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ABSTRACT: Ventilation shafts aid natural ventilation in commercial buildings reducing its energy consumption and 

providing thermal comfort with optimum indoor air quality. The design of ventilation shafts is generally bold and in most 

cases a dominant feature in the design due to its imposing height. Natural ventilation is pressure driven, relying on 

natural processes determined by temperature and wind, making natural ventilation effective for limited time periods. 

Generally, a combined effect of stack and wind pressure is driving air through the shaft. In case of stack induced 

ventilation the neutral pressure plane level in the pressure gradient determines the air flow patterns. As per results and in 

accordance to the Bernoulli’s principle this neutral pressure plane depends on height differences between openings, and 

area of openings regulating the mass of air flowing through the building. Thus as openings determine the overall air flow 

pattern across these also can influence the height of the shaft. Results of calculations from numerical technique 

prescribed in AIVC guide and computational technique using CONTAM have been compared to derive results of air flow 

rates, pressure differentials. Optimizing opening size and opening height at each level along with adjusting shaft height 

reduces the impact of the neutral pressure plane and increases air flow rate across the occupant zones. This re-

configuration also assists in increasing time periods of effective natural ventilation in the building by providing adaptive 

thermal comfort conditions under specific steady state climatic conditions. The shaft height and shaft areas can be re-

configured to reduce their architectural impact.  

 

 

INTRODUCTION  

Mechanical systems used for cooling and heating 

buildings have direct and indirect environmental impacts. 

The robust natures of typical mechanical systems 

respond sensitively to internal needs and generally have 

high energy requirements. Natural ventilation is the 

process of supplying comfortable air flow rates across 

habitable spaces without the use of any mechanical 

ventilation systems. 

 

Throughout history, vernacular builders and 

architects employed ventilation techniques using the 

immediate atmospheric surroundings of wind and 

temperature. As a result, various architectural elements 

have evolved, to assist air to enter, circulate through and 

condition habitable spaces. A ventilation shaft looks and 

works almost similar to a chimney [4,6]. It features 

openings at multiple floor levels and an outlet at the roof 

top. Ventilation shafts rely on buoyancy and wind effects 

to induce air flow which makes them time, temperature 

and wind dependent. Therefore their effective use is 

limited to site and climate specific. Examples of the 

architectural projects employing ventilation shafts are 

Frederick Lanchester Library, Coventry, UK; The School 

of Slavonic and East European Studies , London, UK and 

the Harm A. Weber Library, Elgin near Chicago USA 

[6]. In all these projects, the ventilation shaft volumes 

have architectural impact on the building aesthetics. This 

dominating feature of shaft design sometimes poses as a 

hindrance as a preferred choice among designers. This 

study therefore attempts to increase the effectiveness of 

natural ventilation induced via ventilation shafts and also 

investigates methods to reduce its overall volume. 

 

The direct effect of natural ventilation on comfort 

conditions is to counter the indoor heat gains generated 

from occupant activity and building function. Natural 

ventilation is effective as long as the naturally induced 

air flow helps maintain the internal temperature of the 

occupant space within the operative temperatures of 

adaptive thermal comfort. By limiting and controlling the 

air flow rate and pattern by the building design, internal 

air temperature can be controlled leading to relative 

thermal comfort [3]. At the same time the temperature 

difference between external air and the internal air 

temperature should limit within 3.0 
0
C [8]. To maintain 

this internal temperature within the operative 

temperatures the air flow rate induced by the building 
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design and the internal heat gains should preferably 

remain constant for a period of time. At varying internal  

heat gains and constant air flow the temperature 

difference tends to increase, affecting the thermal 

comfort conditions whereas while increasing the air flow 

rates at constant internal heat gains the temperature 

difference decreases. Constant air flow rate provides a 

regular and steady temperature difference for longer time 

periods which further aids in maintaining adaptive 

thermal conditions for longer time periods. Thus the 

effectiveness of natural ventilation for longer time 

periods depends on air flow, which among many other 

climatic factors also depends on building design and the 

internal heat gains. This study focuses on the building 

design components, identifying the extent of influence of 

opening size, opening heights and a ventilation shaft on 

air flow in order to maximise the effectiveness of natural 

ventilation. 

