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Abstract

Pressure variation in drainage stack is one of the key design parameters for a healthy
drainage system in high-rise residential buildings as it might deplete the water seals of
any connected appliances that prevent the ingress of foul gases into a habitable space. In
this study, diurnal pressure variations in a drainage stack of a typical in-use high-rise
residential building in Hong Kong were investigated. With the survey data of occupant
load variations and diurnal WC flushing patterns collected from a number of similar
local buildings, a significant association between the expected hourly WC flushes in the
building and the air pressure variations in the stack was reported. Mathematical
expressions were proposed to correlate the occurrence of maximum air pressure at
certain locations in a stack with the expected hourly WC flushes in high-rise residential
buildings. The results would be a useful source of reference to the development of
control strategies against probable appliance seal loss in high-rise residential buildings.
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1 Introduction

Hong Kong is a developed city having a population of 6.7 million and limited area of
1,067 km®. The tiny portion (20%) of flat land for construction has led to a densely
populated high-rise environment. The tallest residential buildings in Hong Kong are
Sorrento (tower 1: 75 floors, 256 m high; tower 2: 66 floors, 236 m high; both were
completed in 2003), The Harbourside (75 floors, 255 m high, completed in 2003), The
Harbourfront Landmark (70 floors, 233 m high, completed in 2001) and The Belcher’s
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towers 1-6 (61-63 floors, 221-227 m high, completed in 2001) [1]. In addition to the
private residential buildings, there are many other government funded ones with heights
over 140 m.

Following the massive outbreak of Severe Acute Respiratory Syndrome (SARS) in
early 2003, the drainage system in high-rise residential buildings has become a major
concern [2-4]. The contaminated single stack system was the suspect of transporting the
virus into the living units connecting to it.

Air pressure fluctuation control in vertical drainage stacks, to which building height is a
challenge, has been identified as an important factor in ensuring the performance of a
building drainage system [2,5]. The transient air pressure generated in a poorly designed
drainage stack by the system operations would contribute to the probable trap seal
depletion of any connected appliances that prevent the ingress of foul gases into a
habitable space [6]. For designing a healthy building drainage system, such pressure
with unsteady partially filled pipe flow has been investigated intensively through
simulations and laboratory tests [5,7-11]. Simulations based on a four-stack network
that illustrated the flow mechanisms within the pipework following both appliance
discharges and sewer-generated transients were performed to enable the development of
measures like air admittance valve design against excessive air pressure variations in
stacks [7]. The influence of design parameters including stack diameter, roughness,
height, and applied water flow rate was also examined to determine the air pressure
regime within the drainage vent system [8]. By laser measurement of annular flow
velocities under representative unsteady flow conditions, the model predictions were
validated [11].

Apart from the ventilation pipe designs, the air pressure variations are closely related to
the discharge flow rates and patterns of appliances. Indeed, water discharge patterns are
transient and dependent on occupant load variations, occupant usage patterns and the
types of appliances installed. How the usage varied significantly throughout a day and
between appliances was demonstrated [1, 12-14]. Studies showed that the diurnal
patterns of total WC flushes could be presented in two distinct profiles, i.e. on an
average weekday and an average weekend [12-14]. Nevertheless, stack air pressure
variations in high-rise residential buildings due to the occupant usages were not
investigated in details.

There are external factors such as wind pressure across openings and operations of
mechanical fans or washroom windows/doors which might affect the transient air
pressure in a drainage stack, but it is believed that WC flushing operations dominate the
stack pressure variations. Based on experimental tests, mathematical expressions were
proposed for air pressure transients in drainage stacks due to WC flushing operations
[5.8].

This study investigated the diurnal air pressure variations in a drainage stack of a typical
in-use high-rise residential building in Hong Kong and correlated the measured pressure
variations with the expected hourly WC flushes. The results would be a useful source of
reference to the development of control strategies against probable appliance seal loss in
high-rise residential buildings.
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2 Field studies

The field studies were composed of 2 parts: (1) a survey study of diurnal drainage
discharge patterns on typical weekdays and holidays, and (2) measurements of air
pressure variations in an in-use drainage stack of a high-rise residential building.

