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Abstract: The EPA’s Storm Water Management Model (SWMM) has been applied across the globe for citywide stormwater modeling due to
its robustness and versatility. Recent research indicated that SWMM, with proper setup, can be applied in the description of more dynamic
flow conditions, such as rapid inflow conditions. However, stormwater systems often have geometric discontinuities that can pose challenges
to SWMM model accuracy, and this issue is poorly explored in the current literature. The present work evaluates the performance of SWMM
5 in the context of a real-world stormwater tunnel with a geometric discontinuity. Various combinations of spatiotemporal discretization are
systematically evaluated along with four pressurization algorithms, and results are benchmarked with another hydraulic model using tunnel
inflow simulations. Results indicated that the pressurization algorithm has an important effect on SWMM'’s accuracy in conditions of sudden
diameter changes. From the tested pressurization algorithms, the original Preissmann slot algorithm was the option that yielded more
representative results for a wider range of spatiotemporal discretizations. Regarding spatiotemporal discretization options, intermediate
discretization, and time steps that lead to Courant numbers equal to one performed best. Interestingly, the traditional SWMM’s link-node
approach also presented numerical instabilities despite having low continuity errors. Results indicated that although SWMM can be effective
in simulating rapid inflow conditions in tunnels, situations with drastic geometric changes need to be carefully evaluated so that modeling
results are representative. DOI: 10.1061/JHEND8. HYENG-14107. This work is made available under the terms of the Creative Commons

Attribution 4.0 International license, https://creativecommons.org/licenses/by/4.0/.
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Introduction and Objectives

Stormwater collection systems are increasingly stressed by contin-
ued urbanization and intensification of extreme rain events (Janssen
et al. 2014; Wright et al. 2019). A common consequence is urban
flash flooding, accompanied by public health impacts, economic
losses, and public safety risks. Ponds, depressions, interception,
and infiltration can attenuate stormwater runoff peaks, but our
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ability to enhance these processes in highly urbanized areas is rel-
atively limited, in large part because creating substantial new grade-
level runoff storage would require the removal of existing buildings
in most cities. In such cases, below-grade stormwater storage and
conveyance tunnels can relieve stormwater collection systems and
reduce surficial flooding. Below-grade tunnels are also used in the
management of combined sewer systems, where they provide a
surge volume to decrease the episodes of combined sewer over-
flows (CSOs) (EPA 2024).

Although stormwater tunnels are generally able to meet these de-
sign purposes, they do have some drawbacks. Of specific interest
here is that, under certain conditions, stormwater tunnels can expe-
rience entrapment and uncontrolled release of air, which has been
linked to stormwater geysers (Muller et al. 2017), manhole cover
displacements (Wang and Vasconcelos 2020), and infrastructure
damage (Li and McCorquodale 1999). To date, we do not fully
understand either (1) the conditions leading to rapid air release,
or (2) the ability of the industry-standard design model [i.e., EPA
Storm Water Management Model (SWMM)] to model such condi-
tions. The present work is a step toward addressing these gaps.

The design of stormwater storage or CSO tunnels is a complex
task involving hydrometeorological estimates of inflows and the
hydraulic design of the tunnel geometry and connected structures.
Various tools have been proposed to represent the hydrodynamics
of rapid filling processes. A chief hydraulic design concern has
been the ability to represent the transient characteristics of tunnel
flows, including pressure surges in vertical structures and the
simulation of varying flow rates. Modeling tools also need to be
able to represent the complex geometry of tunnels and the transition
between free surface and pressurized flow regimes, also referred
to as mixed-flow conditions. Such models fall into two broad cat-
egories: (1) computational fluid dynamics (CFD) models that
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simulate the three-dimensional (3D) flows of air and water, and
(2) one-dimensional (1D) two-phase models applying mass and
momentum conservation equations.

Past investigations using CFD tools (Catafio-Lopera et al. 2014;
Vasconcelos et al. 2022) are examples of how these tools have valu-
able insights into mixed-flow and two-phase flow conditions but
presently are not practical for solving large system-scale problems,
including the extended lengths of upstream and downstream piping
that affect air trapping. The second category, 1D models, include
single-phase models (Cunge and Wegner 1964; Song et al. 1982;
Wiggert 1972), or two-phase flow models (Leon et al. 2010;
Trindade and Vasconcelos 2013; Vasconcelos and Wright 2009).
Presently, such models are used for systemwide simulations but
are typically too computationally intensive for citywide stormwater
system analysis.