 

 

BACKGROUND 

Natural ventilation can be categorized as wind driven and 

buoyancy driven. Both these types are induced by 

pressure differences at openings which forces air flow 

across a space. The fundamental principles governing 

ventilation are Bernoulli’s principle of fluid flow and the 

law of conversation of mass. Pressure is influenced by 

height and temperature in case of buoyancy driven air 

flow whereas wind driven air flow depends on wind 

speed, wind angle and wind altitude. In accordance to the 

law of conservation of mass the volume of air entering a 

space should be equal to the volume leaving, which 

depends on building openings. Openings thus perform a 

regulatory function of controlling the volume of air 

leaving the space. The airflow rate is dependent on the 

pressure differentials across these openings which are 

generated by the height difference between the openings. 

Thus the building components which have influence on 

naturally induced air flow are opening size and opening 

heights. To verify this air flow rates across two single 

zone models with varying opening heights and opening 

sizes was calculated (Fig 1). The first single zone model 

is represented by a single occupant zone. The second 

model is similar to the first model now attached to a 

ventilation shaft. A comparison between the two models 

also aids in quantifying the potential of a ventilation shaft 

in inducing air flow (Fig 4). These two models were 

calculated for air flow rate under fixed climate conditions 

of temperature, wind speed and wind angle. The results 

of air flow induced by the three principle mechanisms of 

buoyancy, wind and combined effects of buoyancy and 

wind are reported separately (Fig 4). 

 

In the case of buoyancy driven air flow the air flow 

pattern inside a shaft is determined by the temperature 

conditions and the neutral pressure plane level. Neutral 

pressure plane represents an imaginary horizontal axis 

having neutral pressure and generally located at the 

midway level of the two openings connected to a shaft.  

 

Figure 1: Air flow rates across the two single zone models – 

MODEL 1 & MODEL 2 for base case design condition. 
 

This plane represents the level along which there 

exists a pressure balance across the height of a space. 

Pressure difference on either side of this axis is in 

opposite directions of equal magnitudes. Thus controlling 

the level of the neutral pressure plane is vital in order to 

achieve a convective and regular air flow pattern in 

ventilation shafts connected to multiple inlets and a 

single outlet at its top. Internal and external temperature 

conditions, overall shaft height and opening size 

determine the level of this neutral pressure plane.  

 
Table 1: Change in Neutral pressure plane level (NPL - m) as a 

function of different inlet (A1-m2) to outlet (A2- m2) opening 

sizes for a fixed shaft height of 4m. 

 

A1  A2  A1:A2  NPL  Difference. In NPL 

 

4  1  4: 1  0.24   NPL - 88% NPL 

3  1  3: 1  0.40   NPL - 80% NPL 

2  1  2: 1  0.81   NPL - 60% NPL 

1  1  1: 1  2.01    NPL 

1  2  1: 2  3.21   NPL + 60% NPL 

1  3  1: 3  3.60   NPL + 80% NPL 

1  4  1: 4  3.77   NPL + 88% NPL 
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Opening sizes however have the greatest influence in 

determining and changing the neutral pressure plane level. The 

extent of influence openings have on changing the neutral 

pressure plane level is tabulated below (Table 1) and is derived 

using a fixed shaft height for varying temperature 

conditions.(Fig 2) 

 

 

 
 

Figure 2: Change in Neutral Pressure Plane (NPL) level for 

different inlet (A1) to outlet (A2) size configuration and the 

respective change in air flow pattern. 
 

