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Sewer Ventilation Modeling

Abstract

A model of sewer ventilation was developed using a relationship between the water and air velocities. SWMM hydraulic output

was used to compute the water velocity and flow depth. The flow depth is used to compute the headspace area. In conjunction

with the calculated air velocity this allows the air flow rate to be computed. The model was calibrated and validated using five

studies that included data from collection systems in four cities, plus two experimental setups. The results showed that the model

was able to reasonably reproduce the measured data over a large range of air flow rates—from <10 m3/h to 5 000 m*/h.

1 Introduction

In the design of sewer systems (specifically sanitary sewers at this
point, since combined systems are no longer constructed) there
is typically little design attention paid to air movement. Yet air
movement is one of the determining factors in odour and corro-
sion problems (Koe and Brady 1986). Odour problems can be a
major issue for system owners and can be difficult to fix (e.g. City
of Los Angeles 2011). Pipe corrosion causes huge maintenance
issues and expense (e.g. Sydney et al. 1996).

The calculation of corrosion and odours in sewer systems is
a two part process (Boon 1995). The first part is the calculation of
air flow rates. The second part is the estimation of concentrations,
usually hydrogen sulfide (Reid and Imel 1956). This paper deals
only with the air flow rate calculation.

An overview of the mechanisms effecting the air move-
ment in sewers is given by Edwini-Bonsu and Steffler (2006) and
Lowe (2016). The main mechanism is friction drag between the
air and water, causing the air to move in the same direction as the
water. However there are many complicating factors that make
the computation of sewer ventilation rates challenging. Some of
these include:

1. The effect of drop structures. These can draw air into
the system as the water free falls to a lower eleva-
tion; or act as an air flow bottleneck; or act as a com-
plete air flow block if the bottom of the structure is
inundated (Falvey 1980).

2. Buoyancy effects: the air in sewers tends to be warm-
er and have more moisture than the ambient air,
especially in winter (Yongsiri et al. 2004). This makes
sewer headspace air less dense than the ambient
air. Although counter-intuitive, air with a higher
water content is actually less dense, as the molecular
weight of water (18 g/mol) is less than either N, or
0, (28 g/mol and 32 g/mol respectively). This creates

the potential for air exchange, as denser ambient air
enters the system and displaces the lighter head-
space air. This is a particular issue for combined
sewer overflow (CSO) storage tunnels that sit empty
most of the time (Schultz et al. 2012).

3. CSO storage tunnels that are designed to be fillable
create unique issues as they have no headspace.

This means that all the air flowing toward them must
be vented (Lautenbach et al. 2012). Additionally, as
water fills the tunnel that volume of air must also be
displaced.

4. The presence of siphons. At the head end of siphons
all the air must be vented as there is no headspace in
the siphon pipe.

5. Air compressibility. Unlike water, which is assumed
to be incompressible in typical sewer calculations, air
can be compressed. This means simple volumetric
flow balances may need adjustment.

6. Air pressure. Air, like all fluids, moves from high
pressure to low pressure. If the air pressure at all
points in a system was known then the air flow rates
in the system could be computed with reasonable
accuracy. If sewer systems were closed systems this
might be possible.

However sewer systems have thousands of connections
to the ambient air; via manholes, for example. Each manhole
presents a unique air pressure boundary condition. Studies have
shown the importance of pressure variations at manholes in ef-
fecting local system air flows (WERF 2009; Parker and Ryan 2001).
At present there are no methods available to reliably predict man-
hole pressure variations.

So while recognizing some of the complicating factors
listed above, it is still important to realize that friction induced air
flow from the water will still be the main mechanism. It is there-
fore this phenomenon that is the focus of this paper. Specifically

Lowe, Scott A.  2017. Sewer Ventilation Modeling. Journal of Water Management Modeling 25:C415.  https://doi.org/10.14796/JWMM.C415

©CHI2017. www.chijournal.org ISSN 2292-6062.



this paper looks at using the USEPA Storm Water Management
Model (SWMM) to provide the key hydraulic inputs necessary for
the air flow rate calculation.

2 Model Development and Calibration

The main objective of the study was to develop a model to
compute sewer air flow rates based on SWMM hydraulic output.
The first step was to develop a relationship between the sewer
hydraulics and air flow based on actual field measurements. This
can be thought of as the model calibration. Once calibrated the
model could then be validated against other data from different
systems.

The data used for model calibration was based on an
extensive study by Parker and Ryan (2001). The study was con-
ducted over 11 km of the Ottawa—Carleton sanitary sewer system
with pipe sizes ranging from 0.61 m to 2.1 m (24 in. to 84 in.). This
study was chosen as it spanned a large range of both water and
air flow rates. Water flows at the head end of the system were
0.09 m3/s and increased to 0.71 m3/s by the last reach. The physic-
al characteristics of the system are summarized in Table 1.

