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ABSTRACT 
Air pressure fluctuation in building drainage system is always a problem if proper venting is 
not provided. Excessive positive pressure may push the foul to interior of the building 
through the trap seal. Excessive negative pressure may empty the trap seal. Such 
consideration is especially important for vertical drainage stack. In presence, secondary 
ventilated system as specified in British Standard BS12056-2 has been widely adopted in 
Hong Kong. The system adopted a vertical vent stack running in parallel with a vertical 
drainage system. To reduce the pressure fluctuation inside the drainage stack, cross-vents are 
provided to connect the drainage stack to the vent stack at every two or three floors. The 
purpose of the cross-vent is to relief the excess air pressure inside the drainage stack. 
However, investigation on the design of the cross-vent is still very limited. This study 
adopted computational fluid dynamics techniques to investigate the cross-vent design. This 
study found that, practically, cross-vent should be provided to each floor which is in line with 
the recommendations stated in China standard and British standard. 
KEYWORDS 
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1. Introduction
Building drainage system is one of the oldest building services system. It draws the society’s 
concerns in the recent decades since it was considered as a way for spread of bacteria. In year 
2003, building drainage system was confirmed to be a way to spread the SARS (WHO 2003; 
Jack 2006; Zhang et al. 2021) which killed 399 peoples in Hong Kong. In recent years, 
building drainage system is also suspected to be a way for spreading COVID-19. The spread 
of bacteria is due to the ingress of foul air into a toilet space through its floor drain with 
empty trap seal and the negative air pressure of the toilet induced by its extraction fan.  
Apart from evaporation, loss of water seal of the floor drains or other sanitary fixtures is most 
likely caused by the excessive negative air pressure inside the vertical drainage stack. Such 
negative air pressure usually occurs above the base of the stack. Air pressure at the top of the 
vertical drainage stack equals to atmospheric pressure. The annular water flow inside the 
vertical drainage stack draws air from the top of the stack. Along the dry section at the top the 
stack, friction between flowing air and stack reduces the air pressure. When air is passing 
through a section with branch discharge, the discharge flow occupies part of the cross-
sectional area of the stack. The free area for air passing through at that section is reduced. It is 
similar to an orifice at which the pressure at the downstream is reduced. Therefore, the air 
pressure is further reduced. Such reduction in air pressure has been well investigated by 
different researchers (Verma, Chakrabarti, and Khanna 1976; Swaffield 2010). These studies 
also depicted the positive air pressure occurring at the base of the vertical stack. When water 
flowing to the base of the stack, it changes its direction from vertical to horizontal. A water 
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curtain emerges at the beginning of the horizontal section. It restricts air coming from 
upstream to pass through. The air accumulates and increases its pressure until it is sufficiently 
high to ‘blow’ through the water curtain. It explains the existence of positive pressure at the 
base of the stack. Whenever excess positive pressure exists (i.e. air pressure is higher than the 
75mm water seal) at the base of the vertical drainage stack, foul air may ingress into the toilet 
space via the trap of the floor drain of sanitary fixtures connected to the positive pressure 
section of the stack. 
The industry aware of the hygienic problems of the excessive air pressure inside the vertical 
drainage stack. One of the common ways to prevent the excessive pressure is provision of a 
vertical vent stack running in parallel with the vertical drainage stack with cross-vents 
provided to connect the drainage stack and vent stack for every two or three floors. However, 
investigation on the cross-vent design is still limited. 

2. Cross-vent designs and investigations
2.1. International standards on cross-vent provision
The statutory requirement on the design cross-vent in Hong Kong is specified in ArchSD 
(2017) that cross-vents should be provided to connect the vertical vent stack and drainage 
stack for every 5 floors. It is the only statutory requirement on cross-vent in Hong Kong. The 
statutory requirement on cross-vent in Singapore is stated in PUB (2021). The requirement 
comprehensively specifies the locations of the cross-vents to be provided in a building 
drainage system. It specifies that, for a fully ventilated system, a cross-vent should be 
provided at mid-height of a building up to 20 storeys. For buildings higher than 20 storeys, 
cross-vent should be provided for every 10 storeys. If the building is a ventilated stack system 
(i.e. no vent pipe is provided for any soil fitment), cross-vent should be provided at every 3 
storeys. The Uniform Plumbing Code (IAPMO 2021) in United States also specifies the 
provision of yoke vents (i.e. cross-vents). It should be provided to connect the vertical 
drainage and vent stacks for every 5 floors starting from top for pressure relief. The size of 
the cross vent should be the same as the vertical drainage stack or the vertical vent stack 
whichever smaller. The national standard in China (MHURD 2019) also stated the 
requirement of cross-vent which should be provided for every floor or every two floors but 
should not be more than 8 floors. British Standard BS-12056-2 (BSI 2000) illustrates the 
provision of cross-vents in their secondary ventilation system configurations. Cross-vent is 
advised to be provided at each floor to connect the vertical vent and drainage stacks. Also, the 
size of the cross-vent is advised to be the same diameter as the vertical vent stack. We can see 
that cross-vent is an international common practice to be provided for relieving excessive air 
pressure inside building drainage system.  

