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SYNOPSIS 

The airflow between a warm room and cool exterior can be significantly affected by an 
external headwind. Pollutant concentrations within the space depend on the relative sizes of 
the wind and the undisturbed stack driven flow. Two scenarios are described. 

Firstly, a space is filled initially with buoyant polluted air. The space is then naturally 
ventilated through a single opening. In the "no 'wind" case, a gravity current of external air 
flows into the space. All the polluted air is expelled from the room. At high wind speeds the 
turbulence associated with the headwind produces mixing just inside the doorway. Under 
some conditions, ventilation levels are reduced. The second scenario considered is the natural 
ventilation of a space containing a continuous source of buoyant pollutant. For weak 
headwinds, fresh external air flows into the room and the pollutant concentration in that lower 
layer remains close to zero. High headwind speeds again generate doorway mixing. Air 
flowing into the space becomes contaminated with pollutant 

These flows were studied experimentally using small-scale saline modelling techniques. 
Simple mathematical models are presented which agree closely with the experimental results. 
In both the transient and continuous cases, an increase in the headwind could lead to reduction 
in ventilation and an increase in internal pollutant levels. Natural ventilation through a single 
opening is not necessarily enhanced by wind. 

LIST OF SYMBOLS 

Buoyancy flux per unit width in room (m3s-3) 
Pollutant concentration in upper layer 
Pollutant concentration in lower layer 
Height of doorway (and room) 
Entrainment constant for continuous flows 
Entrainment constant for transient flows at high Fr 
Froude number 
Gravitational acceleration 
Reduced gravitational acceleration 
Constant of proportionality in equation for velocity of gravity current 
Scaled volume flux per unit width through doorway 
PCclet number 
Volume flux per unit width down the room at high Fr 
Volume flux per unit width carried by gravity current 
Volume flux per unit width entrained into buoyant plume 
Source volume flux per unit width 
Volume flux per unit width across the doorway at high Fr 
Volume flux carried by theoretical half-height gravity current 
Reynolds number 
Gravity current velocity 



us. Gravity current velocity at Fr = 0 
U Headwind speed 
6~ Density diierence between interior and mixed region in high Fr model 
AP Density difference between interior and exterior 
(b Scaled density diierence 
K Dfisivity 
h Fractional height of room occupied by gravity current 
v Kinematic viscosity 
P Ambient density 
G Scaled volume flux per unit width down the room 

1. Introduction 

Natural ventilation is increasingly been seen as a viable option to air-conditioning for the 
removal of internally generated pollutants and heat. It is generally assumed that satisfactory 
ventilation air flows will be achieved by means of cross ventilation driven by the combination 
wind and buoyancy forces. One central feature of such designs is that the client is encouraged 
to avoid closed perimeter offices [I]. There are however many circumstances when cellular 
offices are desirable, privacy and status for example. In general such office spaces will be 
relatively shallow and experience suggests that there is little need to worry about internal 
environmental conditions with single sided ventilation. 

There is however always the desire to stretch things to the limit so the question of how deep 
can a space be before it is essential to use cross ventilation arises. One experimental study [2] 
suggests that acceptable ventilation can be achieved within a 1Om space. Internal gains in that 
case were not typical of modern commercial office spaces and hrther it is difficult to 
generalise the results of a single experiment. In particular it is difficult to isolate the relative 
effects of the two driving forces, wind and buoyancy. This paper presents an experimental and 
theoretical investigation with particular emphasis on the interaction of these two driving 
forces. 

Airflows caused by temperature differences either side of an opening have been studied 
extensively in recent years. Early experimental work on stack driven flows is described in [3 - 
61. The incoming air flows through the doorway takes the form of a gravity current flowing 
into the room. The dynamics of gravity currents are well known and are described in [7]. 

A number of factors may influence such stack driven flows. One of the most significant of 
these is external wind. Air speeds through a typical doorway due to a temperature difference 
of 5°C are around 0.4ms-l. Wind speeds are often of this magnitude or greater. Therefore, it 
might be expected that the effects of wind on buoyancy driven flow are considerable. 

The different flows caused by different headwinds can be categorized in terms of an external 
Froude number. This Froude number is the ratio of external headwind velocity to a typical 
velocity produced by buoyancy alone. In the transient and continuous cases the Froude 
number is defined by 



Fr = 
U U 

and Fr = - 1 

respectively, where U is the headwind speed, B is the buoyancy flux per unit width, g is 
gravitational acceleration, Aplp is the fiactional density difference and D is the height of the 
room. Note that zero headwind has Fr = 0. Buoyancy effects become negligible in the limit 
Fr + co. 