The first study was conducted in 14 high-rise residential buildings of 5 Hong Kong
estates [1,4,13-14]. The estates were selected based on their geographical locations,
building ages and architectural designs. They provided 26,500 apartments for a
population of 113,000. Invitation letters introducing the study objectives, the survey
period and details were sent to 1,300 selected households. Representatives of the 597
responded households participated in a face-to-face interview in their respective
apartments. The daily occupant load variations throughout a week were surveyed. Most
of the interviewees were those occupants staying at home the longest time. During the
interview, they were asked to provide information of the appliance usage patterns on the
day prior to the interview, and the hourly usage patterns on weekdays, Sundays and
holidays. The average time between appliance demands was surveyed. For each
installed appliance, its type, physical size, brand name, fill level and usage frequency
were recorded. Average flow rates of water taps installed at the sink, washbasin, shower
and bath were measured with simple operations by the occupants; the discharge and
refilling times of each WC cistern were measured as well. Floor area of each apartment
was obtained from the facilities management, direct measurement, or record drawings of
piping arrangements.
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Figure 1: Example diurnal patterns of total flushes [4,12]

Air pressure variations in a PVC drainage stack of a 38-storey in-use residential
building in Hong Kong were investigated in the second study. The stack pipe was 150
mm in diameter and fully vented by a 100-mm ventilation pipe with cross vents
installed on alternate floors. Both the stack and ventilation pipe extended throughout the
building (of height 110 m) and terminated at 1 m above the building roof. The stack
collected effluents from the en suite washrooms on every floor. Each of these
washrooms was equipped with a WC, a washbasin, a bath tub and a floor drain. This
field study employed a data acquisition system which included a pressure sensor
(measurement range +837 Pa; probable error < 2 Pa) and a data logger with a minimum
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sampling frequency of 1 s. The pressure sensor was installed at ‘level 6’ of the stack (i.e.

16 m above the bottom bend of the stack). Taking account of the atmospheric pressure
in the washroom, it measured the transient pressure variations in the stack from Monday
to Wednesday in a week.

3 Result and discussion

Figure 1 shows the example diurnal patterns of ‘per capita’ total flushes 6 for an
average weekday. A sharp peak occurred during the morning period of 5 a.m. — 9 a.m.,
with a maximum rate of 0.52 ca'h™" at around 7:30 am. A period of lower flush rate
followed from 11 a.m. till 3 p.m. The second peak occurred in the evening and it lasted
for about 5 hours (6 p.m. — 11 p.m.). The late night minimum also lasted around 4 hours
(2 am. — 5 a.m.) at a rate of approximately 0.032 flushes per capita per hour.
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Figure 2: Weekday occupant load variations ¢ of high-rise residential buildings in
Hong Kong

It was reported that the average maximum occupant load factor of the 600 apartments
surveyed was very close to some design criteria, e.g. 4.5-9 m” per capita as in the local
codes of practice [1,4]. Figure 2 shows the occupant load variations as a percentage of
the reported ‘full’ occupant load. Loads nearly full were found at midnight and lasted
for about 5 hours, they then dropped to the minimum (i.e. 25%) at 9 a.m. for 6 hours as
shown.

Interestingly, by plotting against the occupant load variations ¢ on weekdays, the
average ‘per capita’ hourly flushes 6 could be grouped into 4 categories. As shown in
Figure 3, these categories are: (1) morning peak period with high usage 0700-1000; (2)
low occupancy period with general usage 1100-2300; (3) high occupancy period with
low usage 0100-0500; and (4) transitional usage stages from low to high at 0600 and
from high to low at 0000. The ‘slope’ in the figure indicates the demands of WC flushes
in various periods throughout a day. With an average slope of nearly 1, a significant
correlation was found for the morning peak average (p < 0.05). The ‘steep’ slope
indicated a congested demand in that period due to the assumption of a number of
occupants flushing the WCs almost simultaneously. In the low occupancy period, there
was also a significant correlation between ¢ and ¢ (p = 0.0000) with an average slope of
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0.3. In the period of high occupancy with low usage, where the average ‘per capita’
hourly flushes was 0.04 ca 'h™' with a standard deviation of 0.01 ca 'h™', no significant
correlation was found between 6 and ¢ (p > 0.95).
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Figure 3: Number of flushes against occupant load variations
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Figure 4: Example diurnal patterns of air pressure in a drainage stack

Figure 4 shows the diurnal air pressure variations measured in the drainage stack.
Considerably ‘large’ fluctuations were reported in both the morning and evening peaks
as shown. The probability P of air pressure £ in the stack exceeding certain pressure
limits +&" is expressed below, where ¢ is the probability density function of & in the
stack,

;
P=1- [¢(e)e (D)
_g*
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In this study, P was also approximated by the proportion of the number of
measurements with air pressure fluctuations exceeding the set pressure limits as follows,
where N is the number of measurements in the stack with an air pressure &,

R P e
N (2)

Apart from the air pressure transients due to human activities and wind pressure across
the stack openings (e.g. operation of mechanical ventilation fans), the probability P is
correlated with the expected WC flushes. For the air pressure measured at certain stack
level, this study proposes the following mathematical expression (R = 0.6, standard
error = 0.04), where Ny is the expected hourly flushes,

x—3.08

P(& S Ej)= 305¢ 6(14.55—04053&.*)N,- - Np= 580 .. 3)

