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1. INTRODUCTION

Natural ventilation driven by natural forces, i.e. wind and thermal buoyancy, is an
environmentally friendly system for buildings and has been increasingly used around the
world in recent years to mitigate the impact on the global environment due to the significant
energy consumption by heating, ventilation and air-conditioning (HVAC). There is a need for
the understanding and development of theories and tools related to the design, operation and
control of natural ventilation systems.
Considering the combined effect of natural forces, wind can either assist or oppose thermal
buoyancy, and thus result in three different modes of ventilation flow, as shown in Figure 1.
In the case of assisting winds, there is only one possible ventilation flow direction, i.e.
upward flow (refer to Figure lA). For opposing winds there are two possible flow directions,
depending on the dominating force: downward flow for wind-dominated ventilation (Figure
lB) and upward flow for buoyancy-dominated ventilation (Figure 1C).
Assisting wind

Opposing wind

A)

Figure 1. Directions of natural ventilation flow with assisting and opposing winds.
The intensity of the dots in the rooms with opposing wind illustrates the inside temperature the higher the intensity, the higher the temperature.

Hunt and Linden (1997) and Linden (1999) investigated wind-assisted buoyancy-driven
natural ventilation in a single-zone building and good agreement was obtained between their
theoretical predictions and experimental results from a salt-bath modelling system.
Li and Delsante (1998) presented a theoretical analysis of wind-opposed buoyancy-driven
natural ventilation and found that multiple solutions exist for a single-zone building with two
vertically displaced openings. It was also shown that for a given ventilation mode, the
ventilation flow rate is determined by three characteristic parameters, i.e. the buoyancy air
change parameter (a), the wind air change parameter (y) and the envelope heat loss parameter
((3). The definitions of the three parameters are shown in Table 1 together with their practical
ranges.
Figure 2 shows the analytical solutions for f3 = 0, i.e. without heat loss through the building
envelope. It is seen that there are multiple solutions for a range of a!'{ from 0 to 1. a/'{
represents the relative strength between the buoyancy and the wind. The curve between B and
E in Figure 2 was proved to be unstable (Li and Delsante 1998).

Table 1. Parameters determining ventilation flow rate.
Name
Dimension Symbol
Equation
Buoyancy air change parameter

3

m /s

a= ( cct .A·

a

Range

)X.(lP total · g ·H)

~

p ·cp ·T0

0--4.5

j~n

Envelope heat loss parameter
Wind air change parameter

3

m /s

B

3

y

m /s

~ = ~ Uj" A j" (3 ·p · cpr'

0-0.1

~~

y = 3-o.s · (cd·A·)· ~2 ·Mw

0-16
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Figure 2. Non-dimensional ventilation flow rate q/ y as a function of the non-dimensional
buoyancy air change parametera/y.
Referring to Figure 2, let ' s start from wind-dominated flow and zero buoyancy force, i.e.
point A, the non-dimensional ventilation flow rate q/y starts from point A towards points B, C
and D as the buoyancy flux increases. Between points B and C the flow changes direction
from a wind-dominated to a buoyancy-dominated flow. This point is referred to as the turning
point. For B = 0, i.e. without heat loss through the building envelope, the turning point is
predicted to occur at aly = 1.0. As the buoyancy flux decreases from point D, the flow
remains buoyancy-dominated until the buoyancy flux approach zero (point E), where it may
change to wind-dominated again (point A) with any small flow disturbances.

