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Abstract
The creation of energy-efficient buildings that maintain thermal comfort is a major goal of architectural
design. The study on the interrelation of vent location and window properties on indoor thermal
conditions and energy performance is still needed. With the rapid development of building window
technologies, such combined effects have become more complex. This work using computational
fluid dynamics examines airflow patterns, temperature distributions, thermal comfort indices and
corresponding heat transfers through exterior windows in an office unit during summer and winter
seasons. Our results indicate that, buildings with low-insulated windows, above-the-window air register
and under-the-window air register, have obvious advantages in forming comfortable conditions in
summer and winter, respectively. Building with highly insulated windows, the central-ceiling placement
of air supply vents is capable of merging airflows for the entire room, providing appropriate indoor
thermal conditions and significant savings in energy use. The percentage of occupants dissatisfied with
the thermal conditions achieved is slightly higher than best performances achieved in other reference
models but still within recommended limits. The findings from this research provide an improved
understanding of how thermal comfort and energy issues could change in response to different vent
locations and types of building windows.
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Introduction
An average individual spends up to 95% of their time
indoors; thus, the indoor environment is an important
concern in architectural design.1 Studies have demonstrated strong correlations between indoor environmental
conditions and user well-being, productivity and
health.2,3 Air-conditioned office buildings yield improved
work productivity and less thermal dissatisfaction by providing a thermally acceptable environment for human
comfort.4 However, a poor distribution of airflow, irregular temperatures leading to indoor contaminant concentration issues, could directly result not only in reduced
productivity and economic loss but also in thermal comfort problems (drafts) and ‘sick-building’ syndrome.5
Therefore, a proper HVAC (Heating, Ventilating,
Air-conditioning) design, including careful consideration