2.2. Recent researches related to cross-vent 
Sharma, Chakrabarti, and Khanna (1981) investigated the venting of drainage stack with the 
presence of vent stack and cross-vents. An experiment was carried out and found that air is 
drawn from the vent stack through the cross-vents to the main drainage stack. A 
mathematical model was developed to correlate the water flow inside the stack and the 
suction created. However, this study only studied one scenario without addressing the effect 
caused by different cross-vent provisions. Although it did not address the effect of cross-
vents’ locations, it is one of the pioneer studies in study of cross-vent. Swaffield and 
Campbell (1995) developed a one-dimensional model to correlate the air pressures at stack 
suction and base of stack with the water flow rates. It was also applied on a single stack 
system and modified one pipe system (i.e. drainage stack with vent stack and cross-vents) to 
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estimate the air pressure and entrained air flow at the base of the drainage stack. The results 
showed that the air pressure at the base of the stack was reduced by the cross-vents. The 
study focused only on design of cross-vent for every floor. Variation of the cross-vent 
provision was not included in their study. Swaffield and Jack (2004) applied AIRNET (Jack 
and Swaffield 1999) model to simulate air pressure transient propagation inside a modified 
one pipe system under different defective conditions. This study investigated the response of 
the system with cross-vents implemented. This study developed a very powerful model to 
investigate the dynamic air pressure distribution in the building drainage network. However, 
it was only applied to study the cross-vent provision for every 2 floors.  
Gormley et al. (2021) recently investigated the current building drainage system design for 
tall buildings. It was found that, for a tall building, the vent pipe and cross-vents should be at 
least the same diameter as the main stack. This study draws attention of engineers and 
scientists that the current design practice on building drainage system is required to be 
reviewed. Cheng et al. (2008) carried out full-scale experiment on a fully-ventilated drainage 
system (i.e. one drainage stack and one vent stack with cross-vents connected) to investigate 
the peak air pressure inside the system. The experiment was carefully designed to collect air 
pressure along the vertical drainage stack under different flow rates in few cross-vent 
configurations. Although there was only one branch discharging water into the drainage 
stack, the result showed that, in general, the air pressure fluctuation along the drainage stack 
is minimum when cross-vent was provided to every floor. Their experiment allowed only one 
floor discharge to the stack and the flow rate achieved almost the design flow rate of the 
100mm diameter vertical stack (i.e., ¼ full-bore flow at around 4 litres/s). This scenario is not 
common. Usually, wastewater is discharging from different floors. It inspired the design of 
our methodology. Cheng et al. (2010) conducted another comprehensive experiment to 
determine the characteristics of air pressure fluctuations along vertical drainage stack. The 
test rig consists of a 38 m high vertical drainage stack running in parallel with a vent stacks 
from roof, 12th floor, 11th floor down to 1st floor then turning to horizontal run. Cross-vents 
connecting the two stacks were provided in every floor. Water was discharged from a single 
inlet in different levels with different flow rates. The experimental results showed failure of 
water seal at traps may likely to occur between a quarter and half of the stack height from its 
base. The experiment provides data to this study for model verification. 
The above reviews summarize that cross-vent is a common practice in building drainage 
system design when fully ventilated one-pipe system is adopted especially for high-rise 
buildings. Although the above researches included cross-vents into their studies, investigation 
on the effect of cross-vents with different configuration and different scenarios of branches 
discharge is still very limited.  