SWMM 5.1 (Rossman 2017) is a 1D hydraulic modeling tool
that is often applied to citywide stormwater modeling. This is
possible because SWMM introduces simplifications in terms of
conduit spatial discretization (i.e., link-node approach), and a
numerical scheme that enables the selection of relatively large time
steps. SWMM also has two approaches to represent mixed-flow
conditions: the extended transport model (EXTRAN) approach
(Roesner et al. 1988) and the Preissmann slot (Cunge and Wegner
1964; Sharior et al. 2023). Although the model was successfully
applied to a range of stormwater system modeling, Ridgway and
Kumpula (2008) showed that SWMM'’s link-node approach was
not adequate to represent rapidly changing flow conditions.
Vasconcelos et al. (2018) evaluated the impact of time steps on
the accuracy of SWMM to describe mixed-flow conditions.
Pachaly et al. (2020, 2021b) performed studies focused on the
effects of pressurization algorithm selection on the description
of unsteady flow conditions using SWMM. Finally, Pachaly et al.
(2021a) showed that a narrower Preissmann slot alternative im-
proved the SWMM modeling results in the context of a deep storm-
water storage tunnel simulation.

Despite the important progress in using SWMM for the descrip-
tion of stormwater systems in rapid inflow conditions, one relevant
knowledge gap persists. Oftentimes, stormwater systems have
geometric discontinuities, such as an abrupt change in slopes,
diameters, and invert drops, among others. An earlier investigation
by Geller and Vasconcelos (2023) discovered severe numerical
instabilities at locations with abrupt diameter changes, limiting
SWMM’s accuracy and usefulness. The present work expands on
their work, studying in more detail how spatiotemporal discretiza-
tion and pressurization algorithms impact such numerical instabil-
ities. Moreover, it investigates the potential causes for these issues
at locations with geometric discontinuities, which can be useful for
understanding such occurrences in other geometry and modeling
contexts. These results are evaluated in terms of continuity errors
and instabilities, and further compared with simulations results using
a more sophisticated model presented in Pachaly et al. (2021a).
These comparisons are performed in the context of a real stormwater
tunnel, the Richmond Transport Tunnel (RMT), in San Francisco.

Methodology

SWMM Assessment Approach

As pointed out, the goal is to understand the development of
numerical instabilities in SWMM caused by abrupt geometry

available for diagnosing model behavior, particularly these numeri-
cal instabilities. Therefore, the approach adopted in this study is to
compare SWMM with another 1D hydraulic model, hydraulic
analysis of sewers and tunnels (HAST). HAST is a finite-volume
solver for the Saint-Venant equations built with Roe first-order
accurate scheme, which is an approximate Riemann solver as de-
scribed by Macchione and Morelli (2003). This numerical scheme
is particularly adequate to perform calculations with a wide range
of Courant numbers, which is relevant because of the range of pres-
sure wave celerities in mixed-flow conditions.

HAST adopts the two-component pressure approach (Vasconcelos
et al. 2000) to represent pressurization, including subatmospheric
pressurized flows, and was tested with other tunnel-filling simula-
tions and laboratory experiments (Pachaly et al. 2021a; Vasconcelos
and Wright 2007). Details of this model formulation and application
have been given by Vasconcelos et al. (2006) and thus are omitted
here for the sake of brevity.

SWMM Formulation

SWMM represents networks through a scheme of links and nodes,
solving the Saint-Venant equations for unsteady free surface
flows to determine the discharge passing through the links and the
accumulated head on the nodes using an implicit backward Euler
method, fitted with a relaxation factor to improve convergence. The
SWMM hydraulic solver updates the flow rate at reaches using
only a combination of momentum and continuity equation, averag-
ing flow depth between the upstream and downstream junctions.
Furthermore, SWMM applies the continuity equation only at node
assemblies, which consist of junctions and account for half of the
plan area of the connected links (Roesner et al. 1988; Rossman
2017). These equations, the Saint-Venant equations (SVE), express
the conservation of mass [Eq. (1)] and linear momentum [Eq. (2)]
in conduits
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where A = cross-sectional area of the flow; Q = flow rate; g =
gravity acceleration; H = hydraulic head of water in the conduit;
S = friction slope; and h; = distributed local energy loss along the
conduit.

Pressurization of closed pipes in stormwater systems can occur
during rapid fillings and highly dynamic situations, and in pres-
surized flow conditions, the original SVE are no longer valid
(Vasconcelos and Wright 2007). Mixed-flow models follow two
approaches for adjusting SVE to handle pressurized flows. Shock-
fitting models track pressurization interfaces and apply a separate
set of equations to pressurized and open-channel flow regimes,
and shock-capturing models apply SVE with a conceptual model
that overcomes the pressurized flow limitation. SWMM has both
alternatives: EXTRAN is a shock-fitting algorithm that applies a
lumped inertia approach to describe pressurized reaches; ; and the
Preissmann Slot algorithm (Cunge and Wegner 1964), referred in
SWMM as SLOT, assumes a hypothetical narrow slot on the pipe
that enables surcharge pressures in the conduit. Although EX-
TRAN does not have a defined celerity by which pressure waves
travel in conduits, the width of the Preissmann slot determines this