of air vent placement, is a necessity for indoor comfort.
An appropriate supply diffuser and return grille can
ensure good air circulation in enclosed individual offices,
which in turn will result in a more comfortable indoor
environment.6,7 In such design considerations, in addition
to features of the HVAC system, engineers must also
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study building envelope elements such as insulation
levels, wall-to-window ratios, surface materials, etc.8–11
In particular, exterior windows often comprise a
relatively large portion of the building envelope and
have relatively lower thermal insulating properties
than the opaque components. This means that
windows not only provide architectural mechanism to
outdoor views and natural light, but they are also one
of the most significant building components that could
affect overall thermal comfort and heat transfer.12
Of all building envelope components, a window’s
inner surface is normally the coldest in winter and
hottest in summer. Cold or hot air from the window
makes airflow travel across the floor, often causing
occupant discomfort. For example, air cools and
sinks when warmer room air hits exterior windows
during the winter season. The movement of cool air
may create cold drafts on the floor, leading to thermal
discomfort.
According to the Air Conditioning Contractors of
America (ACCA) Manual T,11 the process for properly
locating air vents has four steps: (1) scan the performance data for a size that is capable of delivering the
desired airflow to achieve the required air exchange
rate (ACH), (2) make sure that the noise level is acceptable, (3) check the flow and (4) check the pressure drop.
Although the ACCA Manual T does not recommend
particular air vent placement, air supply vents are normally located close to exterior windows, owing to their
conventional thermal properties.12 On the other side,
energy use in office buildings is strongly influenced by
these exterior window properties. Especially in regard
to the air vent placement circumstances, the large contact area and relatively ‘high-speed’ airflow from vents
may accelerate heat transfer between the interior and
exterior of the building through windows. We believe,
theoretically, traditional vent placement may enhance
occupants’ thermal comfort conditions, but could
undesirably increase heat transfer between the interior
and windows, due to high-level thermal convection
gained from the airflow. Consequently, the thermal
comfort maintained by having the traditional placement of air supply registers close to exterior windows
could have a potential to conflict with the energy loss,
at least in terms of heat transfer through the windows.
Therefore, some literature points out that using high
sidewall or ceiling registers without washing the exterior windows could save energy use.13 However, such
vent placement may potentially affect users’ thermal
comfort due to the high speed and low or high temperatures of conditioned air directly emanating from
these vents. This is especially likely in the central
zone occupied by users in offices.
This conflict is actually belonging to a popular
research question, inspiring a number of studies on
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how to balance the needs of indoor comfort and
energy savings.3,14 Ideally, the success of a building’s
design accounts for whether a comfortable indoor environment can be achieved without an increase in energy
use.15 Many researchers have investigated the effect of
windows or air vent placement on energy use and
comfort.
With regard to the building exterior windows, the
window performance is broadly recognised to have a
significant impact on human thermal comfort. Arasteh
et al.10 introduced numerous types of windows properties, studying how different windows could affect occupants’ satisfaction, health and productivity. Sengupta
et al.16 developed a methodology for quantifying
performance of a window regarding human thermal
comfort. The results showed that thermal comfort distribution could be significantly affected by the presence
of a window. A joint study17 conducted by changing a
window’s surface temperature and view factor used an
analytical method to study windows and evaluated
their effect on indoor comfort. Hassan et al.18 carried
out an investigation on effects of various window
combinations on ventilation and thermal comfort in
buildings. These researchers considered effects of
window location and size (‘window-to-wall’ ratios)
and building orientation relative to prevailing wind
speed and direction on the natural ventilation criteria
for thermal comfort in a building. The results showed
that two adjacent openings for single-side ventilation
were not related to window location. Also, two nonadjacent openings (corner and centre-located) were
shown to be better than two adjacent openings for
single-side ventilation, especially two non-adjacent
openings (one far left and one far right).18
There have been other studies that attempted to
determine how air vents affect air distribution strategies and, in turn, indoor thermal comfort. Chiang
et al.19 analysed diffuser positioning in mechanical
ventilation systems and provided guidance for improving the design of radiant cooling ceiling panels.
These researchers compared two alternative diffuser
positions to the original configuration in order to
study how air and temperature distributions could be
influenced. Wargocki et al.20 examined how the air
supply rate and condition of the air supply filters
could influence environmental perceptions, the intensity of ‘sick building’ symptoms and operator performance in a call centre. Mijakowski and Sowa21
proposed humidity-sensitive air inlets in a kindergarten
building to improve the performance of passive stack
ventilation, but the effect was not sufficient to meet
current recommendations of Polish and European
standards for indoor environments in newly designed
kindergarten buildings. Ghassem et al.22 found that the
height of return air vent from ceiling to floor could
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influence temperature gradient at the vertical direction,
and thermal discomfort could be increased by reducing
the height of the return air vent location. Kuo and
Chung23 investigated the effects of air vent location
on occupants’ thermal comfort in the occupied zone
and suggested that the inlet diffuser should be located
at the half-upper wall, if a wall-mounted diffuser is
necessary. Lam and Chan24 reported that the outlet
vent position could have a great impact on the thermal
stratification and annual cooling load in a gymnasium
which accordingly would pose an effect on human thermal comfort.
Nevertheless, most studies in the existing literature
have separately focused on either a building’s exterior
windows or air vent placement. The motivation for this
research’s examination of the correlational impacts of
exterior windows and air vent placement on indoor thermal conditions and energy use stemmed from the rapid
development of glass materials and fenestration technologies seen in the last decade. Therefore, the key research
questions in this research are whether the conventional
air vent placement (close to exterior windows) is still
necessary to maintain indoor thermal comfort and how
energy savings from newly developed and highly insulated windows might offset the possible negative effect on
comfort from the central placement of air supply registers (i.e. in the centre of the ceiling) in an office unit.
Even though considerable work has been done on the
fundamental issues related to windows such as diffuser
position, thermal comfort and energy savings, there is
still a lack of research that specifically addresses the role
of air vent placement and exterior window properties in
indoor thermal environment conditions and the associated energy use. In this research, we performed an extensive computational fluid dynamics (CFD) study of six
different combinations of air vent locations and exterior
window insulation properties in a typical office unit
during the summer and winter seasons. We analysed
and compared the indoor thermal conditions and transfer through windows generated by CFD simulations in
the 12 design scenarios (six combinations). The conclusions from this work could provide an improved understanding of how thermal comfort and energy issues
could change in response to different vent locations
and types of building windows. In addition, this research
would also shed light on how best to optimize air vent
placement and window selection for both energy savings
and indoor comfort at the design stage.

