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Abstract 

An energy-efficient building is a major target of building researchers and designers worldwide. Obviously, any
portion of energy that can be saved in this respect can be directed to industrial processes, if any. Building energy
consumption can be reduced through various systems such as air conditioning (a major building energy consumer),
lighting, equipment, etc. In regions where energy is limited or scarce, air conditioning would have to be replaced by
natural ventilation for the removal the building heat load for thermal comfort. In this article, results of an investigation
of natural ventilation criteria as affected by various factors are presented. In particular, the effects of opening location
and size (window-to-wall ratio) and building orientation relative to prevailing wind direction are considered. Flow
visualization and finite element techniques were adapted to gain better understanding of these effects. For flow
visualization, a smoke tunnel test facility was constructed at the Housing & Building Research Center and utilized to
test several idealized building models. On the other hand, a Computational fluid design software (ANSYS FLOTRAN)
was applied to the present problem. Both techniques (visualization and computation) gave clear pictures of what
happen inside the ventilated space under different opening locations and combinations for various wind directions.
Knowing the flow structure inside the ventilated space, it would be a simple task to evaluate the thermal comfort index
( ) for a given thermal load (internal heating, solar radiation, etc.). Also, such pictures should help architects to
propose good designs of natural ventilation systems in their buildings.

Keywords:

1. Introduction 

Since the mid 1970s there has been an urgent
need to reduce the use of energy in the heating

and cooling of buildings worldwide. In develop-
ing countries, the energy consumption for main-
taining an acceptable environment in buildings
constitutes the largest portion of the total energy
demand. In advanced countries, the proportion
of energy usage for buildings is larger than that
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used in other purposes (industrial processes,
transport, etc). Ventilation engineering is
required to assess the air leakage characteristics
of a given building and to design the ventilation
openings required. Recently, ventilation has
assumed a new dimension in the building design
process as a result of the much publicized sick
building syndrome. 

Ohba [3] described the effect of wind on the
ventilation system of such a half-enclosed build-
ing with a large opening to the outside. Video
image experiments were conducted of the court
space within a high-rise residential building and of
the space within a domed building with a remov-
able roof. Three-dimensional image pictures of the
court space in the high-rise residential building
were created using video imaging techniques
and the graphics software library. This enabled
better understanding of the whole ventilation
system. Also, the results indicated that in the
domed building with removable roof, one could
obtain 7.0 air changes per hour with an opening
ratio of 25% and the reference velocity of 3 m/s. 

Tsutsumi et al. [6] presented full-scale mea-
surements of indoor thermal comfort factors and
numerical simulation of indoor airflow. The mea-
surements were carried out in summer in two
dwelling units of apartment buildings, one ven-
tilated naturally through opening windows using
Tsuufuu (Japanese word like the cross ventilation)
and the other was unventilated. Full-scale mea-
surements of the wind and thermal environmental
factors in and around an apartment building
were carried out to examine the effect of indoor
airflow on thermal comfort. The results were
compared to estimate the change of thermal
comfort sensation with indoor air flow speed,
showing that the value thermal comfort index
PMV in the case of Tsuufuu is lower than that
in case without Tsuufuu. Computational fluid
dynamics (CFD) was applied to estimate the
indoor airflow caused by Tsuufuu. The numeri-
cal simulation results were generally in good
agreement with those of model experiments. 

Riffat [8] developed a unit combining light-
pipe technology and passive stack ventilation by
utilizing the light pipe as an exhaust stack. The
measurements of flow velocity air flow rates
and natural stack ventilation through the test
chambers were carried out using a constant
injection tracer-gas method. CFD was used to
investigate the simulated performance of the
passive stack ventilation through the integrated
system using software package FLUENT. The
results showed that CFD could be used as a suc-
cessful tool in such ventilation systems. 

Gan [4] developed the CFD program ventila-
tion of a room with turbulence and energy
exchange “VORTEX” for predicting the indoor
environment in mechanically and naturally ven-
tilated room. The program produced direct sim-
ulation of the thermal comfort indices PMV and
PPD and air quality of room. The results showed
that the predicted velocity and temperature were
in good agreement with measured values. 

In the present work an investigation was car-
ried out of effect of wind speed and direction on
thermal comfort for different window-to-wall
ratios (WWR) and the window location using
flow visualization and computational fluid
dynamic techniques. 

2. Test facility 

2.1. Wind tunnel facility

Taking into account the criteria suggested by
Cermak [2], a wind-tunnel test facility was
designed, built and tested at the Housing &
Building Research Center (HBRC) [5]. A simpli-
fied building model was constructed for wind
tunnel testing and was including heating elements
(for thermal measurements). The tunnel floor
was provided with a facility for setting the
model at any angle (a) relative to wind direction.
The wind tunnel has a working section 1.0 m wide,
1.0 m high and 2.0 m long serving the purpose
of testing building models of size that permitted
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the observation of phenomena with reasonable
accuracy. The duct was provided with a standard-
profile intake. Turbulence-generation grids were
constructed and mounted some distance ahead
of the test model to obtain turbulent shear-like
(ABL) atmospheric boundary layer profile. 

Test model: The model was constructed
from Plexiglas sheet 5-mm thickness and has a
dimension of 48 cm ´ 40cm ´ 10cm height as
shown in Fig. 1. The model walls had double
walls where thermocouples was fixed on the
inner surface of the internal wall and the pressure
tapping on the outer surface of the external wall
thermocouples was fixed at levels corresponding
to the standard levels (0.6, 1.1 and 1.8 m from
the floor). The floor was provided with the heating
elements. In order to complete the picture of
thermal analysis, thermocouples were fixed to the
upper surface of the Formica sheet (on the floor)
at different points. A data logger OMEGA-32
was used to record the temperatures. 