3. Methodology
3.1. General
This study is to investigate the optimum provision of cross-vents to the fully ventilated one-
pipe system (i.e. a pair of vertical drainage and vent stacks with cross-vents connected) for 
achieving the minimum variation of air pressure along the length of the vertical drainage 
stack. Since different scenarios will be studied, computational fluid dynamics (CFD) is 
adopted to simulate the flow of air and water inside the drainage system and the air pressure 
along the drainage stack will be captured for analysis. The following two parameters are 
varied to observe the change of the system performance. 
a. Number of floors between two consecutive cross-vents
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Referring to the statutory requirements summarized in section 2.1, the number of floors 
between two consecutive cross-vents varies in different countries. 

b. The pattern of the discharge branches
Referring to the pioneer researches in section 2.2, the experiments were usually carried out
with single branch discharge. The approach deviates from the actual discharge pattern of a
building in which multi-branches discharge more likely happens.

3.2. Model geometry 
We adopted Ansys’ Fluent (2016) to carry out the CFD simulation in this study. A full-scale 
CFD model is established according to the geometry of the experimental setup of the full-
scaled drainage test carried out by Cheng et al. (2008); Cheng et al. (2010). The test rig was 
constructed in a tower. A 100 mm diameter drainage stack runs from 13/F with open vent 
down to low level 1/F and turn to horizontal run. A 75 mm diameter vertical vent stack is 
provided in parallel with the drainage stack. It connects to the drainage stack at the high level 
of 1/F and also at high level of 12/F. Starting from 12/F down to 2/F, 50 mm diameter cross 
vent is provided at low level of each floor. A schematic diagram as shown in Figure 1 
illustrates the CFD geometry of the model. The total number of meshes of different cases 
ranged from 2.1 million to 4.4 million. We adopted FLUENT’s feature to convert the meshes 
from tetrahedral to polyhedral for improving the speed of computation and the accuracy of 
simulation. Sensitivity study was conducted to justify the adopted mesh size. It was found 
that, generally, there was less than 1% in the simulation result by reducing the mesh size to 
90%. 

Figure 1.     Geometry of the constructed CFD model of the building drainage system. (a) 
Geometry of the drainage system; (b) Blow-up detail of pipe connections. 
3.3. CFD model 
Boundary conditions of the CFD model are set as follows. Regarding the setting of boundary 
conditions, atmospheric pressure is applied to the top of the vertical drainage stack to 
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simulate the open end and the discharge of the horizontal drain. A 100 mm branch drain is 
connected to the drainage stack at low level of each floor from 12/F down to 2/F. If a branch 
has no discharge to the vertical drainage stack in a scenario, the branch is blanked to simulate 
the trap seal of the connected sanitary fitments. Since the design flow rate of a 100 mm 
diameter vertical drainage stack is 4.0 l/s, in a scenario with discharges from N no. of 
branches, the flow rate of each branch is determined to be 4/N l/s. At the inlet of each branch, 
it is assumed to be partially flow with velocity linearly reduced to zero from free surface to 
pipe invert. Boundary of the branch above the free water surface is set to be atmospheric 
pressure. The length of the branch drain is taken to be 1m long to allow sufficient length for 
the flow development from the boundary condition to the connection to the vertical stack.  
Since water and air are flowing inside a drainage system, in order to investigate the flow 
behaviours of both fluids, multiphase flow with Euler-Euler approach is adopted. Different 
phases of fluids are treated mathematically as continua. The volume fraction (VF) of the 
fluids are assumed to be continuous function in space and time and the sum of the VFs of all 
phases equals to one. Volume-of-fluid (VOF) model is used in this study for tracking the 
interface between air and water. It is purposed for simulating the interface between 
immiscible fluids of the multiphase flow condition. The VFs of all fluids are tracked 
throughout the space and time domains and one momentum equation is shared by the fluids  
The VOF (Gopala and van Wachem 2008) model, which attempts to track the interface based 
on the mass conservation, has been widely adopted. Nevertheless, it suffers from the well-
known numerical diffusion problem causing significant difficulty to track and retain high 
curvature or shape interface. In the VOF model, the sum of the VFs of all fluids inside any 
cell of the building drainage system (i.e. air, water and sediment) equals to one as described 
in equation (1) where 𝛼𝛼𝑞𝑞 is the VF of the qth fluid inside a control volume. 