Analytical procedure and method
Methodology overview
CFD is a method for developing computer programs
that can be used to create simulations and perform
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studies of natural or engineered fluid dynamics systems.25 CFD is derived from disciplines of fluid
mechanics and heat transfer.26 Recently, CFD has
become an important design tool in engineering, and
also an indispensable research tool in architecture.27
Due to the rapid development of computing capabilities and CFD technology, one can use this technique to
visualize and analyse spatial variations in an indoor
thermal environment that are attributable to flow and
heat transfer from various vent locations and window
properties, as well as correlations among these indoor
thermal control elements.
A complete CFD analysis consists of three main
elements: pre-processor, solver and post-processor.
Figure 1 presents the workflow of our research, which
also includes the relationships among these three elements in the CFD analysis. First, an office geometry
model was built-in AutodeskVR CAD based on real geometric information and settings for an office at the
University of Cincinnati campus. This information
was then imported into AutodeskVR CFD 2016. Next,
we assigned different materials to every part of the
office model (see Table 1). We defined ‘Window-low’
and ‘Window-high’ to simulate low and high-insulation
windows in the AutodeskVR CFD software because
these materials were not included in its materials database. In addition, three different air vent placement
layouts were assigned to the model to formulate six
different combination cases for two different window
types. During the simulation and calculation process,
we assumed that the airflow inside the office was a
stable and incompressible Newtonian fluid that met
the Boussinesq approximation. The ceiling, floor and
three inner walls were perfectly adiabatic and did not
transfer heat. The only way to transfer heat was
through the windows to the outside. Thermal radiation
was neglected in this study. Based on the governing
time-averaged fluid flow and heat transfer calculations,
we obtained three types of output: airflow pattern, temperature variation/distribution, predicted mean vote
(PMV) and heat transfer through windows. Lastly,
we compared these four generated results among the
six combinations of windows and air vent layouts in
order to understand relationships among window
properties and air vent layouts and their impact on
heat transfer and indoor thermal comfort.

Room model and boundary conditions
In this study, we simulated a typical office with a
dimension of 4.57 m  3.05 m  3.05 m (clear length width  height), following the Cartier coordinate
system as shown in Figure 2. The human model,
which was the size of an adult man with a seating
height of 1.1 m and a shoulder width of 0.5 m, was
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Figure 1. Workflow of this research.

Table 1. Material properties for the private office CFD model.
Parts

Materials

Conductivity (W/m.K)

Density (kg/m3)

Specific heat (J/kg.K)

Emissivity

Window

Window-low
Window-high
Human
Wood (soft)
Wood (soft)
ABS (polycarbonate)
ABS (polycarbonate)
Air

0.14224
0.01651
50
0.12
0.12
0.181
0.181
0.02563

2,700
2,700
998
510
510
1150
1150
Equation of state

840
840
4182
1380
1380
1810
1810
1004

0.8
0.01
0.98
0.8
0.8
0.9
0.9
1

Human
Chair
Desk
Laptop
Lamp
Room
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Figure 2. The office model. (a) Details of the office room (the air register placement was different in each of the three
representative layouts) and (b) details of the human model, desk, chair and laptop.

Figure 3. Three typical layouts of air supply registers and return air grilles.

seated near a desk 1.15 m  0.6 m  0.6 m (length width  height), as shown in Figure 3. The door’s
dimension was 2.18 m  0.91 m (height  width).
The window’s dimension was 2.13 m  2.99 m
(height  width). The thickness of both the door and
window was 0.0254 m. The radius of the duct was
0.15 m,
and
the
terminal
dimension
was
0.30 m  0.30 m. Two lamps (1.22 m  1.22 m, each)
were installed in the ceiling. Regarding the thermal
properties, the only thermal transfer boundary was
set to the side with the exterior window.
The other surfaces were set as adiabatic materials.
The boundary conditions were set in AutodeskVR
CFD 2016. In the library of materials, the fluid material was set as a standard default air material with a
variable environment. We considered the buoyancydriven airflow. The k-e turbulence model was used to
solve governing equations. We adopted the coldest and
hottest weather in Cincinnati, Ohio, United States for
the external boundary conditions for the model. In the
summer, the exterior environment temperature was set
at 32 C and at 11 C for the winter season. Table 2
shows the relevant thermal boundary conditions.

Table 2. Boundary conditions of the CFD model.
Boundary

Conditions

Supply inlet

Air supply flow rate of 0.047 m3/s;
the air supply temperature was
adjusted to keep the office’s average air temperature at approximately 25 C
Pressure outlet, gradient zero
Adiabatic wall
Film coefficient of 5 W/m2K, reference temperature of 32 C
(in summer) and 11 C
(in winter)
Generated heat load of 60 W
Generated heat load of 60 W
Generated heat load of 120 W
(60 W each)

Return inlet
Wall
Window

Human
Laptop
Lamps

Governing equations in the simulation
Fluid flow and heat transfer. The governing equations used in simulation are the conservation of mass,
or continuity equation, the conservation of
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momentum, or Navier-Stokes equations, the conservation of energy, and thermal energy equations. These
equations are shown in equations (1) to (4).
The mass conservation equation
@q
 ¼0
þ r  ðqVÞ
@t
*

where Q is the amount of heat transfer energy from the
indoors to the outdoors through a window; u is the
overall heat transfer coefficient; A is the window area;
Tindoor is the indoor temperature; and Toutdoor is the outdoor temperature.

