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MATHEMATICAL MODELING OF THE GENESEE RIVER 

STORAGE-CONVEYANCE SYSTEM, ROCHESTER, NEW YORK 

I. INTRODUCTION 

The Rochester Pure Water District of Monroe County, New York, has been 
actively engaged in a combined sewer overflow abatement program for a 
number of years. In 1977, the Combined Sewer Overflow Abatement Facility 
Plan for the Rochester Pure Water District [1]* was submitted by a joint 
venture among Erdman Anthony Associates; Lozier Engineers, Inc.; and Seelye 
Stevenson Value and Knecht, Inc. That report contained the recommended 
improvement program divided into four categories. All the recommended 
programs are being implemented and are at various stages of completion. 

In November, 1980, the joint venture contracted with the St. Anthony 
Falls Hydraulic Laboratory of the University of Minnesota and Charles C. S. 
Song to develop a transient flow mathematical model for the Genesee River 
Storage/Conveyance System to assist in the hydraulic design work. This 
report describes in detail the process and the results of the mathematical 
modeling work. 

For the purpose of modeling, the Genesee River Storage/Conveyance 
System was divided into four subsystems as described below. 

1. West Side System - This system includes major sewers and 
hydraulic structures to be located west of the Genesee River 
and those systems that drain into them. 

2. Seneca-Norton System - This system consists of a sewer and 
hydraulic structures between Norton Street and the proposed 
structure No. 44 located just upstream of the portal 
structure No. 243 on the east bank of the Genesee River. 

3. St. Paul Boulevard Siphon System - This is an inverted siphon 
consisting of the portal structure No. 243 on the east bank 
of the Genesee River, the riser and diversion structure near 
the Cross-Irondequoit pump station, and the connecting 
tunnel. 

4. Bridge Crossing System - This system consists of two parallel 
pipes crossing the Genesee River and the related control and 
overflow structures. 

The general layouts and the relative locations of the four subsystems 
are shown in Fig. 1. 

* Numbers in brackets indicate references on page 137. 
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II. GENERAL DESCRIPTION OF MATHEMATICAL MODEL 

A. The Need for Mathematical Modeling 

Because the interceptor system serves a dual purpose of storage and 
conveyance, the system will undergo four phases of operation when subjected 
to a large storm event. These are (1) filling phase, (2) pressurization 
phase, (3) overflow phase, and (4) dewatering phase. During the early 
stage of a storm event, the storage in the system will gradually increase 
while the flow everywhere will be of free-surface type. 

For a well designed system, unless there is a large off-line storage 
reservoir, the water surface will rise more rapidly in the downstream por
tion of the system until it first pressurizes at the downstream end. Up to 
this time the flow everywhere is of free-surface type and not very dynamic, 
meaning that the change in flow is slow and pressure is not great. This is 
the filling phase during which most of the storage capacity is utilized. 

As the system continues to fill, the interface between the pressurized 
zone and the free-surface zone will move upstream like a moving internal 
hydraulic jump. The intensity of this pressurization wave usually grows as 
it moves upstream until it is modified by hydraulic structures or an 
upstream end. Upon reaching an upstream end, the pressurization wave is 
greatly magnified and reflected unless there is a surge relief structure at 
or near the upstream end. The collision of the pressurization wave with an 
upstream end also sets up surges and waterhammer waves. The period in 
which the pressurization wave is active is called the pressurization phase. 
The flow in this phase is highly dynamic (changing very rapidly) and of 
mixed-flow type (simultaneous existance of free-surface zone and 
pressurized zone). This is an important period because the system will be 
subjected to large positive and negative pressures. Only a transient 
mixed-flow model such as the one used here can simulate the complex and 
dynamic flow during the pressurization phase. 

The large surges produced at the end of the pressurization phase may 
cause the flow to back up into feeder lines or into the street. This is 
also the time when overflow is most likely to (very rapidly) reach its peak 
value. The system has been completely pressurized and, from this time on, 
the surge intensity, backflow, and overflow are all likely to gradually 
diminish. This period, from the end of the pressurization period to the 
end of overflow, is called the overflow phase. The flow during this phase 
is of pressurized type and is also very dynamic. Large waterhammer 
pressures may occur during this period if significant external disturbances 
are applied to the system. 

The system enters the final stage, the dewatering phase, when the 
runoff has diminished and overflow has stopped. Zones of free-surface flow 
will occur near upstream ends and spread gradually to the entire system as 
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the stored water is drained. The flow during this phase is usually very 
gradual and requires no dynamic modeling. This is the dewatering phase. 

The modeling results to be described later will confirm that a number 
of rapidly changing phenomena which are important to the hydraulic and 
structural design of the system may occur during the pressurization and 
overflow phases. These include: (1) reverse flow following a pressuriza
tion surge, (2) air bubble entrapment and collapse due to formation of more 
than one pressurization surge, (3) waterhammer produced by the collision of 
a pressurization surge with an obstruction, (4) surge generated sharp 
overflow and backflow, (5) oscillatory surges, (6) large positive and nega
tive pressure generated by waterhammer, etc. The mathematical modeling can 
help determine the magnitude of these phenomena under different design and 
operating conditions. It is also useful to determine the response of the 
system to some unexpected emergencies or equipment malfunction conditions. 

B. The Basic Equations 

The equation of continuity and motion for one-dimensional unsteady 
flow in an open channel may be written as 

and 

2 
~+vay+~av=o 
at ax g ax 

in which C is the gravity wave speed given by 

C ~, 

(1) 

(2) 

(3) 

y = depth, V = mean velocity, g = gravitational acceleration, A = cross-
. sectional area of flow, T = top width of flow, Sf = friction slope, So = 
bed slope, t = time, and x = distance measured along the channel. The 
corresponding equations for a pressurized or closed conduit flow can be 
written as 

2 
~+v.2+~ aV = 0 
at ax g ax 

4 

(4) 



and o (5) 

in which a = the speed of waterhammer wave and y should be regarded as 
the pressure head measured from the pipe invert rather than the flow depth. 

The two flow regimes are governed by similar sets of two partial dif
ferential equations. The well known method of characteristics can be used 
to solve numerically these sets of equations for both flow regimes. For a 
good description of the method of characteristics, reference may be made to 
the books by Wylie and Streeter [2] and Chandhry [3]. In short, the origi
nal set of partial differential equations, Eqs. land 2, is transformed 
into two sets of ordinary differential equations, 

dx 
dt = V ± C (6) 

dy ± £ dV ± C(S - S ) = 0 
dt g dt f 0 

(7) 

The above equations are known as the characteristic equations. The 
corresponding characteristic equations for pressurized flow are obtained by 
replacing C with a in Eqs. 6 and 7. When converted into finite dif
ference form, the characteristic equations lead to a set of two simulta
neous algebraic equations for the two unknowns, y and V. 

