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ABSTRACT 
This paper presents a Boundary-Layer Wind Tunnel 
(BLWT) and numerical study on wind-driven natural 
ventilation for a low-rise building with multi-room 
partitioning, variable porosity size openings (in doors, 
windows and soffits), and a uniformly-distributed 
background leakage at a model-testing scale of 1:20. 
For the size of the building and openings considered, 
the experimental analyses indicated that the internal 
pressure due to cross-ventilation was 1.5 to 2.5 times 
higher when the ratio Ainlet/Aoutlet >1 compared to 
Ainlet/Aoutlet <1 . Room partitioning significantly 
affected the distribution of internal pressures, and 
hence the pressure drop, in the particular case 
considered the room partitioning enhanced the 
ventilation by breaking the large circulation zones that 
would have been produced for a single zone. The inlet 
discharge coefficients obtained in this experiment 
ranged from 0.65 to 1.08, similar to the results of 
various early studies. The numerical study further 
clarified the characteristics of the cross-ventilation 
with and without room partitioning. 

INTRODUCTION 
Most households today use domestic equipment and 
appliances that operate with electric energy generated 
by non-renewable sources. Active (mechanical) 
ventilation systems are one of the most common 
residential-sector equipment used today for indoor air 
quality (IAQ) and human comfort, which have a high 
energy consumption cost. Many historical buildings 
have passive and natural ventilation systems that utilize 
thermal buoyancy and wind flow. With growing 
awareness of greenhouse-gas emissions and the rising 
cost of energy, wind-driven cross-ventilation can be 
considered as one of the alternatives to reduce the cost 
of energy consumption, and create indoor 
environmental quality (IEQ) in some regions. Wind-
driven air circulation inside a building depends on 
pressure differences and the design process of 
buildings. A thorough understanding and assessment of 
airflow mechanisms is required to effectively and 
optimally utilize wind-driven natural ventilation.  

Full-scale measurement and numerical simulations 
show that buildings with wind-driven cross-ventilation 
have their indoor environment more comfortable than 
those without cross-ventilation (Papadakis et al. 1996). 
Computational fluid dynamics (CFD) and field studies 
performed on 3 and 4-room houses have also shown 
that the houses with doors opened for an appropriate 
cross-ventilation achieve a more reasonable ventilation 
performance than those with closed doors (Papadakis 
et al. 1996; Wong and Loke 2001). Moreover, the 
geometry and location of the building exhibited 
significant effect on the level of effective ventilation. 
Previous researches have shown that the effective 
ventilation of buildings and airflow in the built 
environment is highly correlated to the arrangement 
and configuration of buildings, room partitioning, 
location and porosity of dominant openings (i.e., doors 
and windows), topography, and wind direction (Ayad 
1999; Karava et al. 2007; Karava and Stathopoulos 
2009). This reveals that the potential of cross-
ventilation for maximum IAQ and human comfort 
requires careful consideration regarding the size and 
location of inlet and outlet openings and vents, as well 
as room sizes (Heiselberg et al. 2001; Heiselberg et al. 
2002; Mochida et al. 2005).   
Several parameters are involved in the study of internal 
pressure, both for effective natural-ventilation and 
design wind-load (Liu 1990). These have included, but 
have not been limited to the shape of buildings, 
location and porosity of dominant openings, fluctuation 
of external pressure at the openings, relative upstream 
wind direction with respect to the dominant openings, 
internal volume and compartmentalization, natural 
ventilation openings, and background leakages due to 
construction cracks and outlet ducts (Holmes 1979; 
Stathopoulos et al. 1979;  Liu and Saathoff 1983; 
Vickery 1986; Ginger et al. 1997; Sharma and 
Richards 2005; Oh et al. 2007; Sharma 2007; Kopp et 
al. 2008;  Karava and Stathopoulos 2009). While 
effects of compartmentalization due to room 
partitioning on internal pressures were studied by Liu 
and Saathoff (1983), and ceiling partitioning effects by 
Kopp et al. (2008), Bloxham and Vickery (1989) also 
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showed that the effect of porosity was of little 
significance if the leakage area was less than 10% of 
the windward-dominant opening area. A full-scale 
boundary layer and separately-performed numerical 
studies showed the sensitivity of internal pressure 
characteristics to the size of the dominant openings, as 
well as the size of the internal volume (Ginger et al. 
2008; Holmes 2009; Sharma et al. 2010). Recently a 
review on natural ventilation is provided by Jiru and 
Bitsuamlak (2010). 
The main objective of this paper was to study the 
internal pressure dynamics for a low-rise building with 
a focus on cross ventilation for selected door and 
window porosities, along with soffit openings, a 
uniformly-distributed background leakage, and a 
realistic room partitioning arrangement.  