(1)
*

where q is the density, V is the velocity, r  V is the
divergence of the velocity.
Navier-Stokes equations
!
@ðquÞ
@p @sxx @syx @szx
þ rðquV Þ ¼ 
þ
þ
þ
þ qfx
@t
@x
@x
@y
@z

(2a)
*
@ðqvÞ
@p @sxy @syy @szy
þ
þ
þ qfy
þ r  ðqvV Þ ¼  þ
@x
@y
@z
@t
@y

(2b)
*
@ðqwÞ
@p @sxz @syz @szz
þ
þ
þ qfz
þ r  ðqwV Þ ¼  þ
@x
@y
@z
@t
@z

Thermal comfort model and settings. Various thermal comfort models have been proposed and developed, such as the Fanger model, the one-node model,
the two-node model, the multi-node model, the UC
(The University of California) Berkeley comfort
model, the local thermal sensation model, the adaptive
model, and so forth.28,29 Each model has its own features and applicability. For example, the Fanger model
is based on the body heat balance in the steady-state
condition, and the local thermal sensation model considers individual body parts.29 The Fanger model has
been widely used in existing studies and standards and
already embedded in the Autodesk CFD software.
Based on the assumption of homogenous thermal conditions in this study, we adopted the Fanger model to
calculate PMV in this study, as seen in equation (5)

(2c)
where u, v, w is the velocity in x, y, z direction, p is the
pressure force per unit area, sij denotes a stress in
the jdirection exerted on a plane perpendicular to
the iaxis; qfi denotes the body force on the fluid
element acting in the idirection, respectively.
The energy conservation equation
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 fcl hc ðtcl  ta Þ  3:05
 ½5:73  0:007ðM  WÞ  pa 
 0:42½ðM  WÞ  58:15
 0:0173Mð5:87  pa Þ
 0:0014Mð34  ta Þg
where fcl is the clothing factor fcl ¼ 1:0 þ 0:2Icl
1:05 þ 0:1Icl ;
Icl is the clothing insulation [clo];

(3)

*
*
@ðwsyz Þ @ðwszz Þ
þ qf  V
þ
þ
@z
@y

2

where ðe þ V2 Þ is the total energy; k is the thermal conductivity; T is the local temperature; q_ is the rate of
volumetric heat addition per unit mass.
Heat transfer through an exterior window can be
calculated by using equation (4)
Q ¼ UAðTindoor  Toutdoor Þ

PMV ¼ ð0:303e0:036M þ 0:028ÞfðM  WÞ
 3:96  108 fcl ½ðtd þ 273Þ4  ðtr þ 273Þ4 

(4)

(5)

or

tcl ¼ 35:7  0:0275ðM  WÞ  Rcl fðM  WÞ
 3:05½5:73  0:007ðM  WÞ  pa 
 0:42½ðM  WÞ  58:15
 0:0173Mð5:87  pa Þ  0:0014Mð34  ta Þg
Rcl is the thermal insulation from clothing,
Rcl ¼ 0:155Icl ;
M is the metabolic rate [W/m2];
pa is the vapour pressure of the air [kPa];
ta is the air temperature [ C];
tcl is the surface temperature of the clothing [ C];
tr is the mean radiant temperature [ C];
W is the external work;
hc is the convective heat transfer coefficient,
hc ¼ 1:2ðVÞ1=2 ;
V is the air velocity [m/s].
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Thermal comfort depends on the air temperature,
humidity, radiant temperature, air velocity, and occupant’s metabolic rate and amount of clothing. Each
individual would experience these sensations differently
based on their physiology and state.30 Three personal
factors – metabolic rate, clothing level and humidity –
were set in the CFD model. They are summarized in
Table 3.

triple-pane windows with a U-factor 0.65 W/m2-K,
respectively. There were a total of six combinations of
air vent placement and window type and 12 simulation
tasks for the summer and winter seasons. Table 4 shows
the basic information for these six combinations and 12
simulation tasks.

Six combinations of vent placement
and window type

Analysis of airflow patterns

This study investigated an office space with three different configurations of supply inlet and return outlet locations. In Layout A, the air supply register was placed on
the floor underneath the exterior window (namely underthe-window), and the air return grille was on the top part
of the office, in the centre of the wall near the door. In
Layout B, the air supply register was above-the-window;
the vent was on the ceiling just above the exterior window
and the air return grille was located in the same position
as in Layout A. In Layout C, the air supply register was
located at the centre of the office ceiling, namely centralceiling type, and the air return grille was placed in the
same position as in Layout A. The locations of the supply
and return air vents for these three layouts are shown in
Figure 3. We also considered two different window
types, those with high and low levels of insulation,
which represented traditional single-pane windows
with a U-factor of 5.6 W/m2-K and contemporary
Table 3. Personal factors in human comfort.