C. Priessmann-Cunge-Wegner Model 

This is a simplified model based on an idea first suggested by 
Priessmann and applied by Cunge and Wegner [4]. It assumes the existence 
of a hypothetical slot at the crown of the pipe as shown in Fig. 2. Thus, 
the complicated two-regime flow problem is reduced to a simpler one-regime 
open channel flow probl!'!m. The equivalent open channel flow should 
approximately simulate the actual pressurized flow provided that the slot 
width T is so determined that the gravity wave speed C computed by Eq. 
3 is equal to the pressure wave speed a when the water surface level 
reaches the crown of the pipe. This model is conceptually equivalent to a 
classical dynamic flood routing model familiar to many engineers. 

Two major drawbacks exist with this model due to this simplification. 
The model is not capable of simulating a negative pressure in a pressurized 
zone. This limitation precludes the occurrence of a large amplitude 

,pressure oscillation often associated with waterhammer. A greater prac
tical problem is related to the numerical instability induced by the shock 
wave formed at the interface between open channel and pressurized flow. 
Because no precise treatment is given to this shock wave, the model is 
unstable when the discontinuity at the shock becomes too great. Since the 
size of this discontinuity is a function of the pressure wave speed, the 
magnitude of the pressure wave speed which will not cause instability is 

5 
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Fig. 2. Hypothetical slot of Priessman-Cunge-Wegner Model. 
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limited to a value much lower than that normally considered to be 
appropriate. 

D. Song-Cardle-Leung Model 

This model attempts to simulate the interfacial region and the two
regime unsteady flow more realistically. A typical flow configuration at 
the interface is shown in Fig. 3(a). A positive surge moving against the 
flow may develop a steep front, as shown, but a negative surge may have a 
very smooth transition. Even if the interface is smooth, the transition 
between the free surface flow and the pressurized flow cannot be continuous 
because the gravity wave speed, as computed by Eq. 3, would be infinite at 
the point of transition where T = O. For this reason it is always neces
sary to assume the existence of a discontinuity at the interface. As shown 
in Fig. 3, there is a total of six unknown quantities associated with the 
interface. They are Y1, V1, Y2, V2, W = speed of interface, and JI. = 
distance from interface to a neighboring station. 

Because the flow is discontinuous at the shock, the characteristic 
equation that cuts across the shock cannot be used. To determine the 
applicability of each characteristic equation, it is useful to consider the 
stationary internal hydraulic jump as shown in Fig. 3(b) which represents 
the flow of Fig. 3(a) referred to a coordinate system moving at velocity 
W. Because a stationary hydraulic jump must occur from a supercritical 
condition to a subcritical condition, it follows that 

a - V > W > C - V 2 1 (8 ) 

which assures the applicability of 
nonapplicability of C2+ equation. 
are th~ kinematic relationship 

C1+' C1-, and C2- equations and the 
The remaining three equations required 

dJl. 
dt = W (9) 

and the two well known Rankine-Hugoniot shock conditions 

in which 
and F2 

(V1 + W)A1 (V2 + W)A2 (10) 

(11 ) 

A1 and A2 are the cross-sectional area of the flow and 
are the forces due to hydrostatic pressure. 

A pressurization wave moving downstream like the one shown in Fig. 
4(a) can be reduced to a stationary iternal hydraulic jump as shown in Fig. 
4(b). The hydraulic jump condition. for this case is 

7 
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Fig. 3.· Flow near a pressurization wave moving upstream. 
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(a) PRESSURIZATION WAVE MOVING 
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(b) EQUIVALENT STATIONARY INTERNAL 

HYDRAULIC JUMP 

Fig. 4. Flow near a pressurization wave moving downstream. 
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a + V1 > W > C + V2 (12) 

In this case the applicable characteristic equations are C+1 ' C+2 ' and 
C-2 equations. 

The boundary conditions described above may run into difficulty in the 
case of a matured negative wave because the jump may become smaller and 
smaller until it completely disappears. According to Eq. 3, the gravity 
wave speed at the interface may become unrealistically large if the jump 
becomes very small. To avoid this problem, the depth of the free surface 
flow at an interface is subjected to the following constraint. 

D-y)e: (13) 

Although the model result is not very sensitive to the value of e: chosen, 
it appears reasonable to select a value which makes the C computed by Eq. 
3 equal to a. 

Another important assumption concerns the generation and the elimina
tion of an interface. It is physically unrealistic to expect the formation 
of a free surface condition any time the pressure head drops below the 
crown of the pipe as the Priessman-Cunge-W'egner Model implies. For this 
reason, the generation of a new interface is not allowed at any interior 
point not directly ventilated to the atmosphere. Hence, the only stations 
where a pressurized condition is allowed to change to a free surface con
dition are drop inlets, surge reliefs, and overflow structures. Conversely, 
the change from a free surface condition to a pressurized condition is per
mitted wherever and whenever y exceeds D-e:. 

Various types of boundary conditions are treated in the mixed-flow 
models. These include (1) drop inlet structures, (2) juntions, (3) diver
sion structures, (4) overflow and pressure relief structures, (5) automati
cally controlled intake structures, (6) downstream end control structures, 
etc. These boundary conditions, especially when coupled with the inter
facial boundary condition, are too lengthy to be described in this report. 
Some description of these boundary conditions will be given in a computer 
model user's manual. 

The only disadvantage of the SCL Model as compared 
is the added complexity due to the detailed treatment of 
surge and a similar treatment of free-surface surges. 
detailed boundary conditions describing the interactions 
face and other boundaries. 

with the PCW' Model 
the pressurization 
It requires many 

between the inter-

A major disadvantage of the method of characteristic adopted for this 
model as compared with other numerical methods, such as the implicit 
method, is that for the characteristic method to be stable, it must satisfy 
the Courant's stability criterion 

At <; I Ax 
v±a 

10 

(14) 



The above inequality requires very small time steps when the pressure wave 
speed is very large. This means it is costly to simulate mixed-flow or 
pressurized flows. Fortunately, it is possible to use a smaller ficticious 
pressure wave speed a I for modeling and adjust the results based on a 
scaling rule described below. 

1. Pressure adjustment 

The instantaneous pressure p is divided into its steady part p 
and the transient part ~p. 

p = p + ~p 

It is generally easy to separate ~p from p 
rapidly than p. Denoting the fictitious 
shown that 

p = p' 

and 
a 

~p = ~ ~p' 

(15) 

because ~p varies much more 
values by prime, it can be 

(16) 

(17) 

This scaling rule is based on the observation that the steady pressure is 
independent on the pressure wave speed but the transient pressure is 
directly proportional to the wave speed. 