∑ 𝛼𝛼𝑞𝑞𝑛𝑛
𝑞𝑞=1 = 1. (1) 

If the VF of the qth fluid in a cell is denoted as 𝛼𝛼𝑞𝑞, the following scenarios are possible. 
• Scenario 1 �𝛼𝛼𝑞𝑞 = 0� represents the cell is empty of the qth fluid; 
• Scenario 2 �𝛼𝛼𝑞𝑞 = 1� represents the cell is full of the qth fluid; and 
• Scenario 3 �0 < 𝛼𝛼𝑞𝑞 < 1� represens the cell contains the interface between the qth fluid and 

one or more other fluids. 
The interface(s) between the phases is tracked by the solution of the continuity equation for the 
VF of one or more phases. The VF equation of the qth fluid can be written as equation (2) 
where 𝜌𝜌𝑞𝑞 is the density of the qth fluid. The 𝑣⃗𝑣𝑞𝑞 and 𝛼𝛼𝑞𝑞 are the velocity vector and VF of the qth 
fluid and 𝑝𝑝 = 1,2,⋯𝑛𝑛 is the suffix of the fluids in the multiphase flow. The 𝑚̇𝑚𝑝𝑝𝑝𝑝�𝑚̇𝑚𝑞𝑞𝑞𝑞� is the 
mass transfer from phase 𝑞𝑞(𝑝𝑝) to phase 𝑝𝑝(𝑞𝑞). Equation (2) describes the volume transfer of the 
qth fluid in space and time domains of a control volume. 

1
𝜌𝜌𝑞𝑞
� 𝜕𝜕
𝜕𝜕𝜕𝜕
�𝛼𝛼𝑞𝑞𝜌𝜌𝑞𝑞� + ∇ ∙ �𝛼𝛼𝑞𝑞𝜌𝜌𝑞𝑞𝑣⃗𝑣𝑞𝑞� = ∑ �𝑚̇𝑚𝑝𝑝𝑝𝑝 − 𝑚̇𝑚𝑞𝑞𝑞𝑞�𝑛𝑛

𝑝𝑝=1 �. (2) 

The material property of the control volume is approximated by the material properties of the 
fluids weighted averaged by their VFs as shown in equation (3) where 𝜉𝜉𝑞𝑞 and 𝜉𝜉 are respectively 
the material property of the qth fluid and the representative material property of the control 
volume.  

𝜉𝜉 = ∑ 𝛼𝛼𝑞𝑞𝜉𝜉𝑞𝑞𝑛𝑛
𝑞𝑞=1 . (3) 

Similar to the material property, the velocity field is also shared among the fluids within the 
control volume. It is solved by a single momentum equation as shown in equation (4) where 𝑝𝑝 
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is the pressure and 𝑔⃗𝑔 is the gravitational force. It describes that the change of momentum in 
space and time domains equals to the sum of the forces including the differential pressure, 
shear stress and gravitational force acting on the control volume. 

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝑣⃗𝑣) + ∇ ∙ (𝜌𝜌𝑣⃗𝑣𝑣⃗𝑣) = −∇𝑝𝑝 + [𝜇𝜇(∇𝑣⃗𝑣 + ∇𝑣⃗𝑣𝑇𝑇)] + 𝜌𝜌𝑔⃗𝑔. (4) 

A standard finite-difference interpolation schemes and the explicit approach are used for the 
VF equation. The face values of the qth VF are interpolated by using geometric reconstruction 
scheme. A realizable k-ε model is used to model the turbulent viscosity. A fractional step 
method is used as a velocity-coupling scheme. Secondary order spatial discretization scheme 
is used for momentum and turbulent kinetic energy equations. Since this study focuses on the 
effects of different cross-vent configurations under different discharge patterns to the air 
pressure distribution inside the vertical drainage stack, simulation on steady state is adopted. 

3.4. Cases to be investigated 
According to the results of the previous researches in section 2.2, reduction in flow rate will 
incur less pressure variation. Therefore, we would adopt the design flow of a stack in the 
CFD simulations. In this study, 100mm diameter drainage stack is adopted. According to 
Table 11 of BS12056-2 (BSI 2000), the design flow rate of 100 mm diameter drainage stack 
is 4.0 l/s and also widely adopted as an industrial design practice. Therefore, this flow rate is 
adopted throughout this study. Discharge pattern from branches is also considered in this 
study. In each discharge pattern, the sum of total discharge rates from branches should not 
exceed the design flow rate of the stack. That is, in case of multiple branches discharge, the 
design flow rate is equally shared between the branches. Table 1 summarizes the cases to be 
simulated in this study. A cross-vent is provided for every N no. of floors. The cases with 
N=0 mean that no cross vent is provided. Four different discharging patterns with single, two, 
three and four branches discharge are studied. It covers most of the possible discharge 
patterns from branches. In order to cover the recommendations of international standards as 
shown in section 2.1, the number of floors between two consecutive floors varies from zero 
floor to 4 floors as shown in Table 1. 
Table 1.      Summary of the cases to be investigated by CFD simulations. 

