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Summary 

A 1: 20 scale model of a low-rise naturally ventilated building was tested in a wind tunnel. 
External pressure coefficients were determined for an open model with various combinations 
of ridge, sidewall and end wall openings, as well as for a sealed model. The pressure 
distribution is influenced by all structural modifications at various wind angles. The differ
ences between the open and sealed models were pronounced especially at the ridge and the 
leeward sidewall. In general, the more opening areas a building has, the larger is the 
discrepancy in pressure determined for the open versus sealed model. 

1. Introduction 

During hot weather, naturally ventilated agricultural buildings depend 
mainly upon wind induced forces to evacuate gases and excess animal heat 
from the building. However, following an extensive literature review [1], it was 
found that very few studies are currently available for examination of the 
complete pressure distribution around such agricultural buildings [2-8]. In 
fact there is no precise pressure coefficient data set which is immediately 
applicable to low-rise agricultural buildings with large continuous sidewall 
openings in combination with a series of intermittent chimneys or a large 
continuous ridge opening. 

The objective of this study was to measure pressures on a low-rise, naturally 
ventilated building in order to: (1) observe the effects of wind direction on the 
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pressure distribution around the building, (2) examine the effect of various 
structural configurations such as sidewall, end wall and ridge openings on the 
pressure distribution, and (3) compare the results for sealed versus open 
models. 

2. Method and procedure 

Different scale models have been used in the past for the purpose of flow 
visualization and airflow measurements in natural ventilation studies. The 
effects of scaling on the internal flow velocity and natural ventilation measure
ments have been discussed by many researchers [9-14]. 

2.1. Description of scale models 
Figures 1 and 2 present the dimensions and the pressure tap locations of the 

sealed and open models. These are 1 : 20 scale models of a typical dairy or swine, 
gable roof barn 12.2 m wide by 24.4 m long, having 2. 7 m high sidewalls, a roof 
with a 4/12 slope (18.4°), and a 0.3 m eave overhang. There are no interior 
partitions and the ceiling has the same slope as the roof. Both figures show 10 
windows on both sidewalls and 2 windows on both end walls. In the open model, 
two sizes of sidewall windows were tested, one having a dimension of 
110 mm x 40 mm which simulated a continuous opening 800 mm high, the other 
having a dimension of 110 mm x 55 mm which simulated a continuous opening 
1100 mm high. The former size of sidewall window was equal to 27% of the 
sidewall surface and the latter to 37%. A vertical support was left between 
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Fig. 1. Tap locations for the open model. 
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each window, which represented the building's structural posts, spaced 2.4 m 
apart. The size of each end wall window was 60 mm x 100 mm. 

Three roof opening configurations were tested. As shown in Figs. 1 and 2, 
four chimneys 26 mm x 26 mm (interior dimensions) (520 mm x 520 mm, full 
scale) were used in order to respect the recommended minimum ridge opening 
[15,16] for livestock housing. Also, continuous ridge openings of 7.5 mm and 
20 mm (150 mm and 400 mm full scale) were selected because they are com
monly used today in agricultural buildings [7,11,13-16]. Expected high nega
tive and positive pressures towards the ends of the building explain the higher 
concentration of taps near the ends of the sidewalls and ridge [3- 8]. 

Figures 3 and 4 show the locations of the pressure taps for the sealed and 
open models. With the sealed model the pressure coefficients were measured on 
the simulated chimneys or continuous ridge openings without having actual 
outflow through the opening. The intent was to measure the pressure gener
ated by the obstacle inside the cavity. With the open model, a set of four taps 
around the chimneys was used, tentatively assuming that the same suction 
would apply to the chimney's outflow. For the open ridge tests, taps were 
located as closely as possible to the ridge edges on the windward and leeward 
sides of the continuous ridge opening (Fig. 4). 

The tests are identified with the following symbols: OP= open model, 
SE =sealed model, 150 or 400 =the full scale ridge width in mm, 800 or 
1100 =the full scale sidewall opening in mm, C =closed end wall, and 0 =open 
end wall. Each of these variables was studied for seven wind angles of inci
dence, 0°, 10°, 20°, 30°, 45°, 60°, and 90°, where 0° represents winds parallel to 
the building length. More measurements were made between 0° and 45°, 
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because the pressure pattern was expected to change more within this octant 
[2-8]. A total of 84 and 21 tests were performed for the open and sealed model, 
respectively. 