2. Velocity and discharge adjustment 

By using the law of conservation of mass, it can be shown that the 
relative error for the steady state values of velocity or discharge by 
using smaller'wave speed is 

3. Pressurization surge speed 

p 
2-

(a ') p 
(18) 

It has been found that the speed of the pressurization wave is, up 
to the first order of Via, independent of a. This is because smaller 

a makes water in the pressurized zone more compressible but, on the 
other hand, it also reduces the transient pressure ~p. The two effects 
tend to balance out. 
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III. WEST SIDE SYSTEM MODEL 

A. Description of the Modeling Runs 

A total of 138 runs representing various combinations of different 
geometrical configurations, size alternatives, and other variables has 
been carried out. The seven geometrical configuration alternatives, 
including the station numbers and the structure numbers, are shown in Figs. 
W-l ~ W-7. Also included in these figures are the pipe size distributions 
for the four size alternatives considered. The distance between each 
station is 500 feet. Synthetic hydrographs representing two- and five-year 
storms were used in the study. 

Because the computational costs increase linearly with the wave speed, 
many computer runs were made with the Priessman-Cunge-Wegner model using 
a = 100 fps, 200 fps, and 300 fps. The results of these runs were extrapo
lated using the scaling rule described under II.D to estimate the design 
head at higher wave velocities. The more accurate Song-Cardle-Leung Model 
was then used to confirm or adjust the extrapolated values. These computer 
runs are classified according to the system configuration alternatives and 
listed in Table W-l. 

B. Description of Modeling Results 

1. General Observations 

Because a large number of simulation runs was carried out, it is 
not practical to describe all the runs in detail. Instead, only signifi
cant results derived from these runs with emphasis on the final design con
figuration will be presented herein. Because the system is designed to 
store the storm runoff, it will pressurize frequently. Thus, the dynamic 
consequences of the pressurization process becomes one of the most impor
tant design considerations. 

Instantaneous hydraulic grade lines during the initial period of 
pressurization for Run No. 79 are shown in Fig. W-8 to illustrate the dyna
mics of pressurization. Run 79 is for Configuration IV, Alternate 4, 
overflow weirs at Structure 41 and 45, with a two-year stationary storm 
using the Priessman-Cunge-Wegner Model with a = 200 fps. Assuming the 
system to be initially empty when the two-year storm occurs, the downstream 
end will first start to pressurize at about 106 minutes. The leading edge 
of the pressurization wave moves upstream in the form of a positive surge. 
The magnitude of this surge increases gradually as it moves upstream until 
it collides with an upstream end at about 119 minutes. A sudden increase 
in the surge amplitude occurs at that time, and the surge starts to move 
downstream. Overflow at the relief structures and backflows at shallow 
drop structures usually start as the reflected surge arrives. 
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Conf. 
No 

I 

II 

III 

IV 

V 

VI 

VII 

TABLE W-1. Classification of Computer Runs 
for West Side System 

Run No. Remarks 

1-21, 24 3 versions used, errors in boundary 
condition found in first 12 runs 

22, 23 Lexington Branch removed 

25-38 Lexington (North) 
39-50 Programming errors corrected 

51-86 Final design configuration 
89-95 Structure 43 removed from some runs 

100-111 

87, 88 Initial stage of construction 

96-99 Lyell Ave. Branch 
119-120 

100-132 Two branches added to configuration IV 

133-138 Final Design Runs 
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The maximum surge pressure and waterhammer pressure induced by the 
surge usually occur at about this time. Large surges and waterhammer 
pressures generated during the pressurization process damp out rapidly 
after the system is completely pressurized. Figure W-9 illustrates the 
fact that the hydraulic grade lines become smooth, especially between the 
two overflow structures, shortly after complete pressurization. 

The overflow hydrographs at Structure 41 (Station 37) and Structure 45 
(Station 172) for Run 79 are plotted in Fig. W-lO. The overflow 
hydro graphs are not as smooth as those usually produced by a kinematic 
model. Sharp peaks in the overflow hydrographs are due to the existence of 
surges and waterhammer which can be calculated only with a dynamic model. 
Surges and waterhammer are also responsible for the small amount of 
back flow at Structure 39/40 (Station 1) and Structure 4 (Station 157). 
Figure W-IO also shows that the overflows are quite evenly divided between 
the two overflow structures, suggesting that the weir heights used in Run 
79 are satisfactory for the two-year stationary storm. 

The pressurization phenomenon described above was confirmed by the 
more accurate Song-Cardle-Leung Model. Figure W-ll shows some hydraulic 
gradelines during the pressurization period indicated by Run No. 108 using 
a = 1,000 fps. Some hydraulic gradelines, after the pressurization process 
is completed and during the early part of the overflow phase, are plotted 
in Fig. W-12. Comparison of Figs. W-ll and W-12 with Figs. W-9 and W-lO 
indicates a general qualitative agreement. However, the use of a larger 
value for a causes steeper and faster moving pressurization waves. This 
means that the intensities of surges, waterhammer, and backf10w are also 
increased by an increased pressure wave speed a. 

2. Maximum and Minimum Design Head 

As was stated in the previous section, the pressurization surge 
and the waterhammer pressure generated by the collision of the surge with 
the upstream ends were analyzed. The magnitude of these pressures is sen
sitive to the pressure wave speed, a, in addition to the inflow hydrographs 
and the geometrical configuration~ The pressure wave speed is, in turn, 
sensitive to free air content and pipe rigidity. It can range from a very 
small value to a value as large as 4700 fps. Because a large wave speed 
causes numerical instability, the PCW Model cannot be used for high wave 
speed. For this reason the pew Model was run with pressure wave speeds of 
100, 200, and 300 fps, and the maximum'head was obtained by extrapolation. 
The estimated maximum head without additional surge relief beyond that 
provided by dropshafts, and overflow structures ranged from 400 to 800 feet 
of water, depending on the geometrical configuration, size alternative, and 
the storm. 

It is, therefore, important that surge relief structures be provided 
at each upstream end of a major branch line. Figures W-13 and W-14 serve 
to illustrate the effect of an upstream surge tank on surge and waterhammer 
pressure. Figure W-13 shows the head variation at Structure lOA as cOm
puted by R~ 66. It should be noted that there is a surge relief strueture 
of 1000 ft cross-sectional area located in Structure No. 2 which is only 
5500 ft from the upstream end (Structure lOA). Nevertheless, a dramatic 
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rise in head at about t = 107 min. and a subsequent damped oscillation 
are clearly indicated. Two natural periods of oscillation, 1.7 min. and 7 
min., can be observed. The oscillation with the 7 min. period is iden
tified as that of the surge (actual oscillation of the water column) bet
ween Structure Nos. 2 and lOA whose natural period is closely related to 
the surge tank area. The oscillation at the 1.7 min. period is due to the 
waterhammer wave reflecting between Structures 2 and lOA. Its natural 
period is equal to 4L/ a in which L is the distance between the two 
structures and a is the pressure wave speed. 