METHDOLOGY 
Boundary Layer Wind Tunnel setup: 

A typical low-cost, low-rise test-building model with a 
5:12 hip roof slope constructed at a model scale of 1:20 
was studied in RWDI USA Inc. BLWT in Miramar, 
Florida. The model was constructed from Plexiglas 
sheets. The test-building model had an equivalent full-
scale plan dimension of L= 15.44m (50.67ft.) by 
W=7.92m (26.00ft.) with a roof eave height of 
h1=2.49m (8.17ft.). The total effective height of the 
building level was 4.57m (15ft.) (i.e., the building had 
an attic room with height h2=2.08m (6.83ft.) (Refer to 
Fig. 1).  

Fig. 1 Test model setup inside the wind tunnel. 
The building had a number of dominant openings 
(doors and windows), soffit vents, and uniformly-
distributed background leakages. All the dominant 
openings and vents were a replica of a typical low-cost, 
full-scale low-rise building in South Florida, USA.  In 
addition, the external envelope of the building had a 
series of uniformly distributed circular holes (1.59mm 
(1/16in.) in diameter) simulating background leakage 
due to cracks and joints. In all the cases studied, the 
background leakage was set at 0.1% of the respective 
envelope surface area. Similarly, the ceiling partition 
was provided with a uniformly distributed background 
leakage. Cross-ventilation of the attic space was 

provided by implementing soffit openings based on the 
prevailing building codes. Details of the porosity 
arrangements are given in Table 1. The percentages 
represent the ratio of the openings area with respect to 
windward wall area. 
 Table 1. Summary of experimental plan 

 
In order to examine the overall envelope pressure 
distribution on the building (both external and internal 
pressures), 156 pressure taps were used.  A total of 132 
taps were placed to evaluate the pressure fluctuations 
at the entrance of the dominant openings. Since it was 
difficult to capture wind flow characteristics at a 
dominant opening without disrupting the flow field, 
only representative numbers of pressure taps were 
placed at the periphery of each opening. Only area 
averaged-pressure readings were considered, rather 
than measuring the external pressure on the sealed 
body, since the latter one causes major discrepancies 
for dominant openings with porosities greater than 
10% (Snykers 1970; Vickery and Karakatsanis 1987; 
Ernest et al. 1992). A total of 24 pressure taps were 
uniformly placed inside the living room (on both 
ceilings and floors) to capture the overall internal 
pressure fluctuations inside the building. For the test-
building model with room partitioning, additional 
pressure taps were installed at the center of each wall. 
Measurements were obtained for a total of 40o wind 
angle of attack (AoA) in 10o increments (i.e., all the 36 
wind directions in 10o increments), and an additional 
four 45o, 135o, 225o, and 315o

 AoAs to capture oblique 
wind effects in a high resolution. For symmetrical 
opening and geometric cases, however, reduced tests 
were carried out accordingly. A 0o or 360o AoA was 
normal to the south-facing wall, and 90o AoA was 
normal to the west-facing wall. The pressure time 
histories from all taps were sampled at a rate of 512 Hz 
for 90-second duration.  
For the present study only the lower 40m of the 
atmospheric boundary layer (ABL) was simulated in 
the Wind Tunnel (Fig. 2a) with a length scale of 1:20 
similar to the procedure used by Kopp et al. (2008) for 
their 1:50 scale model. The approach mean velocity 
and turbulence intensity profiles are shown in Figs. 
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2(b) and 2(c), respectively. Longitudinal turbulence 
spectrum of the developed open profile was also 
compared with von-Karman spectrum as shown in Fig. 
2(d). Reference wind-speed data was recorded in the 
absence of the test-building model for 90-second 
duration at a frequency of 512Hz. A mean reference 
wind-speed of 8.95 m/s (20.03 mph) was considered at 
mid-height of the building. Wind-driven cross-
ventilation test configurations with and without room 
partitioning on dominant openings on opposite side 
wall were considered as described in Table 1.  