2.2. Wind tunnel 
The 2 x 3 m low speed wind tunnel of the Institute for Aerospace ·Research, 

National Research Council Canada in Ottawa was the testing site for this 
study. An isothermal boundary layer flow representative of the wind for the 
lower neutral atmospheric surface was simulated in order to study the wind 
loading over this low-rise buildings [2-5,8,12]. The necessary conditions were: 
undistorted scaling of the model geometry, vertical profile of wind speed, 
turbulence intensity, turbulence integral scale, and small blockage of the wind 
tunnel. 

For the simulation of natural wind, several spires were installed at the 
upstream end of the test section. These spires were designed to produce a 0.35 m 
thick turbulent boundary layer with the power law exponent of 0.173, and 
turbulence intensities of 7.9% and 11 % at the ridge and eave heights, respec
tively. This was considered a typical representation of flow over open country 
terrain. It was not feasible to reproduce the atmospheric turbulence integral 
scale. However, other work [3,6] suggested that this criteria could be relaxed 
for the measurements of average pressure coefficients. Consequently, prelimi
nary tests on the effects of sampling time [3] on the measurements of the 
average pressure coefficient were made. The results indicated negligible differ
ences between average pressure coefficients when the sampling time was above 
3 s using a 200 Hz sampling frequency. 

For the present study, the freestream speed was 20 m/s and the reference 
wind speed was about 16 m/s at mid-wall height of the scale model, giving 
Re= 6.5 x 10~ by taking the building width as a linear dimension. The selection 
of a scale of 1: 20 and a freestream wind speed of 20 m/s was appropriate with 
respect to the recommended minimum Re=2x10~[12], which should be main
tained for natural ventilation studies. 

2.3. External pressure coefficients 
Contour lines were used to plot the external pressure coefficients over 

the building surfaces. The mapping program Macdrain [17] was adapted to 
produce these contour lines. The program interpolates between tap values 
and extra palates over the control surface. For the sealed model, 30 tap 
locations were used on each sidewall and 8 on each end wall. For the open 
model, 26 taps locations were used on each sidewall and 8 on each end wall 
(Figs. 1 and 2). For both model conditions, the pressure distributions for the 
chimneys and continuous 150 mm and 400 mm ridges were numerically repres
ented using 10 tap locations for the sealed model and 20 tap locations for the 
open model. 
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3. Results and discussion 

3.1. Open model 
The results of the open model are used as the reference for comparisons. All 

pressure coefficients are based on the wind speed at the 10 m height. 
Figures 5 and 6 present the results for the chimney, simulated 800 mm 

sidewall openings and closed end wall tests, (OP-CH-800-C) for 8=0° and go0
, 

respectively, where B represents the wind angle of incidence. The results at 
B = go0 (Fig. 5) show a uniform pressure distribution along the windward side
wall. The contour lines indicate a slight increase in the pressure from the base 
to the top of this wall (near the overhang). This phenomenon was also noted by 
other researchers [5,6,8]. The pressure distribution on the leeward sidewall is 
fairly uniform along its length. On the vertical axis, there is an average 
pressure coefficient difference of0.15 from the base of the wall to the overhang 
height (Fig. 5). Similar behaviour for full scale buildings have been reported 
elsewhere [18,19]. Both end walls are subjected to a large pressure gradient 
from the upwind to the downwind edge and show similar contour lines as 
compared to previous reports [2-8]. 

The pressures are generally negative along the ridge. Higher suctions (nega
tive pressures) were recorded on the leeward side of the ridge as compared to 
the windward side. This observation is consistent with other researchers 
[2-8,18,lg]. However, in contrast to most of the previous reports with regular 
closed ridge, pressures noted here are not uniform along the ridge. This would 
be attributed to the presence of the chimneys. Complete sets of pressure 
coefficient contour lines for B = 10°, 20°, 30°, 45°, and 60° are presented else
where [3]. 

At B = 0°, the pressure distributions along both sidewalls are very similar. 
The suction declines to mid-length of the building and then stabilizes over the 
remainder of the sidewall. The pressure distribution over the upward end 
wall for B = 0° behaves in the same way as over the windward sidewall for 
B = go0 except that the vertical pressure gradient is influenced by the shape of 
the roof. 

3.1.1. Effect of sidewall openings with closed end walls 
Figure 5 (OP-CH-800-C) versus Fig. 7 (OP-CH-1100-C) reveals that for 

B =goo, the windward sidewall shows slightly higher pressures with the 
1100 mm opening versus the 800 mm opening. However, the suction over the 
leeward sidewall is consistently greater for the 1100 mm opening. Although 
notincluded, the same increase in suction on the leeward sidewall has been 
noticed in other tests with 150 mm and 400 mm ridges [3]. The end wall and the 
chimney pressure distributions were not affected by the increase of the side
wall opening area [3]. 