Figure W-14 shows the depth variation at Structure lOA for Run 69. 
Run 69 is identical to Run 66 except that the surge relief structure was 
shifted to the end point, Structure lOA. The waterhammer wave so prominent 
in Fig. W-13 is absent in Fig. W-14. Clearly, by locating the surge relief 
structure at Station lOA, the collision of surge with the upstream end and 
the associated waterhammer wave has been eliminated. The oscillating surge 
with the 7 min. period remains essentially unchanged. The depth variation 
of Structure lOA as computed by the SCL model using data comparable to that 
of Run 69 with a increased to 1000 fps is plotted in Fig. W-15. A signi
ficant increase in the surge intensity due to increased "a" is noted. 

By extrapolating the result obtained with the PCW Model, the design 
pressure distribution in Configuration VI with size distribution Alter
native 4 was estimated. According to this estimate, a preliminary recom
mendation was made in the interim report dated July, 1981. This 
preliminary design pressure distribution is as shown in Fig. W-16. Because 
the PCW Model is not capable of simulating negative pressures, no recommen
dation was made concerning the negative design pressure. A substantially 
greater maximum design head would result if smaller sized pipes are used. 
Based on the output of the SCL Model a revised recommendation as shown in 
Fig. W-17 was made on November 25, 1981. A slight change in the system 
configuration and the recommended positive design head should be noted. 
The SCL Model also indicates the existence of negative pressures. 

Because liquid cannot sustain any pressure below the vapor pressure, 
it is recommended that the negative head of 30 ft be used where negative 
pressure is likely to occur. The portions of the system where negative 
head should be taken into consideration are shown in Fig. W-IB. Figure 
W-19 shows an alternative positive design 2 pressure distribution when an 
additional surge relief structure of 500 ft is located at the junction of 
the Jay-Arnett branch. The corresponding change in the negative head 
distribution is so small that the area in which the negative head of 30 ft 
is used for design purposes remains the same as that shown in Fig. W-IB. 

3. Overflows and Backflows 

Since the storage volume in the system is fixed and the flow rate 
to the treatment plant is small, the total volume of overflow will be 
nearly fixed for a given size storm. The only variables are the distribution 
of overflows among the overflow structures and the maximum overflow rates 
at these structures. As shown in Fig. W-lO, the overflows can be evenly 
divided among Structures 41 and 45 under the conditions of Run 79. However, 
different conditions may cause an uneven distribution. The effect of storm 
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movement on the distribution of overflows will be discussed later. Because 
Run 79 is based on a rather small a, it tends to underestimate the maxi
mum overflow rates. The overflows and backflows computed by Run No. 108 
based on the SCL model are shown in Fig. W-20. The maximum overflow rate 
at Structure 41 is substantially increased from that computed by Run No. 
79. This is partially due to the use of larger wave speed but also partially 
due to some numerical inaccuracies which were corrected in later runs. In 
spite of the large peaks shown in Fig. W-20, later model runs indicate that 
an overflow design capacity of 3000 cfs for both Structures 41 and 45 should 
be adequate. 

Because surges may produce a very high head, backflow can occur at a 
number of drop structures. Particularly vulnerable are Structures 4, 8, 16 
K1, K2, and 39/40. These backflows can be reduced to some extent by means 
of surge relief structures. The surge structure at Structure lOA has a 
significant effect on reducing backflow along the Tiger-Carlisle Street 
branch. However, surge relief structures alone cannot prevent backflow 
during large storm events. Check valves in supply sewers (not in the drop 
structure) can be used to prevent backflows. Under this condition, some 
backflow to the street at the drop structure during a heavy storm should be 
expected. Another consequence of preventing backflow to the supply sewers 
is the possibility of increased maximum positive and negative head. 

To study the effect of backflow restriction, a computer run, Run No. 
110, was made by increasing the dropshaft heights at Structures 4, 7, Kl, 
and K3 by 20 ft. The resulting overflows and backflows are plotted in Fig. 
W-2l. Some reduction of the backflows at these four stations was realized 
with only a very minor increase in pressures. Accidental removal of the 25 
ft diameter surge tank at Station 1 doubled the backflow at Station 1 
(compare Fig. W-21 with Fig. W-20). 

4. Overflow Structure Versus Increased Tunnel Size at Lake 
Avenue Tunnel 

There is a trade-off between (1) using more overflow structures and 
(2) using a larger Lake Avenue tunnel. Run 94 (Size Alternate 3 with over
flow Structure 43) and Run 79 (Size Alternate 4 without overflow Structure 
43) were made to study the trade-off between the overflow structure and the 
increased tunnel size. By comparing the results of these two runs with 
that of a corresponding run for size Alternate 3 without overflow Structure 
43, the following differences were noted. 

1. The addition of overflow Structure 43 reduces the maximum overflow 
rates at Structures 41 and 45 by about 17 percent without signifi
cantly changing the total overflow volume. 

2. Very little reduction in maximum pressure head was realized by 
adding overflow Structure 43. 

3. With larger Lake Avenue tunnel diameter, the total overflow volume 
was reduced by an amount roughly equal to the increased storage 
volume. 
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4) Some decrease in the maximum transient pressure occurred with 
larger tunnel size. The reduction in the transient pressure is 
believed to be caused by a reduction in velocity and velocity 
fluctuations. 

5) Larger tunnel size tends to make the overflow more evenly divided 
between Structures 41 and 45. With smaller tunnel size and 
restricted conveyance, Structure 45 which is located upstream of 
Structure 41 tends to overflow earlier and reaches higher rates. 

Overall, increasing the tunnel size appears to be a better choice than 
adding overflow Structure 43. 

5. Partial Systems 

Configurations V and VI represent two possible partial systems. 

:~~~es:~~::m~y ~~~~~~~:!ti:t~~~ ~~~:Ulr~C~~~ st~ac~u::: o~o~8~e::2 ~~~::~ 
sectional area are needed at Structures 2, 9, 22, and 23 for Configuration 
V to reduce surges and backflows. Some backflows at Structures 1, 2, 4, 
and K1 may be expected if adequate surge protection is not provided. 
Because Configuration VI is so small, the size of the ~verf1ow structure at 
Structure 41 may be reduced to a minimum of 500 ft without making the 
hydraulic performance of the system worse than that of the complete system. 

6. Moving Storm 

The design runoff hydrographs used for most of the simulations 
are from stationary storms uniformly distributed over the entire watershed. 
Four sets of alternative runoff hydrographs from moving storms were synthe
sized by shifting the starting time of each hydrograph by a delay time 
based on location and storm speed. The response of the Configuration VI, 
Size 4, system to the moving storms was then evaluated. 