 

METHOD 
The table in Figure 2 comparing the results of air flow rates 

across Model 1 and Model 2 under combined effects using the 

two different design cases highlights the difference a 

ventilation shaft can make in changing air flow rates and its 

corresponding effect on internal temperature which further 

affects the period of effectiveness of natural ventilation. 

Similarly the change in air flow rates in the two models for the 

three design case scenarios supports and highlights the 

influence of opening heights and opening size on air flow. To 

investigate the extent of influence of building components on 

air flow series of calculations were performed. These 

investigations were performed on a single zone model (Fig 3) 

under fixed climate conditions of wind speed, wind angle and 

assumed air temperatures. 

 

 

 
Figure 3: Model constructed to investigate the influence of 

opening height and opening size in a single zone model. 

 

 

To investigate methods for reducing the architectural impact of 

ventilation shafts the effect of varying shaft height and shaft 

area on air flow rate was also investigated. This was done 

using a single zone model connected to a ventilation 

shaft, similar to as Model 2 (Fig 1), now connected to  

 
Figure 4: Air flow rates (Q) across MODEL 1 & MODEL 2 for 

design CASE 1&2condition and comparing the two models. 
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ventilation shaft and openings A1 & A2 kept at a 

constant height throughout. The opening size of A1 and 

A2 were also kept constant (Fig 5). The shaft is subject 

to the effect of neutral pressure plane. The design of the 

shaft follows the inferences from neutral pressure plane 

studies performed earlier in order to maintain convective 

air flow pattern. (Table 1). 

 

 

 
Figure 5:Model constructed to investigate influence of shaft 

height and shaft area on air flow rates inside occupant zones. 
 
 

All sets of calculations were performed assuming wind 

angles of 0
0
 and 45

0
 at two different wind speeds of 2m/s 

and 5m/s. The external temperature was assumed at 20 
0
C and 24

0
Cand the corresponding internal temperature 

at 23 
0
C and 27

0
C respectively. The temperature 

difference is kept at 3 
0
C constant throughout. The results 

of air flow rate and pressure differential across the 

openings were calculated numerically using prescribed 

equation for the “An application guide”: June 1986 by 

the Air Infiltration and Ventilation Centre (AIVC) and 

compared with results using computation technique from 

“Multi zone airflow and contaminant Transport analysis 

(CONTAM) software” by National Institute of Standards 

and Technology (NIST).The height of the single zone 

model was kept constant at 4m and floor area at 50m
2
, 

5m being the shorter dimension of a rectangular floor 

plate. 

 

The extent of influence of these building components 

on air flow rates are reported for wind and buoyancy 

effects separately.  

 

 

RESULTS 

Influence of opening height 

Varying opening heights makes no difference for wind 

induced air flow whereas for the buoyancy induced air 

flow, the air flow rates increase with an increase in the 

height difference between the two openings (Table 2). 

  

Wind induced air flow calculations highlight 

extremely low or marginal natural deviation in air flow 

rates with varying opening heights. Wind induced static 

pressure generally occurs across the width of the building 

thus the design flow patterns are mostly horizontal. This 

means that the air entering and leaving the building occur 

at the same horizontal level negating the height variable 

which generally creates hydrostatic pressure across the 

building height. Buoyancy induced air flow increase with 

increase in height difference between openings. 

 

 
Table 2: Change in Air flow rates – Q (m3/s) by varying inlet 

(A1) and outlet (A2) height difference (DH ) for both wind (Qw) 

and buoyancy (Qb)  driven air flow. 

 

DH - m     Difference in Air flow Rate - Q 

(A2 – A1)     Wind     Buoyancy 

0      Qw       0   

1      Qw       Qb   

1.5      Qw      Qb + 2.5 Qb 

2      Qw      Qb + 5.0 Qb

 2.5      Qw      Qb + 7.5 Qb

 3      Qw      Qb + 10 Qb

 3.5      Qw      Qb +12.5 Qb

 4      Qw      Qb + 15 Qb 

4.5      Qw      Qb +17.5 Qb 

5      Qw      Qb + 20 Qb 

 

 

Thus to increase ventilation rates the height difference 

between the inlets and outlets should be extended as 

much as possible (Fig 6).Air flow rates increase at a 

constant rate of 2.5% from its preceding value for every 

increase of 0.5m in height difference. 