Figure 5 shows this P, with the pressure limits c’;* of 50 Pa, 75 Pa and 100 Pa arbitrarily
selected in the study, against N¢. A significant association was found between P and N¢
(p<0.0001). As expected, the probability of the stack air pressure going beyond certain
limits was proportional to the expected WC flushes. The measurement results showed
that the WC flushes would dominate the air pressure variations in a stack and
uncertainty of these variations due to other factors was about 8% with 95% confidence
intervals.
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Figure 5: Correlations between stack air pressure and expected hourly WC flushes

4 Conclusion
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In this study, diurnal pressure variations in a drainage stack of a typical in-use high-rise
residential building in Hong Kong were investigated. With the survey data of occupant
load variations and diurnal WC flushing patterns collected from a number of similar
local buildings, a mathematical expression was proposed to correlate the occurrences of
maximum pressure measured at certain locations in a stack with the expected hourly
WC flushes in certain high-rise residential buildings. For the studied building, the
probability of transient stack air pressure exceeding certain pressure limits was
correlated with the expected hourly WC flushes. The measurement results showed that
WC flushes would dominate air pressure variations in a stack and uncertainty of these
variations due to other factors was estimated to be 8% with 95% confidence intervals.

5 Acknowledgment

The work described in this paper was substantially supported by a grant from the
Research Grants Council of the Hong Kong Special Administrative Region, China
(Project No. PolyU 5129/04E; A/C code: BQ801).

6 References

1. Wong L. T. and Mui K. W., (2004). A survey of the sanitation load for domestic
high-rise building estates in Hong Kong, Proceedings of the 30" International
Symposium on Water Supply and Drainage for Buildings, CIBW062, CSTB,
Paris, France, 16-17 September, Fourth Session-Drainage System, 1-18.

2. Jack, L.B., Cheng, C. L., Lu, W.H., (2006). Numerical simulation of pressure
and airflow response of building drainage ventilation systems, Building Services
Engineering Research and Technology, Vol. 27, No. 2, pp. 141-152.

3. Fernandes, V. M. C., Goncalves, O. M., (2006). Limits for use of vent elements
in building drainage systems considering the risk of infection spread by means
of water-seal behaviour and integrity: the case of Brazilian systems, Building
Services Engineering Research and Technology, Vol. 27, No. 2, pp. 103-117.

4. Wong, L. T., Mui, K. W., (2004). Determining the domestic drainage loads for
high-rise buildings, Architectural Science Review, Vol. 47, No. 4, pp. 355-364.

5. Cheng, C. L., Lu, W. H., Shen, M. D., (2004). An empirical approach: prediction
method of air pressure distribution on building vertical drainage stack, Journal of
the Chinese Institute of Engineers, Vol. 28, No. 2, pp. 205-217.

6. World Health Organization (WHO), (26 Sep 2003). Inadequate plumbing
systems likely contributed to SARS transmission, WHO press release WHO/780,
1-2.



CIB W062 Symposium 2006

10.

11.

12.

13.

14.

Swaffield, J. A., (2006). Sealed building drainage and vent systems—an
application of active air pressure transient control and suppression, Building and
Environment, Vol. 41, No. 10, pp. 1435-1446.

Swaffield, J. A., Jack, L. B., Campbell, D. P., (2004). Control and suppression of
air pressure transients in building drainage and vent systems, Building and
Environment, Vol. 39, No. 8, pp. 783-794.

Swaffield, J. A., Jack, L. B., (1998). Drainage vent systems: Investigation and
analysis of air pressure regime, Building Services Engineering Research and
Technology, Vol. 19, No. 3, pp. 141-148.

Swaffield, J. A., Campbell, D. P., (1992). Numerical modeling of air pressure
transient propagation in building drainage systems, including the influence of
mechanical boundary conditions, Building and Environment, Vol. 27, No. 4, pp.
455-467.

Swaffield, J.A., Thancanamootoo, A., (1991). Modelling unsteady annular
downflow in vertical building drainage stacks, Building and Environment, Vol.
26, No. 2, pp. 137-142.

Friedler, E., Butler, D., Brown, D. M., (1996). Domestic WC usage patterns,
Building and Environment, Vol. 31, No. 4, pp. 385-192.

Wong, L. T., Mui, K. W., (2006a). Discharge demand analysis on a drainage
stack for residential buildings, Facilities, Vol. 24, No. 3/4, pp. 132-140.

Wong, L. T., Mui, K. W., (2006b). Modeling water consumption and flow rates
for flushing water systems in high-rise residential buildings in Hong Kong,
Building and Environment, In press.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