It is generally known that a storm moving in the direction of the flow 
produces a large peak flow at the downstream end and small peak flow at the 
upstream end. The opposite is true when the storm moves against the flow 
direction. In Fig. W-22 the depth variation at Structure lOA due to a 
storm moving from the south at five miles per hour is compared with that 
produced by a storm approaching from the north at five miles per hour. A 
similar comparison for Structure 38/40 'is shown in Fig. W-23. Clearly, the 
location of the maximum head shifts with the storm. However, the magnitude 
of the maximum head in the entire system may remain relatively independent 
of the direction of the moving storm. 

The moving storm may also cause an uneven distribution of overflows 
between structures 41 and 45. As is shown in Fig. W-10,a stationary storm 

. produces a roughly equal maximum overflow rate at Structures 41 and 45. 
The worst case is the 15 miles per hour north storm shown in Fig. W-24. In 
this case, the maximum overflow at Structure 41 is 3500 cfs as compared 
with 1800 cfs for Structure 45. The overflow difference, 
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8Q = max. overflow at Structure 41 - max. overflow at Structure 45 max 

is plotted as a function of the storm speed in Fig. W-25. It is 
interesting to note the nearly straight line correlation shown in this 
figure. However, it should be noted that the zero velocity storm according 
to the definition used herein is different from that of the original sta
tionary storm. Therefore, the result here cannot be compared directly with 
that of Run 79. 

7. Roughness Effect 

The estimated Manning's roughness coefficient, n = 0.014, has been 
chosen for the design. Because the roughness of the pipe usually increases 
with age, a larger value of n = 0.02 was also used to test the effect of 
roughness on transient flow characterisitics. A run made using Configura
tion IV, Size 4, resulted in a 5 percent reduction of the maximum head and 
a 17 percent increase in the overflow at Structure 41. Apparently the 
reduction in the flow velocity due to the increased roughness lowered the 
surge and waterhammer intensities. The result would be different if the 
flow capacity reduction was caused by a reduced flow cross-sectional area 
due to blockage or reduced pipe size. The design system would be safe from 
a roughness increase if it is not accompanied by a significant loss of flow 
area. 

8. Multiple Storm Effect 

It is possible that a storm may occur before the water stored in 
the system during the previous storm has been released. Run No. 109 was 
made to study the effect of reduced storage capacity at the beginning of a 
design storm. Only the amount of water initially stored in the system was 
varied between Run Nos. 108 and 109. Run No. 108 starts with a nearly 
empty tunnel, but Run No. 109 assumes an initial depth of 13 ft at the 
downstream end. 

Some hydraulic grade lines showing the movement of pressurization waves 
are plotted in Fig. W-26. Comparison of this figure with Fig. W-l1 shows 
that the initial storage reduces the magnitude of the shock at the pres
surization wave. This reduced dynamic activity is carried over to the post 
pressurization period and reduces the maximum and minimum heads over much 
of the system. Thus, the design head determined previously under the con
dition of an initially empty tunnel need not be altered on account of 
increased initial storage. The corresponding hydraulic grade lines after 
pressurization for Run No. 109 are plotted in Fig. W-27. This figure 
should be compared with Fig. W-12. 

"The head variations at Structures 39/40, 41, and 45, as calculated by 
Run Nos. 108 and 109, are plotted in Figs. W-28 and W-29 , respect! vely. 
These figures indicate that the reduction of storage capacity makes 
overflow and backf10w start earlier. The existence of overflow is indi
catedwhen the head in the structure remains nearly constant. The reduc
tion in the available storage capacity caused the total duration and volume 
of overflows and backflows to increase without significantly changing the 
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maximum rates. Apparently, because the maximum rates are related to surge 
intensities, the reduced dynamic intensity also tends to moderate the maxi
mum flow intensities. 

9. Choking Effect 

In modeling the surge tanks, it was assumed that all were directly 
attached to the main tunnel. The effectiveness of a surge tank in reducing 
transient pressure and backflow could be jeopardized if a smaller size 
connecting pipe is used between the surge tank and the main sewer. Quan
titative analysis of the choking effect is carried out for the West Side 
System using an orifice located at the base of the surge tank to simulate 
the reduced pipe size. 

Figure W-30 shows the variation of piezometric head with time on two 
sides of the orifice located at Structure 35 as computed by Run 123. This 
run represents a slightly modified version of Configuration IV in which the 
Lake Avenue main terminates at Structure 35. The diameters of the tunnel, 
the surge tank, and the orifice were assumed to be 14 ft, 23 ft, and 10 ft, 
respectively. A localized head increase near the orifice of up to 20 ft 
during the time of maximum backflow was indicated. 

C. Final Design Runs 

It has been decided by the Joint Venture that the final design con
figuration will be Configuration VII as shown in Fig. W-7. The mathemati
cal model was further updated and improved before final design runs were 
conducted. The model which existed prior to Run ll8 was capable of simu
lating a diameter change only at a junction. In some later runs, diameter 
changes at other locations were made by means of an imaginary junction 
obtained by adding a small diameter and a short branch. It turned out that 
the imaginary branch produced considerable amounts of unrealistic numerical 
oscillations in the result. 

The computer program was expanded to include the capability of simu
lating diameter changes occurring at a dropshaft or a manhole. The final 
design runs, Nos. 133 to 138, were made with this expanded model. The size 
distributions for these runs are listed in Table W-2. 

1. Overflows and Backflows 

The persistent existence of backflows· at Structures 4, Kl, etc. 
has been a major design concern. The computed overflow and backflow 
hydrographs for Run 133 are plotted in Fig. W-3l. The overflow hydrograph 
for Structures 45 and 41 (Stations 182 and 47) behaves nicely, and the pre
viously recommended design capacity of 3000 cfs is adequate. However, 
significant amounts of backflows are indicated at Structures 4, 1, and Kl. 
The peak backflow rates and the duration of backflows as calculated by Runs 
133 ~ 136 are listed in Table W-3. There are two sets of backflow rates 
shown in this table. Net backflow rate is the actual reverse flow coming 
out of the tunnel to the dropshaft. Gross backflow rate is the net 
backflow rate plus the inflow hydro graph at the point where water is unable 
to enter the tunnel. 
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Reach 

TABLE W-2.Size Distribution for Final Design Runs, 
Configuration VII 

Pipe Diameter 

Run Run Run Run Run 
Station No. 133,138 134 135 136 137 

1-18 12 12 12 12 10 
19-22 14 14 14 14 14 
23-32 14 14 14 14 14 
32-35 12 12 12 12 12 
36-47 14 14 14 14 14 
48-62 10 10 10 10 10 
63-68 8 8 8 8 8 
69-73 10 10 10 10 10 
74-82 12 12 12 12 12 
83-91 12 12 10 12 12 
92-105 10 10 10 10 10 