The data for B = 60° and 45° showed different pressure distributions over the 
windward sidewall surface. Higher pressures were recorded with the 800 mm 
opening as compared to the 1100 mm opening at the upwind corner of the 



w1 

Y. Choiniere et al./ Wind tunnel study of pressure distributions 

-.61-1.06 
-.52-.50 

0 

-.64-.89 

-.69-1.49 

0 

-.56--1.02 

-.61-1.11 

D 

-.67-1.30 

-.57-1.20 

-.36-'?57 
-.59-1.16 

o~ 

~ ~ 

77 

Fig. 5. CP contour lines: open model, chimney, simulated 800 mm sidewall openings, closed 
end walls, wind angle of 90°. 

sidewall. The larger sidewall opening area (1100 mm) may allow air to go 
through the opening area, reducing the blockage or the turbulent upwind 
effect at the corner. On the other hand, the increase in outflow through the 
leeward sidewall seems to create slightly higher suction. 
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At()= 30°, 20°, and 10°, the 1100 mm sidewall opening induced greater suction 
at the upwind corner of the windward wall while the pressures over both end 
walls, leeward sidewall and chimneys remained unchanged. For () = 0°, the size 
of the opening area had no effect on the pressure distribution elsewhere on the 
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wall surfaces. Comparing data for continuous ridge openings of 150 mm versus 
400 mm [3] shows similar effects of the sidewall opening areas on the pressure 
distribution. The increase in the ridge opening accentuates the difference in 
suction on the leeward sidewall at e = 90°, 60°, 45° and shows very similar 
results for the upwind windward corner at 0=30°, 20°, 10° and 0° [1,3]. 
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Based on all the tests, it can be concluded that increasing the sidewall 
opening size from 800 to 1100 mm, with closed end walls, results in the follow
ing: 
(1) higher pressure over the windward corner at 8=45° and 60°. 
(2) higher suction over the windward corner for the 1100 mm case at 8=10°, 20° 

and 30°, 
(3) higher suction over the leeward wall for the 1100 mm case for 8 = 60° and 

90°, and 
(4) negligible effect at 8=0°. 

Similar behaviour was observed with ridge openings of both 150 mm or 
400mm. 

3.1.2. Effect of end wall openings 
By comparing Figs. 6 (OP-CH-800-C) and 8 (OP-CH-800-0) at 8=0°, both 

the sidewall and chimney pressure distributions show no difference with either 
closed or open end walls. Major changes in pressure distribution occur, how
ever, over the upwind end wall when end wall windows are open. With open 
end walls, there is a gradual decrease in pressure over the end walls from the 
center to the ridge and sides, while with closed end walls (Fig. 6) pressures are 
generally lower at the center and increase towards the sides. Also, the largest 
difference in pressure between open and closed end walls occurs at the window 
location showing the large effect of the inflow through the window. Suction 
was slightly higher on the down wind sidewall when the end wall was open. 

Other data for 8=10° to 90° [3] shows only minor changes in the pressure 
distribution over both upwind and down wind sidewalls. Also, no significant 
change was noted in the pressure distributions at chimney level. 'With the 
larger sidewall opening area of 1100 mm, similar effects on the CP distribution 
are noticed as compared to the 800 mm sidewall opening. 

With both the 150 mm and the 400 mm ridges, there was a general tendency 
to have slightly lower suction at ridge level, with open end walls and with wind 
angles between 60° and 0°. 

Based on the pressure distributions noted for all tests, it appears that open as 
compared to closed end walls, result in the following: 
(1) a very small effect on the pressure distribution at both sidewalls and 

a negligible effect on the chimney around the scale model, 
(2) major changes in the pressure distribution over the windward end wall, and 
(3) slightly reduced suction at the ridge level for both 150 mm and 400 mm 

ridge openings, for 8 = 60° to 0°. 

3.1.3. Effect of ridge openings 
Figures 5 (OP-CH-800-C), 9 (OP-150-800-C) and 10 (OP-400-800-C) are 

used to compare the effect of the ridge opening on the pressure distributions. 
At 8 = 90°, the pressures on the windward sidewall are not affected by ridge 
opening type, but the suction on leeward sidewall, for both the 150 mm and 
400 mm ridges increased from about -0.1 to -0.2 as compared to with the 
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chimney. Also, the average suctions along the ridge with the chimneys are 
about 4 times higher than those to with the 150 mm or 400 mm ridge openings. 
The higher suctions along the ridge with the chimneys accompanied with 
lower leeward sidewall suctions may be explained by considering fl.ow over the 
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building. Based on full scale observations, it has been reported that outflow 
through the continuous ridge opening has a large effect on the pressure 
distribution [19,20]. The outflow disturbed the typical fl.ow separation pattern 
at the ridge line. Also, from Figs. 9 (OP-150-800-C) and 10 (OP-400-800-C), it 
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appears that the larger outflow exhausted by the 400 mm ridge generates 
slightly higher suction at the ridge. 