All experimental work was done using the saline modelling technique, the paper first presents 
the basis of that method and then details of the experiments followed by the development of a 
simple mathematical model. 

2. Experimental Study 

2.1 Modelling Techniques 

2.1.1 Dynamical Similarity 

Water was used as the working fluid for the experiments. Density differences (corresponding 
to temperature differences) were produced by adding of brine. The validity of representing 
I11-scale airflows by small-scale water flows requires that the ratios of the important forcing 
terms in the equations of motion are the same at small-scale as at full-scale. This dynamical 
similarity is equivalent to matching the important dimensionless parameters of the flows. For 
buoyancy driven airflows the important dimensionless numbers are the Reynolds number, Re, 
and the PCclet number, Pb. These are defined by 

UD 
Re = - 

UD 
and Pb = - 

For ventilation airflows, the Reynolds and Pdclet numbers are both high and the flows are 
turbulent. At such high values, it would be expected that the dependence of the flows on the 
values of Re and Pi is not great. 

2.1.2 Experimental Techniques 

The experiments were carried out using a clear perspex room with rectangular cross-section. 
This modelled a section of a deep office with depth to height aspect ratio equal to five. A 
removable cover was placed on the upwind end of the room. For the transient experiments, 
the room was filled initially with dyed buoyant fluid. For all of the experiments, brine was the 
source fluid and was therefore more dense than the ambient environment. By viewing the 
experiment upside-down, the effect of buoyant fluid rising was achieved. This inversion was 



valid since density differences were small. The experiment was started by uncovering the end 
of the room. The flow modelled was that of single-sided ventilation of a deep office. This 
geometry was chosen for simplicity, with the flows in the interior being close to two- 
dimensional. 

For the continuous experiments, a constant supply of dyed buoyant fluid was pumped into the 
space next to the closed end. The buoyant fluid was supplied through a line source occupying 
the full width pf the room. The source was placed at the top of the room pointing downwards 
so that a downward flowing two-dimensional plume of dense fluid was produced. At full- 
scale, the source of buoyancy may be due to a heat source and no volume flux would be 
supplied to the room. For these experiments the volume flux was kept as low as possible 
(typically ten times less than the flux carried towards and away from the source). 

Support 

Flume 

Corridor 

Figure 1. Experimental apparatus 

To simulate an external headwind, the room was suspended in a much larger flume tank. The 
flume produced a time-independent uniform flow along its length and modelled an oncoming 
headwind. The experimental apparatus was as shown in figure 1.  Video recordings were 
made of the experiments to enable measurements of velocities and other flow properties. 
T h e 4  exchanges with the walls of the room were neglected. This is a reasonable 
assumption provided that heat flux from the boundaries was much less than the heat flux 
associated with any buoyancy driven flow. 

2.1.3. Experimental Parameter Ranges 

The transient emptying of buoyant fluid from the room was studied for Froude numbers 
ranging fkom 0 to 11.4. The case Fr = cw was also investigated. For these experiments, the 
values of Reynolds number and PBclet number were approximately 5000 and lo6 respectively. 
For the experiments with a steady source of buoyancy, Froude numbers lay between 0 and 



7.7. Values of Repolds number and PCclet number were similar to those for the transient 
experiments. 

2,2 Tramsient flows 

2.2.1 Qudtative results 

For flows d ~ v e n  by buoyancy only (i.e. Fr = 0) the observed flow was a gravity current 
occupying close to half the height of the room as shown in figure 2. The interface between 
i d o w  and outaow was situated approximately halfway up the room. The gravity current 
travelled at constant speed dong the room and was reflected at the end. When the reflected 
gravity current had rehrned to the doorway, the interface ceased to be at half-height and the 
flow through the doorway was no longer quasi-steady. 

Figure 2. Gravity current at Fr = 0 

For larger values of Froude number the interface between incoming and outgoing fluid was 
raised at the doorway as shown in figure 3. The different pressure distribution at the doorway 
due to the headwind affected the interface height. Within the room, the intedace adjusted by 
sloping downwards and a gravity current flowed into the interior. At low Froude number, 
little 

. . 
occurred between the two layers. Interfacial mixing near the doorway increased 

with Froude number. This increase appeared to be due to an increase in shear between the 
counterflowing layers. 