In Li and Delsante's analytical solution the indoor air was assumed to be fully mixed, i.e.
with a uniform air temperature. For wind-dominated flow, a fully mixed flow pattern is a
reasonable assumption. However, in the case of buoyancy-dominated flow, the air can be
characterised as stratified, with a horizontal stratification interface at a certain level of the
building, depending on the buoyancy strength and the building geometry. Improved analysis
which takes temperature stratification into account has recently been carried out (Li and
Delsante 1999; Andersen and Bjerre 2000). Figure 3 shows a comparison of the solutions
obtained by the two analyses. As discussed above, there is no difference between the two
analyses for wind-dominated ventilation flow. It was found that while a lower ventilation
flow rate is obtained for the buoyancy-dominated ventilation mode with the consideration of
temperature stratification, the occurrence of multiple solutions still exists.
Consequently, from both analyses, it was predicted that different ventilation history and
operation will result in two totally different stable ventilation pattern and thus ventilation

flow rate at otherwise exactly the same building geometry, wind and thermal conditions. The
findings of Li and Delsante are perhaps significant considering the design and especially the
operation and control of natural ventilation systems. The conventional design methods do not
show the existence of multiple solutions. In this paper, an experimental study was carried out
to investigate whether multiple solutions occur in a scaled building model with wind-opposed
buoyancy-driven natural ventilation.
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Figure 3. A comparison of the non-dimensional ventilation flow rate predicted by analyses
with fully mixed and stratified flow assumption for buoyancy-dominated flow. Here full
opening refers to Cd:A *!H2 = 0.003.

2. EXPERIMENTAL
Experimental modelling was performed in the CSIRO Thermal and Fluids Laboratory using a
single-zone building model with two vertically displaced openings and a point buoyancy
source in the middle of the floor, as illustrated in Figure 4. The model was made of perspex to
allow particle image velocimetry (PIV) measurements and visualisations of the flow field,
and it is scaled at 1:50 compared to a typical atrium (h x w x l = 10 m x 10 m x 5 m).

200m

15

~Salt-water supply

Figure 4. Illustration of the small-scale model.

The salt-bath technique is used to simulate the heat source in the model. Since salt water is
denser than fresh water and hot air is lighter than cold air, the model is immersed upside
down in the water. By injecting salt water into the model through a small opening at the floor,
a turbulent plume is generated which simulates a thermal plume rising from a heat source.
The model was arranged in the test section of a water tunnel in order to simulate the wind
affect around the building. A schematic view of the experimental arrangement is illustrated in
Figure 5. The water tunnel contains 3 m3 of water, which is necessary in order to remain a
relatively constant density of the ambient fluid during the experiment.

3.2m

1.8m
1.3m

€J): pump
® : frequency controller
[] :pulse damper

m:flow meter
Figure 5. Schematic view of the experimental set-up.

Flow visualisation is achieved by adding dye into the building as well as using a shadowgraph technique. With this shadow-graph technique the flow patterns are illustrated as
shadows on a white paper by casting light on the paper through the salt water in the model.
Before the experiments, calibrations were carried out for the water tunnel velocity, the saltwater density and the volumetric meter of the salt-water injection system. The natural
ventilation flow rate through the building openings was measured by PIV.

3. RESULTS AND DISCUSSION
3.1 Visual Observations

The tests are performed with a variable internal heat source at a fixed wind speed around the
building. This is chosen since the time for achieving a steady state in the system is shorter
with changes in the buoyancy source (15 minutes) than changes in the wind speed (30
minutes).
A typical experiment begins with a wind-dominated ventilation mode without any heat
source, i.e. stage 0 in Figure 6. Then the 'heat' source is gradually increased by supplying
salt water into the model building, i.e. stages A, B and C in Figure 6, until the flow reaches

the turning point and becomes buoyancy-dominated, i.e. stage D. Then the supply of salt
water is decreased, but the ventilation remains buoyancy-dominated until the stratification
layer reaches the inlet opening even though the supply of salt water is very small, i.e. stage E
in Figure 6.
Observations of the flow patterns at different stages as shown in Figure 6 clearly indicate the
existence of multiple solutions. This was further confirmed with different combinations of the
internal buoyancy source strength at three different wind speeds. As shown in Figure 6,
stages A-C are wind-dominated flow and the fluid in the building is well mixed. Stages D-E
are buoyancy-dominated ventilation and the fluid in the building is stratified. From Figure 6,
it is also seen that when the buoyancy flux is relatively small, the jet caused by the
surrounding wind from the inlet has a long penetration length before it declines in the room.
As the buoyancy flux increases, the penetration length decreases due to the increasing density
difference between the fluids inside and outside the room, as well as the higher momentum
flow induced by the buoyancy source.
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Figure 6. Flow patterns in the model at different stages.