 
Figure 2:   (a) Trapezoidal planks and triangular floor 
rough elements used to develop open exposure for the 
bottom 30 m, (b) mean wind speed profile, (c) 
turbulence intensity profile, and (d) longitudinal 
turbulence spectrum [at 3.81cm (1.5in) height in the 
model scale 1:20]. (BLWT) 
 
Pressure and Discharge Coefficients 

The non-dimensional internal pressure and external 
pressure coefficients at each pressure tap location were 
calculated by referencing measured pressures to the 
mean free-stream dynamic pressure as given in 
Equation 1. The mean and the root-mean square (RMS) 
values of coefficient of pressure for each tap was 
obtained by taking the average and the standard 
deviation of the 90-second recorded differential 
pressure, respectively. The observed peak pressure 
coefficients from the pressure time history were used.   

   

                                                         [1] 

where Pij  and Pej are the measured internal and 
external differential pressures, respectively at the j

th 
tap; Po is the mean static pressure at the reference 
height, ȡ is air density taken as 1.225Kg/m3; ܸ is the 
mean wind speed measured at roof mid height (i.e., 
between eave and ridge) of the building.  
Wind-driven natural ventilation flow computation is 
often carried out using the Bernoulli’s equation for 
steady and incompressible flow and conservation of 
mass. The discharge coefficient is introduced to 
account for the losses due to friction, turbulence and 
other related factors in the opening. For wind-driven 
cross-ventilation in low-rise buildings, the equivalent 
opening area is computed by taking the arithmetic sum 
of those openings in parallel and the sum of the 
reciprocal of the squares of those openings in series as 
shown in Fig. 3.   
Similarly, the total discharge coefficient was obtained 
by rearranging the inlet and outlet discharge 
coefficients as shown in Fig. 3. Cd_inlet and Cd_outlet are 
given in Equation 2.   

,  

ௗ_௧ܥ = ௗଵܥ =
ݑ

ܸ൫ܥ௪ െ ൯ܥ
.ହ 

ௗ_௨௧௧ܥ = ௗଶܥ =
௨

൫ି൯
బ.ఱ      

 [2] 
where Cpew  and Cpel are windward and leeward 
external pressures respectively;  u/V is local to mid-
height roof reference velocity.  

 

Fig. 3 Total discharge coefficient and equivalent area. 
 

Numerical model setup: 

The commercial software ANSYS FLUENT 13 was 
utilized for the three-dimensional numerical 
simulation. The governing equations were the 
Reynolds Averaged Navier-Stokes (RANS) equations, 
together with the SST k-Ȧ turbulence model. The 
computational domain (CD) was delineated using the 
Height (H) of the model building as a reference. The 
CD was extended vertically 6H above the ground level. 
In the flow direction, the CD was extended 10H from 
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front wall to the inflow boundary and 10H from the 
back wall to the outflow boundary. The latter allows 
the flow re-development behind the wake region. The 
CD consisted of 1.6 million cells for without 
partitioning wall simulation and 2.1 million for with 
partitioning wall simulation.  The first grid point was 
placed at a distance 1 cm from near walls (Fig. 4). In 
addition, the inlet velocity profile with power 
coefficient of 0.15 and constant turbulence intensity TI 
= 20% were applied to the whole upstream face of the 
computational domain. A SIMPLE solver was used. 