At 8=60°, the pressure contour lines over the windward sidewall were quite 
similar regardless of the ridge type [3]. The suction on the leeward sidewall was 
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lowest with the chimneys and highest with the 400 mm ridge. The pressure over 
the windward end wall did not change with ridge opening type, but the leeward 
end wall experienced lower suctions with the larger ridge opening. The chim
ney suctions were consistently higher (about twice more negative) than the 
150 mm and 400 mm ridges, and the suction for the 400 mm ridge are slightly 
higher than the 150 mm ridge. 

Ridge opening type had little effect on pressure distribution for 0=30°. The 
400 mm ridge opening induced slightly higher suctions as compared to the 
150 mm ridge opening. 

Finally, at 0=0°, flow disturbances induced by the chimney vertical 
members and flat roof caused some local pressure variations. However, 
in general, pressure distributions were broadly similar for all three types 
of ridge openings. The ridge opening type induces the following general 
effects: 
(1) the chimney suction is higher than 150 mm and 400 mm ridge openings for 

0=45°, 60° and go0
, 

(2) for 0 = go0
, the 400 mm ridge opening induces slightly higher suctions at the 

ridge compared to the 150 mm ridge opening (no difference was noticed for 
the other angles), 

(3) the larger ridge opening gives slightly higher suctions over the leeward 
sidewall for 0 = 45°, 60° and go0

, and 
(4) suction along the ridge was not greatly affected by size of sidewall 

opening. 

3.2. Sealed model results 
The measured pressure distributions around the sealed model with various 

configurations are presented in Figs. 11 (SE-CH), 12 (SE-150) and 13 (SE-400). 
The type of ridge opening has an effect on the pressure distributions. At 
O=go0

, the positive pressure over the windward sidewall increases slightly 
as the ridge opening width changes from 400 mm to 150 mm, and finally 
they are the highest with the chimneys. For the leeward sidewall, the 400 mm 
opening shows the smallest suctions with a gradual increase with the 150 mm 
and the highest suctions are noticed with the chimneys. The reverse situation 
occurs with the ridge opening types. The lowest suctions are noticed with the 
chimneys and the suction rapidly increases through 150 mm to reach their 
peaks with the 400 mm ridge. Based on other data [3], at 0=0°, the ridge 
opening type has little effect on the pressure distribution on the sidewalls 
and end walls. Based on the results of the sealed model, the following are 
noted: 
(1) at () = go0

, all three ridge opening types have different effects on the pres
sure magnitudes over the windward and leeward sidewalls, 

(2) at () = 90°, the 400 mm ridge induces higher suction along the ridge as 
compared to the 150 mm ridge or chimneys, and 

(3) at 0 = 0°, no difference in pressure distribution is noticed over the ridge, 
sidewalls and end walls. 
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3.3. Sealed versus open models 
3.3.1. Tests with chimneys 

85 

The comparisons of Fig. 5 (OP-CH-800-C) with Fig. 11 (SE-CH) reveals 
large differences in the pressure distribution caused by the opening of the 
model. For the case of the open model with a wind normal to the building 
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length (90°), for example, the pressure distribution on each sidewall is more or 
less uniform whereas with the sealed model there are higher pressures at the 
centre of the windward wall and a reduction of suction at the centre of the 
leeward wall. Similar tendencies on sealed models have been reported else
where [2-6,8]. The porosity due to the openings allows air to go through the 
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model resulting in more uniform pressure over the walls. The suctions along 
the ridge are considerably higher for the sealed model than for the open 
model. 

For the other wind angles from 0° to 45°, the windward and leeward sidewalls 
have different pressure distributions [3]. A larger gradient of pressure occurs 
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with the sealed model from the upwind to the downwind end of the building. 
Also, the suction over the chimneys are higher with the sealed model. 