Table 1 Physical characteristics of Ottawa-Carleton sanitary

sewer system.

Segment Diameter (m) Length (m) Distance (m) Slope (%)
1 0.61 1189 1189 0.007-0.67
2 0.69 643 1832 0.09-0.94
3 0.76 532 2364 0.001-0.77
4 1.40 518 2882 0.04-0.48
5 1.20 1765 4647 0.001-0.83
6 1.40 2788 7435 0.001-0.65
7 1.50 1294 8729 0.006-0.32
8 2.00 1511 10240 0.001-0.44
9 2.10 808 11048 0.001-0.7

A SWMM model of the system was developed. The
SWMM-computed water velocities were plotted against the
measured air velocities as shown in Figure 1. Air velocities were
not measured in pipe segments 2 and 4. The best relationship
between the air and water velocities was given by a second order

polynomial:
V. =0242V -0.032V:? (1)
where:
V_ = airvelocity in m/s, and

Vv, = average water velocity in m/s.
As expected with such a limited and scattered dataset the

correlation is modest (R? = 0.62). This, however, is typical of field

sewer ventilation data. The real question was how air flow rates

based on this relation would compare.
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Figure 1 Relationship between air and water velocity.

The SWMM output also contains the flow depth in each
pipe. This can be used to compute the cross sectional area of the
flow in each pipe. This allows the headspace area to be comput-
ed. Multiplying headspace area by the air velocity estimated in
Equation 1 gives the estimated air flow rate. The modeled and
measured results are given in Figure 2.
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Figure 2 Modeled air flow for the Ottawa-Carleton sewer
system.

The results shown in Figure 2 look surprisingly good given
the modest air to water velocity relationship they are based on.
Figure 3 shows the percentage error (%error), calculated as:

Modeled — Measured (2)
Measured

%error =

The formulation was set up this way so that a negative
value indicates the model underpredicted, and a positive value
indicates the model overpredicted. The results are shown in Fig-
ure 3.

This brings up the question: what exactly is a good result
and how should the results shown in Figures 2 and 3 be inter-
preted?

Perhaps the first item to discuss in relation to this ques-
tion is expectations. For all of the reasons mentioned previously



in Section 1, it is not realistic to expect that airflow rates will
ever be predicted with the accuracy of the system hydraulics. In
discussions with engineers there seemed to be a general notion
that any prediction within a factor of two would be considered
good, considering that there is essentially no predictive capab-
ility available at all at the present time. This would be an error of
+100%.

In a sewer ventilation study conducted by the Water En-
vironmental Research Foundation (now the Water Environment &
Reuse Federation, WERF 2009), numerical models were compared
to measured results. The best model was an empirical model
which had an average error of 103%. The average error from
Figure 3 is 61%, and the median error is 23%. So in the context of
WERF study, and the rule of thumb mentioned above, this seems
like a good result. However this is the model calibration—the real

test of prediction is the validation stage that follows.
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Figure 3 Model performance for the Ottawa—Carleton sewer

system.

Using this as the starting point the model was then applied
to other datasets to see how it compared. This was the model
validation phase.

3 Model Validation

The model developed above was tested using data from four
separate studies. The first two studies were a series of experi-
ments. The next two used data collected from sewer systems
in three cities: Seattle, Los Angeles and Toronto. Combined,
these studies had air flow rates that ranged from <10 m*/h to
>10 000 m*/h.

3.1 Pescod and Price Study

A laboratory based experimental study was conducted by Pescod
and Price (1982) to examine the effect of liquid drag on air flows
using a 0.3 m (12 in.) diameter pipe. The test details, as supplied in
their paper, are given in Table 2.

Table 2 Details of Pescod and Price study.

Test # Water Depth Fraction ~ V water (m/s) Vair (m/s) Qair(L/s)
1 0.5 0.6 0.2 73
2 0.25 0.6 0.18 10.5
3 0.75 0.6 0.21 297
4 0.5 0.4 0.21 79
5 0.75 0.4 0.17 224
6 0.25 0.4 0.12 72
7 0.5 0.2 0.07 2.6
8 0.4 0.8 0.2 8.9
9 0.38 0.4 0.11 53

As with the calibration procedure, a SWMM model was set
up to represent the system. SWMM results were used to compute
the air flow rates. The results are shown in Figure 4. The results again
look reasonable, especially considering that these air flow rates are

1 to 2 orders of magnitude less than the calibration data set.
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Figure4 Modeled air flow for Pescod and Price study.