106-111 12 12 12 12 12 
112-136 14 14 14 14 14 
137-149 10 10 10 10 10 
150-161 12 12 12 12 12 
162-172 10 10 10 8 10 
173-175 12 12 10 12 12 
175-181 14 12 10 14 12 

5] 

Run 
139 

12 
14 
14 
12 
14 

. 10 
8 

10 
12 
12 
10 
12 
14 
10 
12 

8 
12 
14 



TABLE W-3. Computed Back Flow 

Gross Rate, cfs Net Rate, cfs 

Structure 
No. Run 

133 134 135 136 133 134 135 136 

4 292 373 399 182 184 265 291 74 
1 178 147 137 43 62 31 21 --

K1 125 220 63 148 68 163 6 91 
K3 28 121 0 0 -- 61 -- --

9 20 27 260 0 -- -- 100 --
8 41 113 158 0 -- 56 102 --

16 434 

Duration, min. Gross Volume, 1000 ft 3 

Structure 
No. Run 

133 134 135 136 133 134 135 136 

4 1.6 1.0 2.3 0.6 14.0 11.19 27.53 3.28 
1 0.5 2.2 4.4 -- 2.67 9.70 16.76 --

K1 0.7 1.1 2.3 1.8 2.63 7.26 4.35 7.99 
K3 0.3 0.4 -- -- 0.25 1.45 - --

9 0.3 0.4 0.8 -- 0.18 0.15 6.24 --
8 0.5 0.7 1.1 -- 0.62 2.37 5.21 --

16 0.4 5.21 
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Table W-3 clearly indicates that the backflows increase as the tunnel 
sizes between Stations 175 and 181 is progressively reduced. Close 
inspection of the computer output indicates that the backflows are closely 
related to reverse flows generated by the pressurization wave. A large 
reverse flow generated by the pressurization surge causes a rapid rise in 
head when it collides with an upstream end. The beginning of the backflow 
coincides with the reflection of the surge. Relatively larger flow rates' 
from the Lake Avenue tunnel tend to flow into the Dewey-Eastman Avenue 
branch and worsen the backflow problem at this branch. 

Figure W-32 shows the hydrographs at the downstream ends of the Lake 
Street tunnel (Station 136) and the Dewey-Eastman Avenue branch (Station 
181) as computed by Run 133. The negative Q in the Tiger-Carlisle branch 
appears to be directly proportional to the positive Q in the ~ake Street 
tunnel before the surge is relieved by the backflows. This suggests the 
possibility of reducing the backflow by preventing the occurrence of a 
large reverse flow in the Dewey-Eastman Avenue branch. 

Run No. 136 was made to test the above hypothesis. Because the back
flow is most serious at Structure 4, the tunnel diameter between Stations 
162 and 172 was reduced to 8 ft from 10 ft. This should reduce the reverse 
flow rate in the branch to which Structure 4 is connected. Table W-3 
clearly shows that by reducing the size of this branch the backflow at 
Structur~ 4 is significantly reduced, and the backflows at Structures 8 and 
9 are completely eliminated. 

In Run 139, a partial flap gate was attached to the downstream end of 
the Dewey-Eastman Avenue branch so that the reverse flow in this branch 
could be limited. Some reduction in backflow and overflow was achieved. 

2. Maximum Design Head 

The final design runs indicated that the maximum transient heads 
produced by collisions of the pressurization surges with upstream boun
daries are controlled by the suggested surge relief structures. Three cri
tical locations where high transient heads may occur due to different 
reasons still remain. 

Run No. 137 indicates that when the 10 ft diameter tunnel is used bet
ween Stations 1 and 18, a very large head (about 700 ft) may be produced 
between Stations 10 and 18. Large inflows at Structures 37 and 39/40 
cause the tunnel to pressurize near Station 10 (Structure 37) before the 14 
ft diameter tunnel downstream of Structure 35 is completely pressurized. 
An air pocket is produced near the junction between the 10 ft tunnel and 
the 14 ft tunnel as the pressurization surges converge at the junction. A 
large head is produced when the air pocket collapses. This problem is 
avoided by using a 12 ft diameter tunnel between Stations I and 18. 

Two other critical locations are short distances downstream of Struc
tures 10 and 12/13. The problem is caused by large inflows at these struc
tures. Because of the large inflow at Structure 12/13, the pressurization 
surge intensifies very rapidly as it approaches the 'structure from down
stream. The maximum head generated just before the relief mechanism of the 
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structure takes effect is predicted to be about 320 ft. For this reason, 
previously recommended design head of 150 ft for the Lake Avenue tunnel 
must be revised as shown in Fig. W-33. Similarly, the maximum design head 
for a reach between Structures 2 and 10 should be increased to 450 ft if 
the 10 ft diameter tunnel is used there. The design head may be reduced to 
200 ft if the tunnel diameter between Structures 2 and lOA is increased to 
12 ft. 

Also shown in Fig. W-33 are reaches where the tunnel should be 
designed to take a negative head of 32 ft. 
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IV. SENECA-NORTON MODEL 

A. Description of the Modeling Runs 

Three alternative configurations were considered for the new Seneca
Norton sewer system. Configuration I, as shown in Fig. SN-l(a), represents 
the system as a single pipe divided into 25 stations at 500 ft intervals. 
There are three inflow structures and a downstream relief structure lined 
up in a series. In Configuration II, as shown in Fig. SN-1(b), a 2000 ft 
long branch sewer is provided for the inflow Structure No. 31. Configura
tion II is shorter than Configuration I by about 500 ft. Configuration 
III, as shown in Fig. SN-l(c), is similar to Configuration II except for 
the changes in distances between structures. Configuration IV as shown in 
Fig. SN-1(d) is similar to Configuration III except that the branch leading 
to Structure 31 is reduced to 750 ft, and the computational step size Ax is 
reduced to 250 ft. A total of 17 runs as listed in Table SN-I was carried 
out. 

B. Description of Modeling Results 

1. Occurrence of Maximum Transient Pressure 

The Seneca-Norton Model is so small and simple that it is an ideal 
model for detailed studies leading to a better understanding of the mecha
nisms of transient pressure generation. It was explained in detail in Sec
tion III.B, that a major cause of large transient pressure is the collision 
of the pressurization wave with the upstream end. A very large pressure 
could result if the upstream end is a dead end. A surge relief structure 
located at an upstream end is a very effective device for controlling this 
type of transient pressure. The maximum pressures produced in Run Nos. 
SN-2, 3, 4, 5, and 6 are of.the type just described. 