Metabolic rate (W/m2)
Clothing (clo)
Relative humidity (%)

Summer

Winter

58
0.57
50

58
1.01
50

Comparative analysis
We used the steady simulation approach in AutodeskVR
CFD 2016 to observe the overall average room temperature of 25 C. Figures 4 and 5 show the basic vertical
airflow patterns under these three different layouts in
summer and winter, respectively.
Figures 4 and 5 show airflow patterns for three different layouts in two seasons. From Layout A, we can
see that in summer, at the floor level, the airflow emanated uniformly from the supply. The air velocity was
almost constant in the room and was generally below
0.14 m/s. The velocity was higher and more uneven in
the vicinity of the air supply terminal. This under-thewindow type of air register placement did not allow the
hot air around the window to fully merge with the cool
air coming from the air register. The airflow patterns
indicated that in winter the cool air around the window
fully and quickly merged with the hot air from the register. There was almost no airflow from the cold side of
the window. In contrast, Layout B appeared more
effective and complete in regard with the summer airflow mixture. The air velocity around the exterior of
the window was, overall, above 0.5 m/s. However, in
winter, in the occupant zone, the airflow was clearly
unstable and uneven due to incomplete mixing resulting from the above-the-window placement. In particular, with low-insulated windows, the cold air flowed
from the window side and was driven to floor level in

Table 4. Simulation tasks for all combinations of vent placement and window type.
Case

Vent placement

Window type (U-factor)

Season

A-SL
B-SL
C-SL
A-SH
B-SH
C-SH
A-WL
B-WL
C-WL
A-WH
B-WH
C-WH

Layout
Layout
Layout
Layout
Layout
Layout
Layout
Layout
Layout
Layout
Layout
Layout

Low insulation (5.6 W/m2-K)
Low insulation (5.6 W/m2-K)
Low insulation (5.6 W/m2-K)
High insulation (0.65 W/m2-K)
High insulation (0.65 W/m2-K)
High insulation (0.65 W/m2-K)
Low insulation (5.6 W/m2-K)
Low insulation (5.6 W/m2-K)
Low insulation (5.6 W/m2-K)
High insulation (0.65 W/m2-K)
High insulation (0.65 W/m2-K)
High insulation (0.65 W/m2-K)

Summer
Summer
Summer
Summer
Summer
Summer
Winter
Winter
Winter
Winter
Winter
Winter

A
B
C
A
B
C
A
B
C
A
B
C
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Figure 4. Vertical winter airflow patterns in different layouts.

the user zone. Layout C, the central-ceiling placement,
also presented a complete air mixture from the ceiling
to the floor, except in the C-WL case. This revealed
that some cold airstreams may be moved from the exterior window side of the room to the central user zone.
In addition, the air speeds varied from 0.1 m/s to 1 m/s
in the user zone, which could lead to some potential
discomfort.
To this end, with low-insulated windows, the airflow
patterns revealed apparent advantages to using Layout
A in winter and Layout B in summer, due to the
quicker and more complete airflow mixtures that

resulted. This would prevent the adverse effect resulting
from hot airflow in summer and cold airflow in winter
that would come from the exterior window side of the
room. These results also show that Layout C might be
effective for the airflow mixture in summer, but apparently not in winter. However, when it came to the three
highly insulated window models, the advantages seen in
Layout A in winter and Layout B in summer were not
distinct from those seen in other layouts. The centralceiling placement, Layout C, seemed capable of merging airflows for the entire room in cases where the
windows were highly insulated.

Duan and Wang
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Figure 5. Vertical winter airflow patterns in different layouts.

Analysis of temperature variations
Local thermal discomfort due to vertical air temperature differences has been reported in a number of studies.30–35 A comprehensive experiments was conducted
by Olesen et al.,35 who reported that 3 K/m should be
the limit on the vertical air temperature gradient if thermal discomfort is to be avoided. Another characteristically experimental study was conducted by Wyon and
Sandberg.34,36 They found that the vertical temperature
difference should not be more than 4 K/m for there to
be an acceptable thermal environment. They also found

that when the vertical temperature difference was
above 2 K/m, more subjects reported discomfort related to dry eyes.34
To avoid local discomfort, ANSI/ASHRAE
Standard 55–2013 recommends that the air temperature difference between the 0.1 and 1.7 m height
levels should be less than 4 degrees.37 Figures 6 and 7
present vertical temperature distribution patterns in the
vertical central plane of an office in summer and
winter, respectively. The average indoor temperature
for all cases was approximately 25 C. In order to compare the temperature distributions, we also extracted
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Figure 6. Different cases of vertical summer temperature distributions.