. A characteristic
changes in large stormwater tunnels considering the geometry of
the RMT system in San Francisco. Sufficiently detailed field o= / AT (3)
measurements of pressure and flow rates for the RMT are not TV s
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Fig. 1. Richmond Tunnel layout, Richmond drainage basin, and SWMM nodes and conduits.

where ¢ = pressure wave celerity; A, = pipe area (7D?*/4), where D
is the pipe diameter; and 7'y = width of the slot. The current version
of SWMM has a SLOT algorithm implementation assuming 7' is
1% of the diameter (0.01D). Consequently, the range of celerity val-
ues for large sewers (e.g., diameters under 3.0 m) is under 50 m/s,
which is relatively small. Typical wave celerity in pressurized pipe
flows is in the range of a few hundred up to 1,000 m/s. Based on
this, Pachaly et al. (2021b) presented a variation of SLOT with a
narrower slot that yielded a in the range of 250 m/s. The effect
of pressure wave celerity is further discussed in this study.

Tunnel Geometry and Inflow Information

The model study is developed using the geometry of the RMT in
San Francisco, shown in Fig. 1 along with its drainage area. The
main RMT has a length of 3.11 km and a diameter of 4.27 m.
The tunnel drains combined storm and sewage flows from the
Richmond watershed in the city’s northwest. The main tunnel con-
nects to the West Side Transport Tunnel through a smaller tunnel of
length 0.64 km and diameter of 1.07 m, whose design goal is to
store and slow the discharge of flows into the downstream structure,
the West Side Transport Tunnel. The fourfold tunnel diameter
reduction (16:1 reduction in pipe cross-sectional area) is the key
geometric discontinuity that impacts SWMM modeling results,
as is presented subsequently.

The inflow hydrographs used in this work (Fig. 2) were obtained
from the simulation of the entire San Francisco Richmond drainage
basin using a SWMM model. The model was forced by four rain
gauges with a 1-mi time discretization for 1 days, December 1
and 2, 2012. This rain event corresponded to three consecutive rain-
fall peaks whose recurrence time is approximately 2 years, which
generated tunnel pressurization. The normalized peak inflow for the
tunnel, defined as Q" = Qpear/ V/ gD?, where D is the average tun-
nel diameter, is equal to 0.11, a relatively small value that is unlikely
to result in severe single-phase surging issues (Vasconcelos and
Wright 2016). However, due to the smaller diameter at the down-
stream end of the tunnel, pressurization was observed. The modeling
results do not indicate episodes where the hydraulic grade line
reaches the grade level.

© ASCE

04024052-3

——Total inflow
---Node 9
12 i R Node 8
—— Node 1

Flow rate [m¥s]

0 8 16 24 32 40
Time [h]

Fig. 2. Inflow hydrographs to the RMT with the contributions of the
three main nodes.

Study Variables

This work investigated the impacts of pressurization algorithms,
spatial discretization, and time discretization in the conditions of
a stormwater system with a geometric discontinuity in diameter.

The goal was to determine the approaches least impacted by spu-

rious numerical instabilities using SWMM and to assess whether

other, less extreme, changes in diameter would influence instabil-
ities. The four pressurization algorithms were

* EXTRAN;

* SWMM implementation of Preissmann slot (SLOT) (Rossman
and Simon 2022), which contains a gradual slot width transition
(Sjoberg 1982);

* customized SLOT, with a narrower slot yielding pressure wave
celerity of 250 m/s that did not present a gradual slot width
transition (C250) (Pachaly et al. 2021b); and

e variation of C250 with a gradual slot transition (C250S)
(Pachaly et al. 2021b).

In all SWMM simulations, the dynamic wave (i.e., Saint-
Venant equations) option with full inertial terms was used, and
the head convergence value was reduced to a smaller threshold
of 0.0005 m. Regarding the alternatives for spatial discretization,
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the baseline condition is the link-node approach typically used in
SWMM (referred to herein as the LN approach), which identifies
nodes only where physical nodes exist. The entire RMT consists
of 15 such original nodes in the LN discretization. Two higher-
resolution discretization approaches were tested through the intro-
duction of artificial nodes (with no storage capabilities) in the sys-
tem, following Ridgway and Kumpula (2008) and Vasconcelos
et al. (2018).