2.2. Smoke tunnel facility 

Because wind is invisible, wind flow patterns
around building cannot be easily conceived
unless the flow is visualized. Also, the difficulty
of carrying out field measurements around real
buildings consolidates the importance of resort-
ing to flow visualization which can be carried

out indoor as a check of the validity of analyti-
cal and computational solutions. Such flow
visualization makes it possible for architects to
propose suitable solutions for wind effects in
their building designs. Moreover, because of the
presence of regions of circulatory flow in front
of and downstream of buildings, the flow here
being very complex, it would be very difficult to
use hot wire, laser beam or Pitot probes to quan-
tify the flow pattern for comparisons with analy-
sis. It is therefore advised to visualize the flow
as streaks, stagnation, and separated flow and
reattachment zones around as well as inside
building models. This helps architects to allow
for natural ventilation systems in their designs. 

Several practical methods of flow visualizing
are available [1]. Such importance not only in
giving a clear qualitative pictures of flow phe-
nomena, but also, in some cases, in yielding
quantitative information. The selection of a par-
ticular method depends on type of fluid, speed,
temperature, turbulence, density variations, etc.
in the present work, the “smoke (kerosene must)
method” was adopted using a smoke tunnel facil-
ity that will be described hereafter. This technique
was selected for reason of simplicity, tidiness,
and suitability for detecting regions of separated
flow and eddies. Fig. 2 shows the smoke tunnel
test facility that was designed, built and tested at
HBRC [5]. As shown in Fig. 2 the tunnel con-
sists of a duct made up of five major sections: an
inlet section, a working section, a contraction, an
air source, and a smoke generator. The flow rate
is controlled by means of a potentiometer from
1.5 to 3.5 m/s. The tunnel duct was mounted
vertically to facilitate the flow of air-born smoke
filaments in the working section. 

Test model: The model is a parallelopiped-
shaped, 100 ´ 83 ´ 26 mm had eight identical
openings, four in front and four in rear walls.
Various combinations of openings were tested
(all closed but one open, some closed, all open)
It was constructed from Plexiglas sheet 2-mm.
All these flow visualization tests were carried
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Fig. 1.  Test Model. 
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out with same wind speed (2 m/s) and various
wind directions (a = 0o, 45o, 90o, and 135o). This
set of tests was intended to investigate the effect
of combinations of openings on flow configura-
tion inside the model (building space), hence on
thermal comfort therein. 

3. CFD Technique (“ANSYS” software 
package) 

During the last few years there has been great
interest in developing CFD computer program
for predicting the airflow in ventilated rooms.
Numerical simulation has a lot of advantage, for
example flexibility of the shape of houses and
setting the exact parameters of airflow. The
majority of these CFD program are based on the
solution of Navier–Stokes equations, the energy
equation, the momentum and concentration
equation as well as the transport equations for
the turbulent velocity and its scale. Because of
both the natural and airflow are regard as turbulent
flow, therefore, a mathematical model of turbu-

lence is needed for the numerical simulation.
The k–e turbulence model in which k is the tur-
bulence velocity and e is its dissipation, is one
of the most popular turbulence models. The k–e
turbulence model is usually known as an implicit
scale and currently it is most widely used
because of its applicability to the wide-ranging
flow problems and its lower computational domain
than more complex models that are available. 

In the present work an investigation was car-
ried out using ANSYS to examine the effect of the
combinations of two front windows for deferent
wind speed and directions on thermal comfort in
ventilated space in buildings. The ANSYS is
based on the finite element method and solves both
flow and thermal fields in any domain. A typical
model of a building with openings in various
combinations was considered for computation at
different wind speed and directions under a given
thermal load. The results of ANSYS consisted
of (i) local velocity inside the ventilated space,
which is averaged and used in the calculation of
computational (PMV), (ii) average temperature
inside the ventilated space which is averaged
and used in the calculation of thermal comfort
indices, (iii) local temperature on building walls
which are averaged and used in the calculation
of mean radiant temperature (Tmrt) which also used
in the calculation of thermal comfort indices.
The results will be analyzed and velocity-vectors
and contours discussed in the comparison with
visualizing findings (smoke-tunnel visualization).
Fig. 3 shows sample of the velocity contours
inside the ventilated space for two front wall win-
dows open with no rear wall open at wind speed
3.8 m/s, in a horizontal plane corresponding to
standard of 1.1 m from the floor. 

4. Results and conclusions 

Fig. 4 shows a comparisons between the
CFD results and experimental results carried out
in a smoke tunnel for flow pattern inside the test
model for two different front wall openings, no
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Fig. 2. Schematic for smoke tunnel. 
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rear opening. Figs. 5–7 show comparisons
between the CFD results and experimental
results at different wind speed and directions for
different combinations of two front windows
open (while the rear windows are closed, single-
sided ventilation). There is a good agreement
between the CFD and the experimental results
with accepted difference for all wind speed and
directions. It may be concluded that: 
1) The CFD techniques can be used success-

fully in the field of thermal comfort investi-

gation with accepted results, which can be
used by the architects and designer engineer-
ing in their design of buildings. A better flow
pattern (hence better ventilation) is obtained
in all cases with two openings compared with
one opening. 

2) In single-sided ventilation with two adjacent
openings it does not matter whether they are
right-, left-, or center-located. 

3) In single-sided ventilation with two non-
adjacent openings (corner located and center
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Fig. 3. Velocity contours inside ventilated space at wind speed = 3.8 m/s, in a horizontal plane corresponding to stan-
dard level of 1.1 m from the floor. 
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located) there is some improvement over the
case of two adjacent openings. In single-
sided ventilation with two non-adjacent

openings (one far left and one far right) give
better ventilation than two adjacent openings
(center-located). 
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