For Froude numbers greater than Fr = 8, hte&acial mixing had increased to the point where 
no clear intenface exiisted bemeen i d o w  and outflow at the doorway. For Froude numbers 
of this mgnibde and bigher, fluid within the room was observed to be well mixed near the 
doorway. Wind eEeds dominated the flow here. In spite of this, a gravity current was seen to 
flow from the  xed doomay region towards the interior as shown in figure 4. As a result of 
mihg,  the graviw current contained both buoyant and ambient external fluid. The density 
diEerence d ~ h g  the gavity current was less than that in the low Froude number cases. 
Therefore it was expeded that the gravity current velocity would be lower than at Fr = 0. 



At high Froude numbers, the flow between the doorway and the exterior was seen to be 
unsteady and irregular. Puffs of fluid of various sizes were seen leaving at random heights 
through the doorway. 

In the case Fr = co, exterior fluid entered the room by means of a wind driven turbulent mixing 
process. Fluid was mixed across the doorway at a rate proportional to the wind speed. The 
amount of wind driven mixing reduced fbrther down the room because turbulence was 
damped by viscosity. It is worth noting that the flow would be very different if the leeward 
end of the room were uncovered. In that case, a flow would rapidly purge the buoyant 
fluid fkom the room. 

2.2.2 Quantitative results 

The scaled velocities and scaled volume fluxes of the observed gravity currents are plotted 
against Froude number in figures 5 and 6. Note that the effect of interfacial mixing at high 
Froude number is to reduce both the velocity and volume flux associated with the gravity 
currents. Fractional heights occupied by gravity currents ranged from close to 0.5 at Fr = 0 to 
approximately 0.35 at Fr = 11.4. The velocity of the gravity current at high Froude number 
was found to be approximately 40% of the velocity at Fr = 0. 

Figure 5. Scaled velocity plotted against Fr 



Figure 6. Scaled volume flux plotted against Fr 

2.3 Continuous Flows 

2.3.1 Qualitative results 

The nature of the flow at Fr = 0 depended significantly on the source volume flux, Q,. 
Varying the reduced gravity, g9=gAp/p, did not noticeably affect the qualitative nature of the 
flow. For small values of Q,, the buoyant plume entrained less fluid from the room than 
plumes produced by higher source volume fluxes. For this reason, low values of Q, led to 
shallow gravity currents. After the gravity current head had left the room, the flow reached a 
steady state and a stable two-layer stratified flow was established within the room. 

For intermediate Froude numbers ( 1 I Fr I 4 ), the only qualitative difference to the flow 
occurred near the doorway. Once again, the different pressure distribution caused by the 
headwind led to a shallowing of the outflow through the doorway. The influence of the wind, 
however, was localised to the region near the doorway. Further down the room, the flow was 
qualitatively similar to that at Fr = 0. 

Further increases in Froude number again led to increases in interfacial mixing. For Froude 
numbers greater than Fr = 7 no interface between inflow and outflow at the doorway was 
apparent. The flow just within the doorway was dominated by the wind turbulence. 
Nonetheless, buoyancy dominated the flow within the room. The buoyant source plume 
appeared relatively unaffected by the external wind. 



2.3.2 Quantitative results 

Experimental measurements in the case Fr = 0 give the least squares fit relationship between 
u, the velocity in the buoyant layer, and By the buoyancy flux per unit width of the source, as 

where B = g'Q,. This value is close to the theoretical prediction for layers each occupying 
half the height of the room u = @/2)'" . 

Figure 7. Scaled velocity of buoyant layer plotted against Fr 

Figure 7 shows a plot of scaled velocity within the buoyant layer against Froude number. The 
velocities are scaled with experimentally measured values at Fr = 0. 

Unlike the transient case of $2.2, velocities within the buoyant layer decrease only slightly with 
increasing Froude number. This result demonstrates that the entraining plume at the closed 
end of the room strongly influences the two-layer exchange flow. The observation also 
suggests that the amount of entrainment into the plume is not drastically affected by the 
density of fluid it entrains. 



3. Mathematical Models 

3.1 Transient Flows 

3.1.1. Gravity Current Model at Fr = 0. 

Inviscid dissipationless theory is used in [7] to predict that a gravity current flowing into an 
infinitely deep office would occupy half the height of the room and have a steady velocity 

1 1 

u = - ( g ' ~ ) T  , 
2 (4) 

where g' = gAp4 is the reduced gravity. In reality, energy loss occurs. Experimental 
measurements described in [8] found considerable variations in velocity with changing height. 
They expressed the gravity current velocity as 

where h is the fractional height of the gravity current. The results of [8] found values 
including k(0.3)=0.4 and k(0.05)=0.3. The experiments at high Fr revealed a gravity 
current with h=0.35 corresponding to k=0.43 . 