The second and third approaches, DxD10 and DxDO5, introduce
artificial nodes spaced every 10 or 5 conduit diameters, respec-
tively. The resulting number of nodes for the discretized approaches
was 183 and 365 for the DxD10 and the DxDO0S5 approaches, re-
spectively. Instead of using standard SWMM nodes (which have a
fixed default cross-sectional area), all physical nodes (e.g., man-
holes) were represented as SWMM storage nodes with defined
mass storage corresponding to the original SWMM input file. The
artificial nodes introduced in the DxD05 and DxD10 approaches
were set up as nodes with the parameter of minimum nodal surface
area set to a value of 9.3 - 1077 m? (1073sq ft) so that these arti-
ficial nodes do not interfere with the overall storage volume of the
system. Fig. 3 illustrates the effect of the varying discretization
strategies in the representation of RMT.

For temporal discretization of slot-based algorithms, the
variable time stepping option in SWMM was disabled, and a fixed
routing time step was enforced for eight cases based on limiting
Courant numbers in the set: C, € {0.05,0.1,0.2,0.5,1.0,2.0,
5.0, 10.0}. Except for the case using the EXTRAN pressurization
algorithm, the adopted time step for a given C, was computed as
follows:

Ax,
At:min(C, x’); ie{l.2.3,....N} (4)
C

i

where At = time step for a given limiting Courant number C,; N =
number of computational links, Ax; = length of the ith model
conduit; and ¢; = wave celerity of the ith model conduit, defined
as follows:

ci=+9A;/Ty;; ie{l,2,3,....N} (5)

The time step selection when using the EXTRAN algorithm
adopted the recommendation by Vasconcelos et al. (2018), which

11 11 11

10 10 10
Richmond Tunnel
]
14 1 / 1 / (/ﬁ
LN DxD10 § DxDO05
e Artificial nodes
— Conduits
m Manholes
v Outfalls
15 15 15

Fig. 3. RMT alignment and comparison of spatial discretization of
SWMM models. Node 14 is where there is an abrupt change in tunnel
diameter and where flow hydrographs were derived.
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reduced the recommended time step presented in the SWMM
manual by a factor of 10. To this reduced value, a multiplier
(referred to as C}) was introduced using the same eight values as
C, for comparison. As a result, the expressions used to compute
time step in this study are

At=C, - min( A%

vV 9A;/ Ty,

Ax;
At=C}-0.1- min( : ) for EXTRAN 7
ViD: 7

) for SLOT, C250, and C250S (6)

The combination of four pressurization algorithms, three spatial
discretizations, and eight time steps yielded 96 unique SWMM
modeling setups for representing RMT, which are summarized
in Table 1. The smaller time steps are associated with the
algorithms C250 and C250S due to larger ¢ values. All SWMM
simulations were benchmarked against a HAST simulation that
presented a spatial discretization of twice the pipe diameter
(DxD02). This denser spatial discretization used in HAST aimed
to maximize the results’ accuracy against which SWMM results
were compared. The simulation was performed assuming a celerity
of 250 m/s and the time steps are handled automatically by the
model.

Evaluating Effects of Sudden Diameter Change in
SWMM Modeling

The RMT geometry introduces a diameter reduction from 4.27 to
1.07 m near its downstream end, with the resulting cross-sectional
area becoming 6.3% of the upstream reach, thus being referred to in
this study as A0.06. As shown subsequently, this abrupt diameter
change, located in Node 14, impacts SWMM model results in terms
of strong numerical instabilities. It was hypothesized that such
diameter reduction amplifies numerical instabilities that could be
expected in actual stormwater tunnel flows.

To test the hypothesis, this work also evaluated SWMM perfor-
mance for hypothetical scenarios where this last RMT segment had
a larger diameter. Two alternative geometries were considered with
different cross-sectional area reductions in which the downstream
cross-sectional represented 25% and 33% of the upstream tunnel
area, referred to as A0.25 and A0.33, respectively. These were
simulated both in SWMM and HAST. No additional modifications
to the RMT geometry were introduced into those simulations.

The rationale for these diameter choices was linked with the re-
sulting conveyance in Node 14. The dimension A0.25 was chosen
as this size led to pressurization only in the third peak flow of the
inflow hydrograph, but not in the initial two peak flows. The third
alternate geometry A0.33 was chosen because this did not result
in any pressurization in Node 14 in the entire simulation. The dif-
ferences in the geometries between the existing (A0.06) and these
two hypothetical geometries are illustrated in Fig. 4.