 

 

 
Figure 6: Influence of opening height on Buoyancy driven air 

flow. 

 

 

Influence of opening size 

The governing equations to estimate buoyancy and wind 

driven airflow highlight air flow as a function of the total 
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area of openings. This total area of openings is the sum 

of inlet and outlet opening areas combined. Therefore a 

 change in any of the openings; inlets or outlets will 

affect air flow. This effect is such that when the area of 

openings increases the air flow rates increase and 

conversely the potential of a single zone in inducing air 

flow decreases when the openings sizes are reduced. 

As air flow rate is a function of opening size, the air flow 

rates double when the total area of openings also double. 

Airflow rate also increase when the ration of openings 

between inlet and outlets are changed. This change in air 

flow for different inlet to outlet size configurations are 

illustrated and tabulated below.(Table 3) (Fig 7) 

 
Table 3: Change n Air flow rates – Q (m3/s) by varying inlet 

size (A1) and outlet size (A2). 

 

A1   A2   A1:A2    Difference. In Q 

     Or A2 : A1   Combined - Qc 

1   1   1: 1       Qc 

1   2   1: 2      Qc + 25%Qc 

1   3   1: 3      Qc + 35%Qc 

1   4   1: 4      Qc + 40%Qc 

 

 

The percentage change in air flow rates are compared 

to the value of air flow rate when both the inlet and outlet 

opening size are the same. Similarly (Table 4), 

 
Table 4: Change n Air flow rates – Q (m3/s) by varying only 

outlet size (A2) while keeping inlet size (A1) constant. 

 

A1   Existing A2  New A2  Change. In Q 

           Combined - Qc 

1    2    2     Qc 

1    2    3     Qc + 6%Qc 

1    2    4     Qc + 8%Qc 

1    3    3     Qc 

1    3    4     Qc+ 2.5%Qc 

 

 

 

 
Figure 7: Relationship between air flow rate and opening size 

as a function of varying inlet and outlet configuration. 

 

Influence of Shaft height. 
Air flow rates tend to increase when height differences 

between openings are increased. Similarly when shaft 

heights are increased, assuming that the shaft outlet 

follows the increase in shaft height, the air flow rates 

inside the occupant zone also increase. This increase in 

air flow rates with increase in shaft height will aid the 

designer to contest the advantage of increasing air flow 

rate while also reducing the shaft height. This increase in 

air flow rate can also be attributed to increase in height 

difference between inlets and outlets; however the slope 

of increase in this case heights is steeper than the typical 

trend of increase observed purely by increase in opening 

heights. This increase in air flow rates are for both wind 

and buoyancy effects and are further compared with the 

zone height to which the shaft is attached (Fig 8). When 

shaft heights are 25% taller than zone heights the 

corresponding air flow rates increase by almost 75%. 

When shaft height is 8m meter which is twice as high as 

the zone height the air flow rates almost double when 

compared to air flow rates when shaft height is equal to 

single zone height of 4m. (Table 5).A gradual rise in air 

flow rates with increase in shaft height is observed for 

wind induced air flow 

 

 
Figure 8: Change in air flow rates when ventilation shaft 

heights are increased, attached to an occupant zone 4m high. 

 

 
Table 5: Change n Air flow rates – Q (m3/s) by varying shaft 

height (Sh) keeping occupant zone height (Zh) constant. 