3.1.2 Mixed Doorway Region Model At High Froude Number 

Consider a flow rdgime illustrated in figure 8. Assuming the flow to be steady, it can be 
deduced that 

It is then possible to solve this equation to produce an equation relating the volume flux 
carried from the mixed region to the interior and the volume flux entrained through the 
doorway. ' 

Figure 8. Model of flow at high Fr 



The volume flux per unit width carried into the interior, Q, is given by 

where 

Equations (7) and (8) together imply 

where o = QIQ, and K = QdQP . Using an entrainment assumption in the spirit of that 
proposed in [9], it is possible to hypothesize a value for the volume flux across the doorway. 
Assuming that the mixing effects of the wind turbulence drive the flow across the doorway 
then the volume flux across the doorway can be estimated as 

where E is an entrainment constant. 

Figure 9. Flux along the room plotted against flux through the doorway 



Figure 9 shows a plot of flux along the room as a function of flux through the doorway. The 
results are shown for a range of values of A. Corresponding values of k are taken from [8]. 
The experimental results suggest a value E = 0.003 as the appropriate entrainment constant. 
This value of entrainment constant is considerably lower than that for a plume or jet. 

3.2 Continuous Flows 

3.2.1 The Entrainment Counterflow at Fr = 0 

One way to analyse the flow at Fr = 0 is to consider the amount of entrainment into the 
buoyant source plume at the closed end of the room. Using an entrainment assumption it is 
possible to predict the volume flux of fluid entrained into the plume. Then, the total volume 
flux carried in the buoyant layer is simply 

For a two-dimensional buoyant plume (see [l O]), plume theory predicts that the mean velocity 
within the plume is given by 

where e is an entrainment constant. If h is the fractional height occupied by the buoyant layer 
then the volume flux of fluid entrained can be predicted to be 

Conservation of mass then implies that 

The experimental results lead to a value e = 0.09. This value is typical for buoyant plumes. 

3.2.2 Mixed Doorway Region Model At High Froude Number 

For this continuous case, a simple model can be constructed for the flow at high Froude 
number. The model is similar to that in the transient case. This model predicts that the 
velocity of the buoyant layer at high Froude number will be less than that at Fr = 0 by a factor 



Close agreement is found between experimental data and the model. Using an entrainment 
hypothesis similar to that described for the transient case described above, it is possible to 
estimate the entrainment into the doorway region. Comparison with the experiments suggests 
a value E = 0.008. This value is higher than that predicted for the transient case. This result 
could suggest that there are fhndamental differences between the mixed doorway regions in 
the transient and continuous cases. 

3.2.3 Pollutant Dispersion 
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Figure 10. Concentration predictions at high and low Fr 



The continuous source of buoyancy described above could well be a leaking gas pipe. In this 
case, the concentrations of gas in both the upper and lower layers within the room are of some 
significance. Mixtures of natural gas and air with 5 to 15% gas are potentially explosive. 
When wind effects are small, the concentration of gas within the lower layer is close to zero. 
This would not be the case in very windy external conditions where mixing at the doorway 
leads to some natural gas being carried fiom the doorway region back down the room. Using 
the model described in the previous section it is possible to predict gas concentrations within 
both the upper and lower layers. These concentration predictions are shown in figure I0 as 
hnctions of source volume flux both at high and low values of Froude number. The 
predictions assume E = 0.008 as suggested by the continuous experiments. 

4. Conclusions 

Several conclusions can be drawn from these studies. Firstly, an increase in headwind can be 
detrimental to single-sided natural ventilation. Air change rates can be reduced. Polluted air 
fiom the buoyant layer can be mixed into the lower layer, increasing levels of pollutant there. 
The second main deduction is that, for single-sided ventilation, wind effects are largely 
confined to the region near the doorway. Buoyancy forces dominate the flows away from the 
doorway region. 

The results in this study are consistent with fiall scale tests carried out on a test room [2] and 
on a test house [ll]. Buoyancy driven flows through a single opening under the additional 
influence of turbulent mixing on one side of the opening were studied in [12]. He also 
observed a decrease in volume flux through the doorway 
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