwindow at Re D 300,
Fig. 3b shows a counterclockwise cell at both the upper part of the
outer air space and the lower part of the inner air space. As the
solar insolation increases, the intensity of the cell at the upper part
of the outer air space increases due to an increase in the buoyancy
effect. However, the � ow and thermal characteristicsof the air� ow
systems are different from those of the enclosed system as given in
Fig. 3c. In the case of the enclosed system in summer at Re D 0, two
cells in the outer air layer and unicell in the inner air layer appear
at It D 100 W/m2 . As the solar intensity is increased to 400 and
600 W/m2, a unicell appears in each air layer. Note that the unicell
in theouter layer rotatescounterclockwise,whereastheunicellin the
inner layer revolves clockwise because the temperature of middle
pane is higher than those of the other panes, as shown in Fig. 4.

It seems that the air� ow rate through the air spaces is the most
important variable in the present parametric study. In the case of
the exhausting air� ow type, Figure 5a plots the room/space-heat
gain ¡Qroom vs the Reynolds number at It D 600 W/m2. Observe
that the space-heat gain is substantiallyreduced with an increase in
Reynolds numbers, that is, the exhausting air� ow rate.

At Re D 0, in the absence of exhausting air� ow, the space-heat
gains take a value of about 72 » 75 W for four aspect ratios. The
space-heat gain, however, decreases almost exponentially as the
Reynolds number increases.The decrementsin the space-heatgains
are considerably larger in the range of low Reynolds numbers and
level off in the range of Re ¸ 600. Evidently, the optimum value of
the exhausting air� ow rate must be around of Re D 600. Under the
optimum conditions, the space-heat gain is approximately 30 W,
corresponding to 40% of that of the enclosed window. It implies
a 60% decrease compared to the enclosed windows. In the case of
the ventilating air� ow type, Fig. 5b shows that the space-heat loss
¡Qamb also decreases almost exponentially as the air� ow rate in-
creases.The space-heat losses take a value of approximately150 W
for all aspect ratios at Re D 0 for no ventilatingair� ow. At Re D 600
and W=H D 0:05, the space-heat loss is about 80 W, which corre-
sponds to 53% of the enclosed window case.

a) Exhausting air� ow type, It = 100, 400, and 600 W/m2

b) Ventilating air� ow type, It = 100, 400, and 600 W/m

c) Enclosed window, It = 100, 400, and 600 W/m

Fig. 3 Effects of solar insolation on streamlines and isotherms at
W/H = 0.1 and Re = 300.

Fig. 4 Temperature pro� le at midheight (H/2) for W/H = 0.1,Re = 300,
and It = 400 W/m2 .

A change in the aspect ratio W=H results in changes in both
the space-heat gain and the space-heat loss under identical physical
situation. Numerical results for four aspect ratios at It D 100 W/m2

are presented in Fig. 5. It is seen in Fig. 6a and 6b that the effects
of the aspect ratio on both the space-heat gain and the space-heat
loss are negligible in the range of Re > 600. However, it becomes
important in the range of Re · 600. In the range of small Reynolds
numbers, lower than Re D 300, reductions in both space-heat gain
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a) Exhausting air� ow type

b) Ventilating air� ow type

Fig. 5 Effect of air� ow rate on the space-heat gain and the space-heat
loss at It = 600 W/m2 .

a) Exhausting air� ow type

b) Ventilating air� ow type

Fig. 6 Effect of aspect ratio on the space-heat gain and the space-heat
loss at It = 100 W/m2 .

and space-heat loss become signi� cant with a change in the aspect
ratio, especiallyfor W=H · 0:05. This suggests that the value of the
aspect ratio W=H around 0.05 is suitable for the optimum value in
the present numerical analysis.

Conclusions
The thermal performanceand optimum design of air� ow window

systems to provide low energy loss and high thermal comfort have
been studiednumerically.A triple-glazedair� ow windowmodel has
been selected for a parametrical study to determine the effects of

solar insolation, exhausting and ventilating air� ow rate, and aspect
ratio on reduction in the space-heat gain and space-heat loss, which
represent decline in the space cooling load and space heating load
through windows. The results obtained have been compared with
those of an enclosed window system.

For the exhaustingair� ow window, clockwise cells havebeen ob-
served in theair spaces.For theventilatingair� owwindow, however,
counterclockwisecells appear in the air spaces. When solar insola-
tion is increased, the intensity of the cell formed at the upper part of
the air space increasesdue to an enhancementin the buoyancyeffect.
Both space-heat gain and space-heat loss decrease almost exponen-
tially as the exhausting and ventilating air� ow rates are increased.
The decrements in the space-heat gain and space-heat loss are con-
siderably higher in low Reynolds number range, but are relatively
low in the range of Re ¸ 600. The optimum air� ow rate and aspect
ratio have been found to be about Re D 600 and 0.05, respectively.
Under the optimum condition, the space-heat gain and space-heat
loss through the window systems would achieve a 60% decrease of
that for enclosed windows. It is concluded that the proposed air� ow
window model is applicableyear round, the exhaustingair� ow type
for use in summer and the ventilating air� ow type in winter.
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