3.2 Turning Points
The turning point from wind- to buoyancy-dominated flow is obtained for different
combinations of wind, internal heat source and opening height. As shown in Table 2, the nondimensional parameter a/y at the turning point is independent of wind speed, internal heat
source and opening height, as expected from the analyses as shown in Figures 2 and 3. The
mean value of a/y for eight different tests is 1.06, which is 6% higher than the theoretical

prediction of 1.0 as shown in Figures 2 and 3. This difference may be caused by at least two
factors: (1) the perfect mixing assumption in the analysis for wind-dominated ventilation is
not likely to be achieved in reality; and (2) experimental uncertainty, which is around 10%
depending on the measurement accuracy of the buoyancy flux and the pressure difference
over the two openings.

Test
no.
1
2
3
4
5
6
7*
8*

Table 2. The non-dimensional parameter a/y at the turning point for
dffi
. d an d openzng szzes.
z eren t buoyancy, wzn
Mean velocity in
Turning point
Salt solution
the water tunnel
Density
Volume flow rate
a/y
[m/s]
[kg/m 3]
[l!h]
[-]
0.06
1016
1.056
9.0
0.07
14.3
1.051
1016
0.08
1032
11.0
1.057
0.09
1032
16.2
1.066
0.09
1064
8.2
1.070
0.10
1064
1.033
10.6
0.08
1016
9.8
1.049
0.10
1032
10.2
1.029

;. Half opemng height (7.5 mm).

3.3 Ventilation Flow Rate
PN measurements of the ventilation flow rate were performed for two opening heights, i.e.
15 mm and 7.5 mm respectively. In Figure 7, the experimental results are shown together
with the predictions from both analyses. It is seen that the experimental results are in
reasonable agreement with both analyses, and as expected a better agreement was found
between the experiments and the analysis considering temperature stratification.

1,5 -

--

- -·-

·- - --

- ---··- ·-·---···- - -- - -

--Fully mixed flow

0,5
.......,
~ 0 . . ,._,............,,."" .....~..-"""
0"

-0,5

0,5

'?·

,.,

• - - half openings

.

1

1,5

-1,5

+

Experiments, full
openings

X

Experiments, half
openings

-2~----------------------------------------~

a/y [-]

Figure 7. Comparison between the experimental ventilation flow rate
and the analytical predictions.

From Figure 7, it can also be seen that experimental results for the half-opening size approach
the predictions by the analysis with the fully mixed assumption. The reason for this is that
when the opening size becomes smaller, the stratification interface height for buoyancydominated ventilation (refer to Figure 6D) is lower. Consequently, the bulk of the fluid in the
building can be essentially approximated by the fully mixed assumption.
4. CONCLUSION

Experimental modelling of wind-opposed buoyancy-driven natural ventilation in a singlezone building confirmed the existence of two possible flow modes and thus two different
flow rates in a certain range of thermal buoyancy and wind conditions. The experimental
results obtained for both the turning point value and the ventilation flow rate are in good
agreement with the theoretical predictions of U and Delsante (1998; 1999) and Andersen and
Bjerre (2000).
It was also demonstrated that when multiple ventilation modes exist, the final steady state

ventilation mode and thus the ventilation flow rate are dependent on the ventilation history of
the building. The existence of multiple solutions, as demonstrated in the analysis of Li and
Delsante (1998; 1999) and the experimental results in this work, suggests that care should be
taken in the design of natural ventilation systems - especially the design of the operation and
control systems.
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