Model Accuracy Evaluation

The accuracy of SWMM simulations was evaluated in terms of
flow continuity error and the Nash-Sutcliffe efficiency (NSE) co-
efficient for the node with geometry discontinuity. The flow con-
tinuity error is a parameter consisting of a mass balance of the
system in terms of percentage that SWMM estimates to inform the
user about the validity of the obtained results (Rossman 2017).
Large flow continuity errors are usually signals of issues with mod-
els, such as instabilities or inadequate SWMM model geometry
(e.g., conduits that are too short). In the present work, continuity
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Table 1. Parameters used in SWMM simulations

Pressurization algorithm Spatial discretization

Range of spatial discretization (m)

Range of temporal discretization

EXTRAN LN 19.5 to 2,332.1 22.10 ms to 4.42 s
DxD10 10.7 to 52.9 16.55 ms to 3.31 s
DxDO05 5.3 10 26.4 8.20 ms to 1.64 s
SLOT LN 19.5 to 2,332.1 22.50 ms to 4.50 s
DxD10 10.7 to 52.9 16.25 ms to 3.25 s
DxDO05 5.3 t0 26.4 8.05 ms to 1.61 s
C250 LN 19.5 to 2,332.1 3.80 ms to 0.76 s
DxD10 10.7 to 52.9 2.10 ms to 042 s
DxDO05 5.3 t0 26.4 1.00 ms to 0.20 s
C250S LN 19.5 to 2,332.1 3.80 ms to 0.76 s
DxD10 10.7 to 52.9 2.10 ms to 0.42 s
DxDO05 5.3 t0 26.4 1.00 ms to 0.20 s
A0.06 A0.25 A0.33
245 m
2.13m
1.07m
427 m 427 m 427 m

Fig. 4. Cross-sectional profiles of A0.06, A0.25, and A0.33 geometries at Node 14 with the abrupt change in the tunnel diameter.

errors at or above 2% were considered inadequate. Due to the
absence of field monitoring data within the RMT for the selected
rain events, NSE was applied between the results from SWMM and
HAST models.

NSE is a normalized statistical procedure that determines the
relative magnitude of the residual variance compared with the mea-
sured data variance (Nash and Sutcliffe 1970). It also evaluates the
goodness of fit of modeled data compared with observed data. NSE
is presented in Eq. (8)

7 (OBS; — SIM;)?

NSE=1-— —
>7, (OBS, — OBS)?

(8)

where OBS; = ith observed value; SIM; = ith forecasted value;
and OBS = mean of observed data. The NSE ranges from negative
infinite to one. When it equals one, there is a perfect match between
predicted and observed data. In this study, simulations that pre-
sented NSE < 0.75 were not considered good predictions. NSE
was calculated for pressure heads and flow rates at Node 14, the
location of the abrupt change in diameter is located in which the
numerical instabilities were strongest.

Results

General Description of the Filling Process

As indicated in Fig. 1, the RMT tunnel is comprised of several
diameters that gradually increase as flows go downstream, with
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a sudden diameter reduction at Node 14. In addition, the RMT
geometry also has two sudden drops at Nodes 3 and 7. Upstream
from Node 7, reach slopes are in the range of 0.7% to 3.1%, and
downstream slopes are milder, in the range of 0.2% or less. This is
an important geometric characteristic because upstream from Node
7, the flow regime is mostly in the transcritical/supercritical regime,
whereas in the downstream portion, the flow is entirely in the sub-
critical regime. There are three periods in the simulation where
pressurization is observed in the RMT, matching the peaks in the
inflow hydrographs presented in Fig. 2.

During the simulations, no hydraulic bores/jumps were ob-
served in either HAST or SWMM models. Although the pressur-
ized flow conditions front reaches the majority of the RMT length,
the peak inflows were not so extreme, which mitigated the severity
of the tunnel pressurization. The flow pressurization interfaces do
not reach the pipe reaches with steeper slopes in the RMT system;
hence, no hydraulic jump was observed in our SWMM or HAST
simulations. This is also consistent with the relatively low value of
Q* computed previously in this work.

Effects of Pressurization Algorithms and
Spatiotemporal Discretization to Simulation Results

A wide range of simulation conditions were considered in SWMM,
and in each case, the characteristics of the simulation results were
compared with HAST predictions. As indicated in Fig. 2, three dis-
tinct peaks in inflows were admitted into the tunnel, leading to three
corresponding events where portions of RMT became pressurized.
According to the selection of the pressurization algorithm, time

J. Hydraul. Eng.

J. Hydraul. Eng., 2025, 151(1): 04024052



This work is made available under the terms of the Creative Commons Attribution 4.0 International license.

step, and spatial discretization, the results between the two models
were comparable. However, some SWMM configurations led to
poor simulation results both in terms of continuity errors and
NSE. This section provides a comparison between the model setups
with the simulation condition using SLOT, DxD10, and C, =1
considered as the reference for comparison due to the relatively
good results obtained with this combination, particularly in terms
of continuity errors, as is further explored.