The enlargement of the sidewall opening from 800 mm to 1100 mm increases 
the differences in pressures between the sealed and open models. When end 
wall openings are used, large differences are noticed at both end walls and the 
CP distributions and magnitudes are completely different for the open versus 
the sealed model. Generally, the comparison between sealed and open models 
with the chimneys show that: 
(1) with the sealed model, chimney suctions are always higher as compared to 

the open model, 
(2) the pressure distributions over the sidewalls are considerably different for 

all wind angles except 60°, 
(3) with the larger sidewall opening of 1100 mm the difference of the pressure 

distributions between sealed and open model results is accentuated, and 
(4) when the end wall openings are made, pressures on open model end walls 

are completely different as compared to the sealed model. 

3.3.2. Tests with 150 mm and 400 mm ridges 
The comparisons between Figs. 9 (OP-150-800-C) and 12 (SE-150), as well 

as between Figs. 10 (OP-400-800-C) and 13 (SE-400) tend to show that the 
larger the opening areas are, the larger the differences in pressures and pressure 
distributions between the open and sealed models. For all wind angles with the 
sealed model, very high suctions along the ridge level are noted while suctions 
over the leeward sidewall are smaller. From the results of the sealed versus 
open models, with 150 mm and 400 mm ridge, the following points can be made: 
(1) the suctions along the ridge are considerably higher with the sealed model, 
(2) the suctions over the leeward walls are higher with the open models, 
(3) with the end walls open, the pressure distributions over both end walls are 

completely different for the sealed models versus the open models, and 
(4) when the sidewall opening areas in the open model are increased 

from 800 mm and 1100 mm, larger differences in pressures and pressure 
distributions occur. 

3.4. Methodology for CP measurements over ridge openings 
Comparing Fig. 5 (OP-CH-800-C), Fig. 7 (OP-CH-1100-C), and Fig. 11 

(SE-CH), a difference of pressure distribution is observed between the open 
and sealed models with chimneys. With the open model, the measurements 
were made on the edge of the ridge line (Fig. 4) while they were measured 
inside the chimney with the sealed model (Fig. 3). 

The method used for estimating the pressure coefficient for the chimney in 
the open model requires further investigation. With the present method, it is 
assumed that the effective pressure applied to the chimney is the average of the 
four nearest pressure tap readings. This assumption means that the pressure 
coefficients generated by the ridge line apply directly to the chimney without 
any extra air outflow effects. It has been demonstrated that the presence of 
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vertical sides of the chimney above the ridge line may create even higher 
suctions [21- 23]. 

However, with continuous ridge openings the pressures along the ridge are 
completely different for the open model as compared to the sealed model. This 
fact would confirm the presumption concerning the effect of the outflow 
through the ridge altering the negative pressure distribution [8,20]. The pres
sure changes at the ridge are in agreement with the full scale pressure observa
tions for open versus closed ridges for low-rise buildings [7,19,20]. For the 
sealed model, the comparison between the pressure measurements done on the 
edge of the ridge openings versus the present measurements performed inside 
a cavity (Fig. 3) would also require further investigations. 

4. Summary and conclusion 

1: 20 scale models of a low-rise, naturally ventilated agricultural building 
were wind tunnel tested to measure the wind induced external pressure distri
bution. 105 test runs in total were carried out with various configurations. The 
structural parameters examined in this series of testing were as follows: 
(1) three ridge opening configurations consisting of either intermittent chim-

neys, or a simulated 150 mm or 400 mm wide continuous ridge opening, 
(2) simulated 800 mm or 1100 mm high continuous sidewall openings, and 
(3) the use of two end wall openings. 
Each building configuration was tested for seven wind directions; 0°, 10°, 20°, 
30°, 45°, 60°, and 90°. The general observations regarding the measured pres
sures are as follows: 

4.1. With the open model 
(1) The highest suction at the ridge were recorded with the chimneys rather 

than with continuous open ridges. 
(2) The 800 mm or 1100 mm sidewall opening does not create large changes in 

the pressure distributions, except at 8=60° and 90°, where the 1100 mm 
opening generates higher pressure differences across the building. 

(3) The end walls openings of the open model completely change the pressure 
distribution over the closed end walls. 

4.2. With the sealed model 
(1) The suction along the ridge are increased considerably when 400 mm ridge 

is employed as compared to chimneys. 
(2) The type of ridge opening used has a great effect on the leeward sidewall 

pressure distribution. 

4.3. Open versus sealed model 
(1) The suction along the ridge are considerably greater with the sealed model. 
(2) The suction over the leeward sidewall are significantly higher with the 

open model especially when the 400 mm wide continuous ridge is installed. 
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(3) With the open end walls, the pressure distribution over both end walls are 
totally reversed from one side to the other side for the sealed versus open 
models. 

Generally, the more opening areas the building has, the larger the discrep
ancy in pressure distribution was between the open and sealed models. 
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