 
Fig. 4. Grid distribution for full-scale model building 

DISCUSSIONS AND RESULT ANALYSIS  
The Effects of Relative Opening Size: Porosity and 

inlet-outlet opening area ratio  

The impact of porosity sizes of dominant openings on 
the internal distribution was analyzed using Case 1 and 
Case 2 with small and large dominant openings, 
respectively and without room partitioning (Table 1).  
For opposite-side cross-ventilation, the relative 
difference in internal pressure between Case 1 and 
Case 2 depended on the wind direction (AoA), which 
were distinctively categorized in (1) Region 1 (270o to 
360o) and (2) Region 2 (360o/0o to 90o) as shown in 
Fig. 5. As a reference, the wind’s AoA between 0o and 
90o was represented as 360o to 450o on the figure. In 
Region 1, the internal pressure for Case 2 was higher 
than Case 1. At 270o AoA, the ratio of the porosity of 
the windward opening to the leeward opening was 1.58 
and 0.69 for Case 2 and Case 1, respectively. In Region 

2, the internal pressure for Case 1 was higher than that 
of Case 2. In Region 2, the ratio of the porosity of the 
windward opening to the leeward opening became 1.45 
and 0.63 for Case 1 and Case 2, respectively. In this 
region, the internal pressure for Case 1 was higher than 
Case 2, particularly at 90o/450o AoA. When the ratio 
Ainlet/Aoutlet>1, the internal pressure due to cross-
ventilation was found to be 1.5 to 2.5 times higher than  
Ainlet/Aoutlet<1.  

 
Fig 5. Internal pressure for different opening size 
(BLWT) 
Further, the sensitivity of wind-driven cross-ventilation 
to inlet-outlet ratio of the openings was investigated. 
For the building under consideration, the inlet opening 
was different from the outlet opening (i.e., Ainlet ��
Aoulet). An average of 12 pressure taps considered in 
computing the statistical characteristics of the internal 
pressure was found to be uniform for the cases under 
investigation. Figure 6 illustrates the internal pressure 
variation with respect to windward wall porosity, and 
inlet to outlet opening area ratio. As shown in Fig. 5, 
the mean and maximum Cpi increased as the inlet to 
outlet ratio Ainlet / Aoulet, and the windward porosity 
ratio increased. 
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Fig 6. Internal pressure vs. inlet to outlet ratio and 
windward porosity. (BLWT). 
This relationship was observed for the cross-ventilation 
through opposite walls. The max Cpi was between 
120% to 150% higher than the mean Cpi for a cross-
ventilation through opposite sides. 
Effect of room partitioning on cross-ventilation 

Additional test cases involving multi-room partitioning 
and cross-ventilation through opposite-side openings 
were investigated to demonstrate the overall 
characteristics of flow dynamics inside each room in a 
typical low rise building. Figures 7(a) and (b) show the 
comparison of pressure distribution for cross-
ventilation through opposite-side openings (10% 
porosity) with and without multi-room partitioning. 
These figures show that for a building with cross-
ventilation openings, the presence of room partitioning 
has a significant effect on the distribution of internal 
pressure, and hence, the pressure drop. For Case 1a, 
where there is no room partitioning, the internal 
pressure showed a minor change from a Cpi = 0.24 at 
the inlet to a Cpi = 0.3 towards the rear side. However, 
for the building with room-partitioning (i.e., Case 1b), 
the internal pressure at the inlet was 2 to 3 times higher 
than the outlet side. The inlet pressure coefficient for 
case with partitioning was almost twice the case 
without partitioning.  

 
 

 

 
Figure 7: An overall internal pressure distribution 
comparison: a&b) cross-ventilation for 10% porosity 
without (Case 1a) and with room partitioning (Case 
1b); c&d) cross-ventilation for 22% porosity without 
(Case 2a) and with room partitioning (case 2b) for 
AoA 2700. (BLWT) 
Although all the rooms were left open, there was a 
considerable variation in internal pressures around the 
rear side of the building (where the bedrooms were 
located) in contrast to that without partitioning at the 
same location. Similar results were obtained for cross-
ventilation with 22% porosity, as shown in Figures 7(c) 
and 7(d). In this case, because of the increase in 
porosity size, the mean internal pressures doubled for 
both buildings with and without multi-room 
partitioning (compare Figures 7(a) and 7(b) versus 
Figures 7(c) and 7(d)). In Case 2b, i.e. with 
partitioning, the reduction in internal volume due to 
room partitioning resulted in a gradual reduction in the 
internal pressure from a high value around the inlet to a 
low value around the outlet. However, in Case 2a i.e. 
without partitioning, the internal pressure increased 
steadily, showing only a 7% change between the inlet 
and the outlet region. This clearly showed that the high 
gradient (pressure drop), and hence the cross-
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ventilation inside the building which was considerably 
influenced by the multi-room partitioning, played an 
important role in increasing the flow rate and air 
exchange inside the building. This also can be clearly 
seen from the numerical simulations as shown in Figs 
8(a) and (b) for Case 2a and Figures 8(c) and (d) for 
Case 2b. The streamlines in figure 8(c) indicate faster 
airflow inside the rooms compared with the no 
partition case (Figure 8(a)). 