Fig. 5 presents the effect of pressurization algorithms on the
flow rate and pressure head measured at Node 14 compared with
HAST model results. The results correspond to the case of discre-
tization (DxD10) and consider C, = C/ = 1, considered the most
appropriate spatiotemporal discretization. The water depth and flow
rate calculated by the EXTRAN and SLOT algorithms in SWMM
were similar to HAST results despite small numerical instabilities,
as detailed in the inset of Fig. 5. However, large numerical insta-
bilities were observed for the results obtained with the pressuriza-
tion algorithms using larger values of pressure wave celerity,
i.e., C250 and C250S. Early work by Pachaly et al. (2021a) did
not indicate similar issues with numerical instabilities, but in that
previous study, there were no sudden changes in diameters in the
system geometry. Thus, these results indicate that applying pres-
surization algorithms such as C250 or C250S with sudden diameter
changes on a pressurized reach amplifies numerical instabilities,

10

Depth [m]

which impacted the performance of the models in terms of NSE
evaluated in terms of flow rate.

Time step changes, expressed in terms of C, and C}, also im-
pacted SWMM modeling results. Fig. 6 presents simulation results
using SLOT, DxD10, and different values of C,. Whereas results
were not substantially impacted when the time step was decreased
(i.e., C, < 1), a noticeable discrepancy occurred for C, = 2, with a
large (5%) continuity error noticed, which explained the hydro-
graph discrepancy observed in Fig. 6. The source of the continuity
error did not originate at Node 14 (i.e., location of diameter dis-
continuity) but further upstream at Node 3, near a short and steep
conduit. Larger continuity errors were most frequently observed for
simulations with C,r > 2 and when C, <0.2. The effects of time
step on continuity errors were mostly observed in the simulations
involving spatial discretization.

Vasconcelos et al. (2018) pointed out the importance of spatial
discretization in unsteady flow simulations in SWMM, which was
also noticed in this study. Fig. 7 presents the hydrograph results at
Node 14 for SLOT and C, = 1 for all tested discretizations. Results
obtained with DxD10 were the closest to the ones yielded by
HAST, but the other two discretizations presented different issues.
The smallest spatial discretization, DxDO05, had much higher flow
depth and inflow rates due to continuity errors originating at the
upstream reaches of RMT with supercritical flows.

Depth [m]

T 12 T
) E)
5 5
e e

4 2

0 0 =t —

0 8 16 24 32 40 0 8 16 24 32 40
Time [h] Time [h]
€250 C250S —EXTRAN --Slot —HAST| |==Cr=01 -Cr=05 —Cr=10 ---Cr=20 —HAST|

Fig. 5. Water depth and flow rate predicted at Node 14 by each
evaluated algorithm combined with a C, = 1 and spatial discretization
of DxDI0.

Fig. 6. Water depth and flow rate predicted at Node 14 using different
Courant conditions coupled with the SLOT algorithm and spatial
discretization of DxD10.
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For the LN case, numerical instabilities in depth and velocity
were observed in the results. Interestingly, these instabilities did
not affect the continuity error for LN (about 0.6%), even though
the NSE results for flow were inadequate. Another issue of using

10

Depth [m]

Flow rate [m¥/s]

Time [h]

IN e DxDO05 ---DxD10 —HAST

Fig. 7. Water depth and flow rate predicted at Node 14 using different
spatial discretizations coupled with the SLOT algorithm and C, = 1.
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Fig. 8. HGLs computed along RMT for LN and DxD10 discretizations
for three time instants in the simulation. The results were obtained with
the SLOT algorithm and C, = 1.

LN discretization in this type of application is presented in Fig. 8, in
which the hydraulic grade lines (HGL) for DxD10 and LN discre-
tizations are compared for SLOT and C, = 1. The HGL is pre-
sented for three times in the simulation: 7 = 31, 32, and 33 h
into the simulation. There were no significant differences between
the HGLs yielded by LN and DxD10 at 31 h, with both presenting
the last tunnel reach as already pressurized and a backwater formed
for the reach upstream of Node 14. However, as the water depth
rapidly increased at 7 = 32 h, there were substantial differences
in HGLs between the two discretizations. At 7 = 33 h, near peak
flow conditions, the difference between these approaches was rel-
atively minor with LN hydraulic grade line above DxD10 results.