N = no. of 
floor per 

cross-vent 

Branch(es) discharging water into drainage stack 

12/F 
(Scenario 1) 

12/F, 7/F 
(Scenario 2) 

12/F, 8/F, 4/F 
(Scenario 3) 

12/F, 9/F, 6/F, 
3/F 

(Scenario 4) 
0 Case 1-0 Case 2-0 Case 3-0 Case 4-0 
1 Case 1-1 Case 2-1 Case 3-1 Case 4-1 
2 Case 1-2 Case 2-2 Case 3-2 Case 4-2 
3 Case 1-3 Case 2-3 Case 3-3 Case 4-3 
4 Case 1-4 Case 2-4 Case 3-4 Case 4-4 

3.5. Assessment on air pressure profile 
In general, the air pressure is negative near the top of the drainage stack and gradually 
changes to positive when approaching the base of the stack. To achieve minimum impact on 
the connected trap seals, the pressure variation along the stack should be minimized. Since 
root-mean-square (RMS) value is in fact measuring the variance from zero mean, we propose 
to adopt RMS value of the air pressures along the stack to represent the performance.  
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4. Results and discussion
The model has been established. We acquired the experimental result of Case 1-1 (Cheng et 
al. 2010) from the authors of [4]) for calibrating our CFD model by adjusting the mesh size to 
compromise between the computational speed and the accuracy. The maximum mesh size 
was determined to be 10mm after the calibration. The experimental result and the CFD 
simulation result after calibration are plotted in Figure 2. It shows that the coefficient 
correlation between them is 0.97. We may conclude that the CFD simulation result achieves a 
reasonable agreement with the experimental result. This calibrated CFD model is used to 
evaluate the system performance in the following studies. 

Figure 2.     Experimental result and simulation results of Case 1-1. (a) Air pressure 
distribution inside the vertical stack. (b) Plot of experimental and simulation results air 
pressure along the vertical stack. The coefficient of correlation is 0.97. 
4.1. Scenario 1 – Single branch discharge from 12/F 
In this scenario, total 4.0 l/s water is discharging from the branch at 12/F. The results are 
shown in Figure 3. Pressure variations in all cases fall into (−0.15, 0.12) m-wg. Figure 3(a) 
shows that Case 1-0 (i.e. no corss-vent provided) achieved the maximum negative pressure 
among all. In this case, the vent stack was only connected to the drainage stack at the bottom 
and top. Although the vent connection at the bottom of the drainage stack released part of the 
air pressure to the atmospheric via the vent stack, there is still around 0.03 m-wg pressure at 
2/F. We can see the smooth air pressure change from to maximum negative at 11/F (i.e.; 
−0.15m-wg) to positive at 2/F since there was no other branch inlet and cross-vent in
between. Since the extreme negative pressure of case 1-0 is -0.15m-wg which is lower than
the trap seal (i.e. 0.075m-wg), without the provision of cross-vent, the water seal of the trap
at 11/F may be emptied by the extreme negative pressure. For other cases, with the provision
of cross-vent, excessive negative pressure along the vertical drainage stack can be alleviated.