air temperatures at two height levels (1.7 m and 0.1 m)
to calculate the vertical temperature difference in the
user occupied zone. These results are generalized in
Table 5. The acronym ‘A-SL’ in the table represents
Layout A, summer season and low-insulated windows.
In summer (Figure 6), the air temperature distribution showed that Layout B, with the above-the-window
type vent placement, provided a uniform vertical temperature gradient (0.7 C) when the window insulation
was low. The vertical temperature difference (4.1 C) in
Layout A was over the level recommended by
ASHRAE 55–2013, so it could have resulted in local
thermal discomfort. When it comes to highly insulated

windows, the vertical temperature differences in all
three cases were reduced, and Layout C presented a
similar vertical temperature gradient (0.9 C) to that
of Layout B (0.7 C). Layout A’s vertical temperature
difference was still over the recommended level.
In winter (Figure 7), when the window had low insulation, the air temperature distribution showed that
Layout A, with its under-the-window type of vent
placement, provided more uniform thermal conditions
(a 1.8 C vertical temperature difference) than the other
two layouts. Layout C had the highest temperature
gradient (4.19 C), and both Layouts B and C generated
high vertical temperature differences that were over the

Duan and Wang
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Figure 7. Different cases of vertical winter temperature distributions.

Table 5. Vertical temperature difference and average temperature in the occupant zone.

Vertical temperature
difference 1.7/0.1 m

A-SL

B-SL

C-SL

A-SH

B-SH

C-SH

A-WL

B-WL

C-WL

A-WH

B-WH

C-WH

4.1

0.8

1.3

3.4

0.8

0.9

1.8

4.0

4.2

1.1

2.6

1.6

ASHRAE 55 recommended level. Conversely, comparing the models with highly insulated windows indicated
that all three layouts provided more even local thermal
conditions. Also, the distinction and advantages of
Layout A were attenuated. Layout C also performed

well in this situation. These comparisons reveal the
consistent effects on vertical temperature differences
and airflow patterns that result from combining
window properties and air vent layouts. With highly
insulated windows, although Layouts A and B
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performed slightly better in winter and summer, respectively, the central-ceiling type of air vent placement
would serve as an acceptable alternative solution in
terms of vertical temperature variations.

Analysis of PMV-PPD values
PMV was divided into a seven-point thermal sensation
scale, according to the thermal perception of human
bodies (þ3 hot, þ2 warm, þ1 slightly warm, 0 neutral,
1 slightly cool, 2 cool, 3 cold).30 From the simulation scenes, we extracted the PMV indices for two
points at height levels of 0.1 m and 1.7 m. We then
obtained the average PMV values. To predict the percentile of occupants who would be thermally dissatisfied in a given thermal environment, the predicted
percentage of dissatisfied (PPD) index38 was calculated
using equation (6) and thoroughly analysed. The recommended acceptable PPD range from ANSI/
ASHRAE Standard 55–2013 is less than 10% of persons dissatisfied with the interior space.37 Table 6 summarizes these two key thermal comfort indicators
obtained from this simulation study.
PPD ¼ 100  95  eð0:03353PMV

4

þ0:2179PMV2 Þ

(6)

The PMV and PPD values in Table 6 demonstrate
the advantages of using Layout A in winter and Layout
B in summer. They offer the most appropriate
PMV indices and the lowest PPD values in cases of

low-insulated windows. As the window insulation
increased, the differences among the Layouts decreased
in terms of percentiles of occupants who were thermally
dissatisfied. The PPD values from Layout C were only
about 0.5% and 2% higher in summer and winter,
respectively, than the best thermal comfort indicators
but still within the recommended range 10%.

Analysis of heat transfer through
windows
Except for exterior windows, all other model boundaries in this study were set as adiabatic, so that the
output of heat transfer by the CFD simulation was
only through windows. Using this method, we summarized the heat transfer through the exterior window at
eventuate state (about 25 C as the average room temperature) in summer and winter in Tables 7 and 8,
respectively. In these Tables, we also documented the
window’s average inner and outer surface temperatures, which could also reveal the thermal insulation
abilities of different windows.
With regard to the impact of window insulation in
the summer season, compared to low-insulated windows (Cases A-SL, B-SL, and C-SL), highly insulated
windows (Cases A-SH, B-SH, and C-SH) significantly
reduced heat gain to a rate of 67.1%, 67.2% and
66.8% (an average of 67%), respectively. This was as
expected. Similarly, in the winter season, Cases A-WH,
B-WH and C-WH achieved significant heat loss reductions with highly insulated windows, approximately

Table 6. PMV-PPD indicators.