Effects of Abrupt Geometry Change

As pointed out previously, RMT has a sudden diameter reduction at
Node 14 to ensure a gradual runoff discharge into the West Side
Transport Tunnel, and this work evaluated hypothetical scenarios
for other sudden diameter changes. Fig. 9 compares the flow
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Fig. 9. Comparison of flow rate predictions between the evaluated
algorithms using DxD10 and C, of 1: (a) A0.06 geometry; (b) A0.25
geometry; and (c) A0.33 geometry.
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Table 2. Continuity errors (%) associated with all SWMM simulations of RMT

Temporal discretization (C, or C})

Pressurization Spatial

algorithms discretization 0.05 0.10 0.20 0.50 1.00 2.00 5.00 10.0

EXTRAN LN 0.1 0.1 0.1 0.1 0.6 9.4 17.1 11.7
DxD10 23.1 8.1 0.0 0.0 0.0 52 17.0 6.1
DxDO05 24.4 0.9 79 4.7 21.4 33.0 422 41.1

SLOT LN 0.1 0.1 0.1 0.1 0.3 2.6 2.6 4.4
DxD10 0.0 0.0 0.0 0.0 0.0 5.0 >99 >99
DxDO05 18.9 15.7 12.8 4.1 22.3 35.8 >99 >99

C250S LN 0.1 0.1 0.1 0.1 0.1 0.1 0.1 24
DxD10 0.0 0.0 0.1 0.2 0.7 52.6 >99 >99
DxD05 1.0 1.7 8.5 4.7 57.3 8.2 >99 >99

C250 LN 0.1 0.1 0.1 0.1 0.2 0.0 0.5 3.4
DxD10 40.1 42.4 46.0 54.8 61.6 69.2 >99 >99
DxDO05 40.2 43.8 50.5 55.5 66.5 70.2 >99 >99

hydrographs at Node 14 for the discretization DxD10, C, = 1, and
various pressurization algorithms. It can be noticed that the severe
numerical instabilities observed in C250 and C250S for A0.06
become less prevalent with A0.25 and are absent for the A0.33
geometry.

The instabilities in A0.25 mostly coincide with the pressuriza-
tion of the reach downstream from Node 14. Interestingly, C250S
did not present numerical instabilities for A0.25, a result attributed
to Sjoberg’s gradual slot transition. Another interesting and unex-
pected result was that EXTRAN displayed severe and short-lived
numerical instabilities for A0Q.25 at the third peak flow. No numeri-
cal instabilities were present in the A0.33 results. As evident in
the hydrograph, with such a larger diameter downstream from
Node 14, there was no flow reduction of inflow accumulation at
RMT. It can be concluded that simulations using slot-based pres-
surization algorithms with large wave celerity can be negatively
impacted by drastic geometry changes in tunnels.

A summary of SWMM results in terms of accuracy correspond-
ing to the actual RMT geometry (i.e., A0.06) is presented in Table 2
and Fig. 10. Table 2 presents how the continuity errors have varied
for each combination of pressurization algorithm, spatial discreti-
zation, and time step used in this study. Fig. 10 presents four charts
summarizing the NSE values for flow and depth at Node 14 for
each simulated condition. Negative values of NSE were omitted
from Fig. 10 because they fell outside the chart scales. For this
investigation, the simulation performance was deemed accurate
when two criteria were met: continuity errors below 2%, and the
calculated NSE coefficients at Node 14 were greater than 0.75. As
is discussed subsequently, most of the simulated conditions could
not meet the three accuracy criteria adopted in this study.

The results shown in Fig. 10 indicate that for the RMT geom-
etry, the most stringent accuracy criterion was the NSE associated
with the flow rate on Node 14. A tendency of NSE values to
decrease as C, or C, exceeded unity was noticed, which was ex-
pected. Interestingly, the NSE results obtained with LN were less
prone to be affected by varying time steps if the C, or C} was less
than one, but a quick degradation of the results was observed for
larger time steps.

Examining EXTRAN results, a favorable combination of low
continuity errors and high NSE values for flow rate and flow depth
at Node 14 happened for two cases, when C/ = 0.5 and C} =1,
both combined with DxD10. Results from the smallest spatial
discretization, i.e., DxDO0S5, were impacted by continuity errors
originating in upstream reaches, which propagated throughout
the tunnel. Such continuity errors could be linked to the node
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assembly strategy and transcritical flow conditions, which can pose
challenges to implicit numerical schemes (Meselhe and Holly
1997; Sart et al. 2010). On the other hand, as also illustrated in
Fig. 7, LN flow rate results were impacted by instabilities in
Node 14.

Comparing the SLOT algorithm with EXTRAN, a wider range
of conditions, all associated with DxD10 and Courant values
between 0.05 and 1, yielded model results that are considered ad-
equate. If the issues related to continuity errors originating in the
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Fig. 10. Summary of NSE for flow and depth at Node 14 for all 96
simulations performed in the actual RMT geometry: (a) EXTRAN;
(b) SLOT; (c) C250S; and (d) C250.
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upstream reaches of the tunnel were addressed, it is anticipated that
the magnitude of the continuity errors for DxD05 would decrease,
and it would be expected that the results for this finer discretization
would also produce acceptable results for a similar range of time
steps.