  (a)           (b) 
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Figure 3.     (a) Simulation results of air pressures at different levels along the drainage stack 
with single branch discharge from 12/F. (b) The RMS values of air pressures of different 
cases. 
Another observation in case 1-3 shows that the positive air pressures at 4/F, 3/F and 2/F are 
higher than 0.075m-wg exceeding the 75mm water seal of the traps. Therefore, foul water 
may pass through the trap seals and ingress into the indoor environment from the building 
drainage system. The result shows that large single discharge from topmost, comparing to 
other discharge patterns as shown in Figure 4-6, should be prevented in system design since it 
may result excessive positive pressure at the base of the stack even cross-vent is provided. It 
should be noted from virus transmission point of view that the excessive negative or positive 
pressure along the stack may cause either ingress of foul air into indoor environment or loss 
of water seal (which eventually may also lead the ingress of foul air through the dried trap). 
When the foul air is contaminated by virus, such system design may cause the spread of 
disease to the indoor environment through the drainage system. In order to compare the 
results in different cases quantitatively, we adopt room-mean-square (RMS) value for the 
analysis. The RMS values of the 5 cases are shown in Figure 3(b). It is proved by the results 
of Cases 1-1, 1-2, 1-3 and 1-4 that all RMS pressures are lower than that of Case 1-0. It may 
conclude that the cross-vent does alleviate the pressure variation along the vertical drainage 
stack. We may summarise that, in this scenario, providing cross-vents at each floor or every 
two floors may reduce the air pressure variation along the vertical drainage stack and prevent 
the existence of excessive negative air pressure. 
4.2. Scenario 2 – Two branches discharging from 12/F and 7/F (discharge at every 5 
floors) 
This scenario is with 2 nos. discharges at 12/F and 7/F. The discharge rate of each branch is 2 
lit/s. We can observe from the results shown in Figure 4(a) that the air pressure variation is 
significantly reduced to the range (−0.03, +0.02) m-wg comparing to the last scenario with 

  (a)                                                                                         (b) 
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single branch discharge. We can see that the flow rate of each branch has significant impact 
of the induced air pressure inside the drainage stack.  If the water seals of the water traps are 
75mm, the negative air pressure (i.e., −0.03 m-wg) should draw the water seal to the stack. 
The water seal resume when the negative pressure disappears and the water trap of the trap 
will be less than 75mm but it can be replenished by the next usage of next flushing. The 
variations in Cases 2-0, 2-3 and 2-4 are quite similar to each other and the air pressures of 
these 3 cases are all negative from 12/F down to 2/F. The two Cases 2-1 and 2-2 performed 
similar with positive pressure at 4/F, 3/F and 2/F. The pressure variations of different cases 
represented by their RMS values are shown in Figure 4(b). Case 2-1 (i.e. cross-vent is 
provided at each floor) achieves the best performance among them. It quite agrees with the 
results in last scenario. 

 
Figure 4.     (a) Simulation results of air pressures at different levels along the drainage stack 
with two branch discharge from 12/F and 7/F; (b) RMS values of air pressures of different 
cases. 
4.3. Scenario 3 – Three branches discharging from 12/F, 8/F and 4/F (discharge at every 4 
floors) 
This scenario is with 3 nos. discharges at 12/F, 8/F and 4/F. The discharge rate of each branch 
is 1.33 lit/s. We can observe from the results shown in Figure 5(a) that the air pressure 
variation is significantly reduced to the range (−0.03, +0.02) m-wg. We can see that the 
reduced flow rate of each branch has less impact of the induced air pressure inside the 
drainage stack. The impact of the negative air pressure effect on the water seal of the 
connected trap is similar to the last scenario. The variations in all cases are quite similar to 
each other. The air pressures of cases 3-0, 3-1 and 3-4 are all negative at the base of the 
drainage stack. The two cases 3-2 and 3-3 achieved positive pressure at the base of the stack. 
The pressure variations of different cases represented by their RMS values are shown in 
Figure 5(b). Case 3-4 (i.e. cross-vent is provided at every four floors) achieves the best 

    (a)                                                                                            (b) 
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performance then cases 3-1 and 3-2. We can still observe that provided cross-vents at every 
level or every 2 levels can still achieve a good result. 

 
Figure 5.     (a) Simulation results of air pressures at different levels along the drainage stack 
with two branch discharge from 12/F, 8/F and 4/F; (b) RMS values of air pressures of 
different cases. 
4.4.  Scenario 4 – Four branches discharging from 12/F, 9/F, 6/F and 3/F (discharge at 
every 3 floors) 
This scenario is with 4 nos. discharges at 12/F, 9/F, 6/F and 3/F. The discharge rate of each 
branch is 1.0 lit/s. We can observe from the results shown in Figure 6(a) that the air pressure 
variation is significantly reduced to the range (−0.04, +0.04) m-wg. We can see that the 
reduced flow rate of each branch has less impact of the induced air pressure inside the 
drainage stack.  The impact of the negative air pressure effect on the water seal of the 
connected trap is similar to the last scenario. The variations in all cases are quite similar to 
each other at the upper portion of the stack but vary at the bottom of the stack. The air 
pressures of cases 4-3 and 4-4 are all negative along the stack down to 2/F. The other three 
cases achieve positive pressure at the base of the drainage stack. The pressure variations of 
different cases represented by their RMS values are shown in Figure 6(b). Case 4-3 (i.e. 
cross-vent is provided for every three floors) achieves the best performance then cases 4-4. 
We can still observe in case 4-1 that provided cross-vents at every level can still achieve a 
reasonably good result since the RMS value (i.e., 0.019) is still quite similar to the RMS 
values of case 2-1 and 3-1 (i.e., 0.013). 