A different mechanism was found responsible for the generation of 
maximum transient heads in Run Nos. SN-1, 7, 8, and 9. Because the inflow 
rate at Structure 31 is so large, a 10 ft diameter tunnel of Configuration 
I may pressurize at Structure 31 before the pressurization initiated at the 
downstream end arrives at this station. An air pocket thus generated may 
cause transient problems which are not totally understood. The SCL Model 
ignores the elastic property of the air pocket and calculates the water
hammer pressure generated when the opposing pressurization waves collide 
with each other. For example, Run SN-1 shows maximum positive head of 
about 450 ft being generated between Structure 44 and 31. The waterhammer 
is completely damped out one minute after its generation. 

This type of transient pressure can be prevented in Structure 31, and 
other tunnels, only by eliminating choking near large inflow points. As 
indicated by Runs SN-2, 3, 4, and 5, the problem disappears when the tunnel 
size is increased to 12 ft. It can also be prevented by diverting some 
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TABLE SN-I. Parameters Used for Seneca-Norton Model Runs 
(SCL Model for all Runs) 

Run No. Configuration Description 

SN-l I D=10 ft, 8=0.001, n=0.014, overflow 
structure a2 No. 44 only 
(As =1000 ft , Weir El.=46.9 ft) 

SN-2 I Same as SN-l except that D=12 ft. 

SN-3 I Same as SN-2 except that As .. 2000 .ft 2 at 
structure 44. 

SN-4 Same as SN-2 except that 
2 

I As .. 500 ft at 
structure 33. 

SN-5 Same as SN-3 except that 2 
I As ... 500 ft at 

structure 33. 

SN-6 I 
2 

Same as SN-l except that As = 500 ft at 
structure 33 an some inflow to structure 
diverted to structures 32 and 33. 

SN-7 2 
I Same as SN-1 except that As = 500 ft at 

struct~re 33, an overflow structure (As = 
500 ft , El.=41.9 ft) at structure 31, 
Weir elevation at Sta. 44 lowered to 
E1.=41.9 ft. 

SN-8 I Same as SN-7 except weir elevation at 
Sta. 31 raised to 46.9 ft. 

SN-9 I Same as SN-1 except weir elevation at 
Sta. 44 lowered to 22.5 ft. 
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TABLE SN-l (Cont'd) 

SN-10 I! 

SN-ll I! 

SN-12 I! 

SN-13 II! 

SN-14 III 

SN-15 III 

SN-16 IV 

SN-17 IV 

2 0=10 ft, 5=0.001, n=0.014. ~s = 1000 ft 
at structure 44. As = 500 ft at 
structure 33. 

Same as 5N-10 except 0=12 ft. 

Same as 5N-10 except no relief at 
structure 33 

0=10 ft, 5=0.001, n=0.014. As = 500 ft 2 
at Sta. 33. 

Same as SN-13 except 0=12 ft. 

Same as SN-13 except 0=12 ft between 
junction and structure 44 

Final configuration. 20=12 ft, S-O.OOI, 
n=0.014. As2= 415 ft at Sta. 33. 
As = 1000 ft at Sta. 44, Weir E1.=30 ft. 

Same as SN-16 except weir height at 
Struc. 44 is raised to 35 ft. 
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inflow away from Structure 31, as indicated by Run SN-6. A surge structure 
at the upstream end has no effect on this type of problem because the maxi
mum pressure occurs before the surge relief structure is activated by the 
flow. 

Two alternative recommendations on the distribution of maximum positive 
and negative design heads are offered for Configuration I. Figure SN-2 
shows the maximum positive design heads to be used with a 10 ft diameter 
tunnel. Also shown in this figure is the portion where a negative design 
head of -30 ft is required. Figure SN-3 shows the maximum positive design 
heads required for a 12 ft diameter tunnel. Clearly, there is a trade-off 
between a large size pipe and a high design head. 

Runs SN-3, 4, and 5 show that the design fressure between Structures 
33 and 31 may be reduced to 150 ft if a 500 ft surge relief structure is 
provided at the upstream end. 

The generation of air bubbles at Structure 31 may also be prevented by 
routing part of the inflow hydrograph at Structure 31 to the other two 
inflow points. This is confirmed by Run SN-6 in which the maximum inflow 
rate at Structure 31 was limited to 400 cfs. 

Another way to prevent air bubble formation and the resulting high 
head is to provide a branch at Structure 31. For example, Run SN-10 indi
~ates that no bubble is formed for a 10 ft pipe in Configuration II. In 
fact, no air bubble was found to occur in any run made for Configurations 
II and IV. The recommended positive design head for these three con
figurations using a 12 ft diameter tunnel and with a surge relief at Struc
ture 33 is 150 ft everywhere. No allowance for negative pressure is 
necessary. 

2. Oscillation of Flow 

The computed water depths in all four structures for Run SN-2 are 
plotted in Fig. SN-4. This figure clearly shows that the water depths in 
all three drop structures performed classical damped oscillation imme
diately after the tunnel was completely pressurized. Less obvious is the 
fact that the water depth at Structure 44 also performed a damped oscilla
tion of much smaller amplitude. By using a larger scale plot, the water 
depth oscillation at Structure 44 for the same run is shown in Fig. SN-5. 
It is interesting to note that the primary mode of oscillation is between 
Structure 44 and the other three structures combined as a unit. Because 
there is overflow at Structure 44 the phase difference between Structure 44 
and the other three structures is approximately 90 degrees rather than the 
ideal 180 degree phase difference. As shown in Fig. SN-6, the overflow at 
Structure 44 also oscillated in phase with the depth oscillation. Back
flows are indicated at all inlet structures. 

The flow oscillation described above is greatly reduced when the tun
nel diameter is reduced to 10 ft. This is evident when the overflow 
hydrographs in Fig. SN-6 for the 12 ft tunnel is compared with that for the 
10 ft tunnel as shown in Fig. SN-7. 
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3. Reduction of Backflow 

Figure SN-7 shows the existence of a large backflow with a maximum 
flow rate of 600 cfs at the upstream end and smaller amounts at the other 
inlet structures. The backflow is substantially less in the 12 ft tunnel 
than in the 10 ft tunnel. The maximum backflow rate at Structure 33 for Run 
SN-1 as shown in Fig. SN-7 is 400 cfs. 

Run SN-7 was made to study the effect of providing a 500 square ft 
overflow structure at Structure 31 with a weir at the same elevation as the 
weir at Structure 44. The resulting overflows and backflows are plotted in 
Fig. SN-8. Note that the overflow rate at Structure 31 is considerably 
greater than that of Structure 44 due to the effect of the hydraulic gra
dient. A substantial oscillation at Structure 31 exists even though a 10 
ft tunnel was used. In order to balance the overflows, Run SN-8 was made 
with the weir elevation at Structure 31 raised by 5 ft. The resulting 
overflows and backflows are shown in Fig. SN-9. The two overflows are 
roughly balanced, but there is still some flow oscillation and backf10w at 
Structure 33. 