Average PMV
Average PPD (%)

A-SL

B-SL

C-SL

A-SH

B-SH

C-SH

A-WL

B-WL

C-WL

A-WH

B-WH

C-WH

0.59
12.3

0.39
8.2

0.67
14.4

0.45
9.2

0.41
8.5

0.44
9.0

0.07
5.1

0.42
8.7

0.71
15.6

0.15
5.5

0.17
5.6

0.35
7.6

PMV: predicted mean vote; PPD: predicted percentage of dissatisfied.

Table 7. Heat gain through exterior windows in summer.
Case

A-SL

B-SL

C-SL

A-SH

B-SH

C-SH

Inner/outer window surface
temperature ( C)
Heat gain (W)

27.70/29.68

27.66/29.75

28.07/29.99

25.24/31.24

25.59/31.26

26.13/31.33

73.0

70.7

63.3

24.0

23.2

21.0

Table 8. Heat loss through exterior windows in winter.
Case

A-WL

B-WL

C-WL

A-WH

B-WH

C-WH

Inner/outer window surface
temperature ( C)
Heat loss (W)

12.1/1.2

10.79/0.42

10.2/0.04

19.87/7.46

19.09/7.56

17.85/7.70

382.8

380.6

347.1

111.4

108.3

103.6
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70.9%, 71.6% and 70% (an average of 70.8%) over
Cases A-WL, B-WL and C-WL with their lowinsulated windows, respectively. This can be explained
via the approximately eightfold increase (i.e. from
5.6 W/m2-K to 0.65 W/m2-K) in window insulation.
Therefore, an increase in window insulation could
greatly improve energy efficiency by an average of
65.4% in summer and 70.8% in winter, based on a
change from low-insulation windows.
Conversely, Figure 8 shows a comparison of the different air vent layouts under the same level of window
insulation. This reveals that placing air supply vents
close to the exterior window (Layouts A and B)
resulted in more heat loss/gain compared to the
central-ceiling placement (Layout C). With lowinsulation windows, the heat transfer difference
between Layouts A/B and Layout C was around
13.5% in summer and 10% in winter. With highinsulation windows, the heat transfer difference
between Layouts A/B and Layout C was slightly
attenuated to 12.3% in summer and 6% in winter.
Thus, regardless of the window’s insulating ability,
air vent placement plays an important role in determining the amount of heat transferred through the
window. In other words, this demonstrates that a
central-ceiling type of placement can be deemed
energy efficient, even under highly insulated exterior
window conditions.

Discussion
From a comparative analysis of four aspects – airflow
pattern, temperature distribution, thermal comfort
index and heat transfer – the above-the-window air
supply register in summer and under-the-window air
supply register in winter would serve as the best

Figure 8. Heat gain/loss through an exterior window.
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solution for maintaining thermal comfort in both
single and triple-pane window conditions, even
though such advantages were not significant in cases
of highly insulated windows. Meanwhile, a centralceiling air vent placement might save a certain
amount of heat loss/gain through exterior windows.
This presents a trade-off between thermal comfort
and energy savings. The goal is to achieve the lowest
energy use possible while still maintaining an acceptable 10% PPD.
Figures 9 and 10 show the average temperature difference, PPD and the sum of energy use in these two
test seasons. The green cube highlights the key recommended ASHRAE levels for vertical temperature and
PPD. The points falling within this zone indicate that
the situation complied with the recommended comfort
levels. Therefore, in these two figures, the closer to the
coordinate origin (the red dot in the Figure) the points
are located, the more preferable the heat transfer values
and thermal comfort levels. Figure 9 illustrates that
Cases B-SL, A-WL and B-WL were in the recommended zone, and Layout B was the most appropriate
option for both energy use and PPD objectives in cases
of low-insulated windows.
Figure 10, on the other hand, demonstrates that
almost all of the points fell into the recommended
zone. Compared with other layouts, the average PPD
in Layout C showed an increase to 8.2%, over the
7.4% of Layout A or 7% of Layout B. The heat transfer amount was reduced from 135.4 W in Layout A and
131.5 W in Layout B to 124.6 W in Layout C, representing an approximately 6% to 9% energy savings.
Therefore, in this case study, we identified Layout C
as the optimal air vent placement type caused by its
relatively large energy savings and minor negative
effects on thermal comfort. However, this simplified
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Figure 9. Performances of different air vent placements with low-insulated windows.