  (a)                                                                                         (b) 
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Figure 6.     (a) Simulation results of air pressures at different levels along the drainage stack 
with two branch discharge from 12/F, 9/F, 6/F and 3/F; (b) RMS values of air pressures of 
different cases. 
4.5. Comparison of air pressure inside drainage stack with different discharge patterns 
Section 4.1 to 4.4 show the CFD simulation results of different cases. We would discuss the 
effect of discharge pattern to the air pressure along the vertical drainage stack. Table 2 
summarizes the results. 
Table 1.     Summary of maximum and minimum air pressure along vertical drainage stack 
with different discharge patters. 

Scenario Floor of discharging 
branches 

Air pressure (m-wg) 

Minimum Maximum 
1 12/F -0.15 +0.12 
2 12/F, 7/F -0.03 +0.02 
3 12/F, 8/F, 4/F -0.03 +0.02 
4 12/F, 9/F, 6/F, 3/F -0.04 +0.04 

Table 2 shows the discharge pattern in scenario 1 has the largest air pressure range. The air 
pressure range of other scenarios are quite similar to each other. The same can be observed 
from Figure 3(a). It indicates that single discharge from top of stack may incur excessive 
negative and positive air pressure along the stack. This discharge scenario should be avoided 
in system design. 
5. Conclusions 
This study adopted CFD to study the performances of cross-vent provided between the 
vertical drainage stack and the vertical vent stack. The CFD simulation of case 1-1 was 
compared to the published experimental result and found a good agreement. We then carried 

  (a)                                                                                         (b) 
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out systematic analysis on the effectiveness of different cross-vent provisions by 
consideration the spacing between the cross-vents and also the number of branches 
discharging to the drainage stack. According to our observations on the simulation results, 
cross-vent can prevent excessive negative air pressure along the drainage stack. However, 
large single water discharge should be prevented since the excessive air pressure at the 
bottom of the stack may cause ingress of foul air into indoor environment through the 75mm 
water seals of the trap which may assist the virus transmission. However, in general, the 
provision of cross-vents can prevent the existence of excessing negative or positive pressure 
along the stack.  
In this study, we investigated the effect of different cross-vent provisions and different flow 
patterns. The CFD simulation results show that the best cross-vent provision varies in 
different scenarios. The RMS values of case 1-1, case 2-1 and case 3-1 show that provision of 
cross-vent in every floor, although it is not the best option in the three discharge scenarios, is 
still reasonably good. Case 4-1 is not the best among the its discharge scenario but the RMS 
value is quite similar to case 2-1 and case 3-1. We consider case 4-1 is still practically 
acceptable. Therefore, we would propose a practical guide that, cross-vents should be 
provided at every floor levels connecting the vertical drainage stack and the vertical vent 
stack. This recommendation in line with MHURD (2019) and BSI (2000). 
Nomenclature 
COVID-19 coronavirus disease 
m-wg water depth in meter 
SARS severe acute respiratory syndrome 
VF volume fraction 
VOF volume of fluid 

𝛼𝛼𝑞𝑞 volume fraction of the 𝑞𝑞𝑡𝑡ℎ fluid 

𝜌𝜌𝑞𝑞 density of the 𝑞𝑞𝑡𝑡ℎ fluid 

𝑣⃗𝑣𝑞𝑞 velocity vector of the 𝑞𝑞𝑡𝑡ℎ fluid 

𝑚̇𝑚𝑝𝑝𝑝𝑝 mass transfer from phase 𝑝𝑝 to phase 𝑞𝑞 

𝑚̇𝑚𝑞𝑞𝑞𝑞 mass transfer from phase 𝑞𝑞 to phase 𝑝𝑝 

𝜉𝜉𝑞𝑞 material property of the 𝑞𝑞𝑡𝑡ℎ fluid 

𝜉𝜉 material property of the control volume 

𝑝𝑝 pressure 

𝜇𝜇 dynamic viscosity 

𝑔⃗𝑔 gravitational acceleration vector 
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