 

 

 

 
Figs 8: Flow streamlines and velocity vectors for Case 
2a (without partitions) (a&b) and Case 2b (with 
partitions) (c&d). (CFD) 
 
 Inlet and Total Discharge Coefficient 

The pressure drop between the inside and outside of 
the building envelope is the driving force for the 
volumetric airflow rate Q and effective ventilation 
between the inlet and outlet openings during wind-
induced natural ventilation of a building. Thus, the 
characteristic of the pressure drop determines the 
potential of the natural ventilation to provide comfort 
as well as IAQ. The theoretical volumetric flow rate 
was computed from mass and momentum conservation 
principles. The discharge coefficient Cd accounted for 
the frictional, turbulence and viscous-related losses, 
and depended on the geometry of the building, shape 
and geometry of the opening, AoA, porosity ratio of the 
inlet Ainlet / Awall, as well as the ratio of inlet to outlet 
opening Ainlet / Aoulet.   
Table 3: velocity ratio (u/Vr) comparisons 

   Study u/Vr Vr(m/s) 

Present study 0.55-0.78 8.954 

Karava et al. (2007)  0.5-0.63 7.2 

Hu et al. (2005)  0.45 7.0 

Etheridge (2004)  0.6 4.0 

Sawachi et al. (2004)  0.5 3.0 

Murakami et al. (1991)  0.64-1.0 N/A 
In the present study, a building with various ranges of 
porosity and local to mid-height roof reference velocity 
u/Vr was employed to examine the characteristics of 
discharge coefficient and its effect on the volumetric 
flow rate during cross-ventilation. The local velocity at 
the center of each dominant opening was obtained 
using a cobra-eye tube. The ratio u/Vr obtained in this 
experiment and from previous research works are 
shown in Table 3.  

(a) 

(b) 

(d) 

(c) 
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The range of values of local to mid-height roof velocity 
obtained in this experiment falls into the data range 
obtained in literature (Murakami et al. 1991; Etheridge 
2004; Sawachi et al. 2004; Hu et al. 2005; Karava et al. 
2007). In this experiment, the opening configurations 
that affected the local velocity and discharge 
coefficients were prepared in such a way that the 
openings represented the full-scale building openings’ 
characteristics (rectangular doors and windows with 
their respective practical jamb thickness). The wider 
spectrum of the ratio observed gives an idea on how it 
influenced the variation of discharge coefficient. 

CONCLUSION 
The paper presented evaluations of wind-driven natural 
ventilation in a low-rise building having variable 
configuration of dominant openings, background 
leakage and room compartmentalization using a 
Standard Boundary Layer Wind Tunnel and numerical 

study. The following conclusions are drawn: 
x With regard to effects of porosity on cross-

ventilation, it was obtained that the higher the ratio 
of the inlet to outlet opening, or windward 
porosity ratio, the higher would be the internal 
pressure. It was also obtained that the internal 
pressure due to cross ventilation was 1.5 to 2.5 
times higher when the ratio Ainlet/Aoutlet>1 
compared with Ainlet/Aoutlet<1. 

x The study also examined the characteristics of 
discharge coefficient with respect to porosity ratio 
for  opposite-side openings. It was shown that the 
total discharge coefficient Cd_total and the 
ventilation rate Q/(VrA) were highly dependent on 
the porosity ratio. The higher the porosity ratio, 
the higher was the Cd_total and Q/(VrA). For the 
same inlet-to-outlet opening ratio, the discharge 
coefficient obtained for the building with 10% 
porosity ratio was 40 to 45% higher than the 
building with 6% porosity. The numerical study 
was found very useful in explaining the cross-
ventilation characteristics. 
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