The % error is shown in Figure 5 (where possible a standard
axis of £100% will be used in all error plots to facilitate direct
comparisons). In this case the model underpredicted every run
but only once did the error exceed —50%. The average error was
—29% and the median error was —30%.
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Figure 5 Model performance for Pescod and Price study.

3.2 Koziel, Corsi and Lawler Study

Koziel, Corsi and Lawler (2001) conducted experimentsona 61 m
(200 ft) long pipe with a diameter of 0.2 m (8 in.). Although the



focus of this study was VOC emissions, air flow rates were also
measured. Some of the experiments forced the air counter to the
water flow. These were not modeled. Details of the experiments,
as given in their paper, are given in Table 3.

Table 3 Details of Koziel et al. study.

Experiment  Slope (%) Water Depth (mm) V water (m/s) Vair (m/s) Qwater (L/s)
1 2 12.8 0.48 0.16 0.41
2 2 255 0.75 0.22 1.76
3 15 12.8 0.42 0.13 0.36
4 1.5 25.7 0.65 0.21 1.55
5 1 134 0.35 0.15 0.32
6 1 25.7 0.53 0.16 1.27
7 0.5 258 0.38 0.12 0.90
8 0.5 39 0.48 0.27 21
9 0.5 132 0.25 0.08 0.22
10 0.5 47 0.54 0.18 3.02

A SWMM model of the system was developed and used to
calculate air flow rates. The results are shown in Figure 6. As be-
fore the model agreement is reasonable. Also as before the flow

rates are much lower than those used in the calibration.
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Figure 6 Modeled air flow for Koziel et al. study.

The model performance is shown in Figure 7. As with the
previous case the model underpredicted every run. The max-
imum error was —50%. The average error was —18% and the medi-
an error was —14%.
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Figure 7 Model performance for Koziel et al. study.

3.3 Los Angeles and Seattle

The Water Environmental Research Foundation (now the Water
Environment & Reuse Foundation, WERF) conducted a series of
air flow rate experiments at four locations within the King County,
Washington (Seattle area) and Los Angeles County wastewater
collection systems (WERF 2009). The details of the four systems, as
given in the report, are in Table 4.

Table 4 Details of the WERF study.

Location Pipe Type Diameter (m) Length (m) Slope (%) Vwater (m/s) Vair(m/s)

West Covina (LA) ~ RCP 0.84(33in.) 220 0.51 21 0.12
Torrance (Seattle)
Test 1 RCP 137 (54in.) 172 0.047 0.77 0.22
Test 2 RCP 137 (54in.) 172 0.047 0.79 0.14
Test3 RCP 137 (54in.) 172 0.047 0.78 0.26
Renton (LA) RCP 2.44(%in.) 278 0.086 138 0.18
North Seattle RCP 0.61(24in.) 128 0.7 2.10 0.10

The SWMM based model results are shown in Figure 8. For
the Torrance and Renton locations the model results look reason-
able. The model overpredicts the North Seattle and West Covina
locations. Both of these sites stood out in the WERF study as hav-
ing large water velocities but small air velocities.

At the West Covina location there was an air flow restriction
noted in the report, the cause of which was unknown. As the
model has no restrictions in place it not surprising that it signifi-
cantly overpredicts the flow rate.

The North Seattle location was unusual in that the up-
stream end of the measured reach was the end of a force main.
Apparently the pump cycling caused frequent air flow reversals
after the pump switched off. This reduced the net air flow rate and
resulted in the small average number that is shown (~85 m*/h).
Again none of this was incorporated into the model and so it is
not surprising the model overpredicts the flow rate here.
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Figure 8 Modeled air flow for WERF study.

The model performance shown in Figure 9. The two out-
liers are noted. The other sites had good results—within 50%
error. The average (absolute) and median (absolute) results for all
sites was 153% and 32%. If the outliers are removed the average
and median results are both 25%.
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Figure 9 Model performance for WERF study.

3.4 Toronto

A 1995 study was conducted on a large sewer interceptor in
Toronto (Quigley and Corsi 1995). The details of the system, based
on their paper, are given in Table 5. The typical midday flow in the
study was 0.2 m3/s and the flow depth was 20 cm to 25 cm.

Table 5 Details of the Toronto sewer system.

Reach Diameter (m) Length (m) Slope (%)
1 0.9 880 1.0
2 11 15 0.60
3 11 425 0.50
4 1.2 210 0.25

As the focus of the study was VOC emissions, the air flow
rates were noted as ranges. For three sampling events that took
place between ~09:00 and ~16:00 on three separate days, the air
flow ranges were reported as 1 300 m3/h to 1 800 m*/h (day 1);
1300 m*h to 2 300 m*/hr (day 2); and 1 300 m*/h to 1 600 m*/h
(day 3). The average of these flows and the computed model
results are shown in Figure 10. There is good agreement between
the modeled and measured air flow rates.