Figure 10. Performances of different air vent placements with highly insulated windows.

Duan and Wang
trade-off stemmed from the strong energy efficiency of
the triple-pane windows and adiabatic boundary wall
properties hypothesized in this work. If the energy savings from other types of windows cannot achieve this
level, a comparative analysis would be more complex,
and further assessment of energy use and indoor comfort would be needed. In addition, many studies have
pointed out that user well-being and productivity are
significantly related to indoor thermal comfort.38–41 A
PPD change from 6% to 10% might result in a 4.2%
increase in employees’ maximum loss of performance
in their workspaces.42 Given the considerably high cost
of personnel in an office environment, a 1% loss of
performance could lead to a significant loss in profit
for the organization. Therefore, the extra energy used
to enhance indoor comfort could still be regarded as a
cost-effective strategy from an investment perspective.

Conclusions
This research was conducted to examine airflow patterns, temperature distributions, PMV/PPD thermal
comfort indices and the corresponding heat transfers
through exterior windows in a private office during
the summer and winter seasons. The objective was to
understand the effects of different air vent placements
and window insulation on indoor thermal conditions
and energy use, as well as to quantitatively assess the
trade-offs between indoor comfort and energy use
saving with a central-ceiling air vent placement. To
this end, extensive CFD simulations and related comparative analyses were conducted on six representative
combinations of air vent layouts and window insulation levels. The results indicate that:
• With low-insulated windows (single-pane type),
using above-the-window air supply registers in
summer and under-the-window registers in winter
were shown to have apparent advantages, providing
a more complete air mixture, uniform vertical temperature distribution, and acceptable thermal comfort (PMV/PPD index). Even though the heat
transfer could be considerably reduced by using a
central-ceiling type of air register, the resulting thermal comfort performance was outside of the recommended limits.
• With highly insulated (triple-pane type) windows,
the advantages of Layout A in winter and Layout
B in summer were not especially distinct. The
central-ceiling placement in Layout C seemed to be
capable of merging airflows for the entire room, providing appropriate indoor thermal conditions and
significant savings in energy use. However, the percentage of occupants dissatisfied with the level of
thermal comfort, as compared with the best
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performances achieved in Layouts A and B, was
slightly higher but still within the recommended
limits.
• This simulation was limited to the selected window
types and office unit features. Considering the variety of window properties, it is possible to find significant complexity in trade-offs between energy
savings and thermal comfort. Given the substantial
connection between user productivity and indoor
thermal comfort, additional investment in improved
indoor environments will likely be regarded as
acceptable.
The discoveries from this research provide an
improved understanding of how thermal comfort and
energy issues change in response to different vent locations and types of building windows. This work may
also shed light on how best to optimize air vent placement and window design. Moreover, it is becoming
increasingly important to improve user satisfaction
and associated productivity, especially in office settings. The inter- and intra-relationships between air
vent layouts and building window properties present
trade-off issues between energy savings by retrofitting
and/or HVAC upgrades and financial advantages by
improving user satisfaction on indoor environment.
At this point, this work presents a quantitatively assessment framework using simulation programs for such
trade-off issue.
U-factor is the only window property considered
and manipulated in this study, so such parametric
study is not able to reflect the effect on energy use
and indoor environment by the other window properties, such as solar heat gain coefficient (SHGC) which
may play more important roles than conductivity in
certain scenarios (for instance south-facing windows
in daytime). In the platform of Autodesk CFD, only
the ‘Solar Window’ was able to involve SHGC in the
calculation and simulation. However, the key drawback of the current version is that the heat transfer
values could not be extracted when it comes to the
‘Solar Window’ type. Therefore, in this study, regular
window construction elements (without the SHGC
parameter) were used instead because heat transfer
values through windows were readily accessible.
This limitation is expected to be resolved in our
future work using customized plug-ins or different programs to explore comprehensive parametric controls
on window properties including SHGC, emissivity,
specific heat, and so forth. In particular, our future
study will address the effect of thermal radiation on
interior window surfaces with various emissivity levels
and specific heat properties of boundary materials.
In addition, this study is at the preliminary stage for
a large research scope about the combined effect
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between building envelopes and indoor system settings.
At this stage, only six combinations with three variables (season, air vent location, and window insulation)
were involved. Upon this simulation framework, other
variables, such as window SHGC, indoor humidity,
outdoor temperature, system cubic feet per minute
(CFM), can be integrated into the research in the
future, and then the optimization techniques can be
further investigated and applied to explore the optimal
settings upon the needs.
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