 

Zh    Sh   Difference in Air flow Rate - Q 

       Wind     Buoyancy 

4    4    Qw      Qb 

4    5   Qw+ 7.5%Qw   Qb + 75%Qb 

4    6   Qw+ 10%Qw   Qb + 85%Qb 

4    7   Qw+ 15%Qw   Qb + 95%Qb 

4    8   Qw+ 20%Qw   Qb+100%Qb 

4    10   Qw+ 25%Qw   Qb+125%Qb 

4    12   Qw+ 30%Qw   Qb+200%Qb 
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Influence of Shaft area 

Ventilation shaft area is as a function of the volume of air 

flowing up across the zone and then up the shaft. 

Influence of shaft area on air flow rates so as to reduce 

shaft volume is similar for both buoyancy and wind 

effects. The minimum shaft area requirement depends on 

the volume of air and the assumed shaft height. This 

gives greater flexibility to the designer to control the 

shaft volumes in order to reduce its architectural impact. 

The shaft area should be big enough to allow free 

unobstructed air flow such that its size does have any 

impact on the air pressure distribution across the height 

of the shaft. 

The trend of change in air flow rates as a function of 

shaft area for different shaft heights and opening size is 

similar. This trend in air flow rates for different shaft 

areas is determined by the mass of air flowing up the 

shaft volume. Shaft areas make marginal difference of air 

flow rates. Shaft areas depend on air flow rates and shaft 

height. By determining shaft heights or minimum 

required air flow rates the shaft area can be re-calculated 

to best suit the space and architectural needs. 

 

 

CONCLUSION 

Ventilation shafts have potential to increase the air 

flow rates inside occupant spaces. Ventilation shafts 

respond to both buoyancy and wind pressure effects 

which make them functional for most of the time period 

in which natural ventilation is possible. This helps in 

achieving longer periods of natural ventilation. The 

thermal comfort conditions achieved by this airflow are 

dependent on the internal heat gains. Results of air flow 

difference on the single zone model highlight that using a 

ventilation shaft makes marginal difference in increasing 

air flow. Similarly the effect on internal temperature is 

also marginal. A cross ventilated model having openings 

at a height difference, can provide almost similar thermal 

comfort conditions that are provided by using a 

ventilation shaft. Therefore the potential and use of a 

ventilation shaft for a single zone occupant space is not 

large. Using a ventilation shaft to increase air flow rates 

in an occupant space is always not beneficial. The air 

flow and thermal comfort conditions achieved when 

using a shaft can be achieved by different ventilation 

design and strategy. 

 

Design of ventilation shafts and occupant zones based 

on general design guidelines perform only for specific 

time and climate conditions. The series of calculations 

highlight the influence and potential of various building 

components collectively on changing air flow pattern and 

air flow rates which indirectly aid in achieving thermal 

comfort conditions purely by natural ventilation. 

Ventilation shafts and the occupant zone should not be 

designed separately. A combined approach towards 

designing the occupant zone and the ventilation shaft 

should be adopted so as to maximize air flow rates. This 

combined approach should be aimed to achieve a regular 

and almost similar air flow rates across multiple 

occupant zones and also regular convective air flow 

pattern across all the occupant zones. Based on 

inferences from all the air flow studies and calculations 

performed using a ventilation shaft, it can be concluded 

that a ventilation shaft can always serve as a passive 

design strategy to marginally increase the effectiveness 

of natural ventilation in climatic zones where the diurnal 

temperatures from night to day differ and also in places 

which do not experience direct prevailing wind.  

  

From the studies it can also be observed that to 

achieve regular and higher air flow with lower shaft 

volume, a piece by piece evaluation of all building 

parameters affecting air flow needs to be performed. 

Based on these evaluations, a designer can then achieve a 

best fit ventilation shaft design which will perform in 

almost all temperature and wind conditions depending on 

the climatic zone and site conditions in which it’s 

located. To aid these process relationships between 

building and shaft design components with airflow 

reported are aimed to serve as a quick calculation guide 

for designing an occupant zone connected to a ventilation 

shaft.  
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