The study also noted that air was drawn into the system
through manholes in reaches 1 and 2, and air was vented through
manholes in reaches 3 and 4. The ventilation model predicted the
same sequence.
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Figure 10 Modeled air flow for Toronto sewer system.

The model performance is given in Figure 11. Again the
model underpredicted on each day, but was always within 20%.
The average and median errors are —13% and —11%.
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Figure 11 Model performance for Toronto sewer system.

3.5 Summary of Calibration and Validation Re-
sults

The results of both the calibration and validation are encour-
aging. The calibration and validation results showed that the
model could reliably reproduce the measured air flow rates in
nearly all cases. The model was able to compute values over a
large range of air flow rates, from <10 m3/h to >5 000 m3/h. The
results of all the model runs are shown graphically in Figures 12
and 13 below.

Figure 12 highlights the large range used in the model
validation, to the point where the smaller results are not even
visible on the chart. The same results are plotted on a logarithmic
axis in Figure 13, where all the results can be seen more clearly.

The average error for all runs was 51%. The median error for
all runs was 22%. If the two WERF sites that had issues are exclud-
ed the average and median errors are 30% and 21%.
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Figure 12 All model results on a linear axis.
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Figure 13 All model results on a logarithmic axis.

4 Example Application

To show how the ventilation model can be applied, an existing
SWMM sanitary sewer model was used. Figure 14 below shows
the SWMM layout for the sanitary sewer of a 60 lot development.
The lot areas ranged from 0.2 ha to 0.6 ha (0.5 acres to 1.5 acres).
Pipe sizes ranged from 0.2 m to 0.76 m (8 in. to 30 in.). Slopes var-
ied from 0.25% to 3.6%. Pipe A is highlighted for further analysis.

In this case the inflow-infiltration (I/I) for the system was
based on a small percentage of a Type Il, 6 h design storm of
10 cm (4 in.) entering the system. The air flow rates at the peak
system hydraulic flows are shown in Figure 15 below for various
reaches. The air flow rates generally increase through the system,
with increasing water velocities and increasing headspace in the
larger pipes. However, from section to section there are also fre-
quent decreases in air flow rates, reflecting local changes in slope

or water velocity.

When air flow decreases from one section to the next, the
excess air is vented at the nearest manhole (MH). The MH venting

locations and rates are shown in Figure 16 below.

One advantage of using SWMM as the basis for computing
air flow rates is the ability to produce a time variable analysis. An
example is Pipe A that was highlighted in Figure 14 above. The
response of the pipe in terms of water and air flow rates is shown
in Figure 17 below. The responses are noticeably different. At the
peak water flow rate the air flow actually decreases due to the
lack of headspace in the pipe. This can be seen in Figure 18 below
which shows the two components used to compute the air flow

rate—the air velocity and the headspace area.

Figure 14 SWMM sanitary sewer model for a small
development.
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Figure 16 Modeled air flow venting locations and rates.
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Figure 17 Time variable air and water flows in pipe A.
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Figure 18 Air velocity and headspace in pipe A.

5 Conclusions

The analysis of odour or corrosion in sewer systems involves two
components: air flow rates and concentrations. This paper deals
with the first component, the calculation of sewer air flow rates.

A sewer ventilation model was developed using hydraulic
output from the USEPA SWMM model. A relationship between
water velocity and air velocity was derived based on measured
data. The data was scattered and the relationship was not that
strong. SWMM was used to compute the water velocity and the
water depth in the pipes. The water depth allowed the headspace
cross sectional area to be computed. The air velocity is found
using the derived air-water velocity relationship. The air flow rate
is the product of the headspace area and the air velocity.

The model was calibrated to measured system data col-
lected in Ottawa. The calibration results were somewhat mixed
across a large range of air flow rates: 100 m*/h to 5 000 m*/h. In

five of runs the model results were within 25% of the data. In two
of the runs the model results were >100% larger than the data.

The model was then validated using four studies, two of
which were experimental, and two using real sewer systems. The
real systems included Los Angeles, Seattle and Toronto. The valid-
ation results were actually better than the calibration results, with
the model usually with 30% of the data.

The calibration and validation results showed the model
could reproduce results across a large range of air flows from
<10 m3/h to >5 000 m3/h. Modeled pipes ranged in size from
0.2m (8in.) to 2.44 m (96 in.).
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