No result was considered acceptable for the two slot-based pres-
surization algorithms with larger wave celerity (C250S and C250)
due to the numerical instabilities generated by the discontinuity in
tunnel diameter in Node 14. It can be noticed that the presence of
the gradual slot in the C250S generally improved the numerical
instabilities for depth predictions in Node 14, indicating the advan-
tage of a more gradual wave celerity transition in modeling results.

Conclusions

This work examined the effects of different spatial-temporal discre-
tization and pressurization algorithms within SWMM on the sim-
ulation of rapid filling of the Richmond Tunnel in San Francisco.
The simulations used tunnel geometry and rainfall data from the
San Francisco Department of Public Works. They included depth
and flow rate predictions at a specific location in the tunnel with a
significant change in diameter. SWMM’s performance was evalu-
ated in terms of continuity errors and numerical instabilities linked
with tunnel geometry characteristics. Results were compared with
the ones obtained by another hydraulic model, HAST, which was
specifically created to simulate such rapid filling conditions. Less
drastic changes in diameter were also considered and helped
mitigate numerical instabilities. The work highlights some of the
challenges for simulating mixed-flow conditions in tunnels, par-
ticularly where geometric discontinuities exist.

Regarding the pressurization algorithms, the original Preiss-
mann slot present in SWMM 5.1 yielded representative simulation
results for a wide range of time steps. This was shown both in terms
of low continuity errors and good agreement between SWMM and
HAST results. SWMM results obtained with EXTRAN were ad-
equate when the parameter C; was equal to 0.5 and 1 combined
with the DxD10 spatial discretization, and there were no conditions
in which the pressurization algorithms using narrower slots did not
present strong numerical instabilities at the diameter discontinuity.
This indicates an open issue regarding the application of SWMM to
represent mixed flows in stormwater systems with significant geo-
metric discontinuities. The ability to use higher celerity values in
modeling could be relevant in certain mixed-flow simulation sce-
narios, as shown by Pachaly et al. (2021a). However, the present
work indicated that faster celerities, although physically justifiable
in numerical modeling, may not always be feasible in SWMM,
particularly when geometric discontinuities are present.

Issues in SWMM boundary conditions calculations involving
diameter discontinuities may be linked to numerical instabilities.
There could be several possible causes for these instabilities, maybe
even linked to the node assembly strategy to enforce continuity at
the junctions. This will require a deeper evaluation of SWMM’s
solution algorithms, which can be the focus of future investigations.
Presently, the recommendation is to carefully assess SWMM
modeling results in terms of numerical instabilities or to use other
modeling tools such the new SWMM 5+ (Sharior et al. 2023).

Regarding spatiotemporal discretization, the best results for
SWMM and EXTRAN were obtained with the spatial discretiza-
tion DxD10 and time step based on C, = 1 or C; = 1 as expected.
Due to numerical instabilities and flow rate overestimation ob-
served at the upstream reaches of the tunnel with supercritical
flows, results obtained with DxDO05 presented significant continuity
errors. These errors could be linked to the SWMM’s numerical
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scheme applied to conditions of transcritical flows observed at
the upstream end of the system. Potentially, the node assembly
strategy adopted by the model could also be a cause for continuity
errors in such flow conditions. These results are somewhat para-
doxical because improvements in numerical modeling results are
typically expected with finer discretization. As a results, practi-
tioners need to exercise careful modeling setup and result analysis
when SWMM is used to model rapid inflow conditions. Further
adjustments to the tunnel geometry could have helped mitigate
these numerical instabilities, but these were not within the scope
of this work that aimed to study the effects of diameter change.

On the other hand, the original LN approach also created
numerical instabilities at the diameter discontinuity and did not
yield plausible HGL within the tunnel due to the coarse spatial res-
olution. Future studies should consider the benefits and evaluate the
additional computational effort of performing SWMM modeling
with finer spatial discretization, e.g., DxD03, in conditions where
numerical instabilities are controlled.

Hypothetical geometries in which the diameter change was not
as extreme as the real-world case were tested using the same inflow
hydrographs and tunnel geometry except for the diameter change. It
was shown that, at least in the tested range of inflows and diameter
changes, numerical instabilities were reported with the narrower
slot pressurization algorithms as long as pressurization existed at
the downstream reach. To further evaluate this, more studies ex-
panding the range of tested flows and diameter changes should
be considered in SWMM.

This study highlighted that low continuity errors are insufficient
to assess whether SWMM results are representative. Practitioners
may find this study useful because the criteria used in this work are
suitable across different models, helping them better understand the
potential causes of numerical instability in modeling sewers and
tunnels. With careful consideration, and considering the limitations
of a one-dimensional single-phase model, SWMM can be effective
for representing rapid filling inflow conditions in large sewers and
tunnels.
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