In Run SN-9, the weir elevation at Structure 44 was lowered to 22.5 ft 
from the original elevation of 46.9 ft. The resulting hydrographs are 
shown in Fig. SN-10. By comparing this figure with Fig. SN-7, it shows 
that the lowering of the weir may increase the overflow and reduce the 
backf10w to some extent, but ~ot enough to completely eliminate the 
backflow. In Run SN-6, a 500 ft surge relief structure was added to the 
upstream end to the basic system of Run SN-1. The resulting hydrographs 
are shown in Fig. SN-11. Backf10ws were reduced but not completely elimi
nated. Figurz SN-12 shows that the backflows are completely eliminated 
when a 500 ft surge relief structure is added to the upstream end of the 
12 ft tunnel system in Configuration I. 

Three runs, SN-13, 14, and 15, were made for Configuration III. These 
th2ee runs had different tunnel size distributions but all contained a 500 
ft surge relief structure at the upstream end. Only Run SN-13, which is 
for a 10 ft tunnel, showed backf1ow, peak intensity of 100 cfs, and dura
tion of 1 minute, occurring at the upstream end. The backflow was elimi
nated when 7500 ft or more of the tunnel was enlarged to a 12 ft diameter. 

4. Final Design Configuration 

In Configuration III, the branch leading to Structure 31 was 
assumed to be 1550 ft long. This branch was later shortened to 750 ft in 
the final design configuration, Configuration IV. Two runs, Run SN-16 and 
SN-17, were performed for this design configuration. They are both for a 
12 ft diameter tunnel and a 23 ft diameter surge relief structure at the 
upstream end. The only difference is the overflow weir elevation which is 
30 ft for Run SN-16 and 35 ft for Run SN-17. 

The overflow hydrographs for Runs SN-16 and SN-17 are shown in.Figs. 
SN-13 and SN-14 , respectively. No backflow occurred in these runs. By 
raising the weir elevation from 30 ft to 35 ft the maximum overflow rate is 
reduced from 1180 cfs to 950 cfs. No negative pressure was encountered. 
The recommended design pressure for this configuration is 150 ft of water 
for the entire Seneca-Norton system. 
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V. THE INVERTED SIPHON MODEL 

A. Description of Model 

1. Model Configuration 

This model includes Structures 243 and 46 and the three mile long 
pipe along St. Paul Boulevard, as sketched in Fig. S-l. The basic function 
of this system is to convey controlled amounts of water from the West Side 
System to the treatment plant. Under normal operating conditions, water 
will flow by gravity from Structure 243 to Structure 46 and rise to a 
higher level through a 6 ft diameter vertical pipe. Sediment deposited at 
the bottom of Structure 46 will be periodically flushed through a gate 
structure to the Cross-Irondequoit pumping station. The purpose of this 
modeling work is to determine 'safe operating procedures for flushing and 
filling operations and also to determine the geometrical requirements of 
Structure 46. The response of the Siphon System to unusually large inflow 
due to equipment malfunction at Structure 45 was also modeled. 

2. pew Model and SCL Model 

The Priessmann-Cunge-Wegner Model described in Section II.C was 
used in the initial simulations of this system. The upstream boundary con
dition is the same as the upstream dropshaft boundary condition used in the 
West Side Model. The downstream boundary is shown schematically in Fig. 
S-2. There is a stilling chamber of cross-sectional area As and height 
hs at the downstream end of the 7 ft diameter pipe. A 6 ft diameter riser 
is attached to the top of the stilling chamber. At the top of the riser is 
a weir of length J/, and elevation h. There is a sluice gate at the 
stilling basin through which water may be discharged to the pump station. 

Because the slope of the 7 ft pipe is steep, a normal open channel 
flow is most likely to be supercritical. For this reason, a hydraulic jump 
will accompany an open channel flow in the system. The moving hydraulic 
jump is treated like a pressurization wave. On the other hand, the 
pressurization wave is ignored in the PCW Model. Consider a case when the 
depth at Structure 46, y , is less than h. In this case, there are three 
unknowns, V3, Ys' and ~s at the downstream end. The three required 
equations are 

If Y8 
exists. 

1. the C3+ characteristic equation, 

2. the storage equation, and 

3. the orifice equation for Qs • 

is greater than h, then a flow to the treatment plant Qo 
An additional equation for Qo in the form of a weir equation is 

used in this case. 
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Depending on the initial condition of a filling operation, a bore or a 
moving hydraulic jump may develop before the downstream end is pressurized. 
In this case, a boundary condition for a moving hydraulic jump identical 
to that in the PCW Model was used. This condition usually will last for 
only a short time, and the downstream end of the 7 ft tunnel will pres
surize. The SCL Model treats both flow discontinuities, the moving 
hydraulic jump, and the pressurization interface, if they are more than 50 
ft apart. If the distance between the two flow discontinuities is less 
than 50 ft, then only the pressurization interface is computed and the 
moving hydraulic jump is ignored. 

B. Modeling Results for Normal Operating Conditions 

1 •. Transients Due to Gate Closure (PCW Model) 

It was noted during some preliminary runs of the PCW Model that the 6 
ft diameter riser directly attached to the 7 ft pipe causes excessive 
hydraulic transients due to gate closure. For this reason, a stilling 
chamber of 375 square ft area and height of 20 ft was added to the base of 
the 6 ft riser. A gradual transition from the stilling chamber to the 
riser was also provided. 

Hydraulic transients generated by downstream gate closure when there 
is an initial steady state flow of 150 cfs to the Cross-Irondequoit pump 
station were studied in Run Nos. S-l to S-5 (see Table S-l). For all runs 
described in this section, the flow to the Cross-Irondequoit pump station 
was assumed to be unrestricted by the 4 ft pipe. The inflow rate, the flow 
through the gates to the pumping station (DIS gate flow), and the flow over 
the riser (DIS overflow) for Run S-l are plotted in Fig. 8-4. Similar plots 
for Runs S-4 and S-5 are shown in Figs. S-5 and 8-6, respectively. The 
only difference between these three runs is the speed of gate closure (1 
fpm, 4 fpm, and 0.1 fpm, respectively). 

The hydrographs shown in Fig. S-4 are very similar to those of Fig. 
S-S. In both cases the gate flow (flow through the gate to the pump 
station) is linearly proportional to the gate closing speed. However, in 
spite of the 1 to 4 ratio in gate speeds, almost identical overflow 
hydrographs (flow to the treatment plant) were obtained. Typically, there 
is an initial small surge followed by a larger surge causing a slight 
overshoot. The flow will eventually approach a steady rate following a 
brief period of damped oscillation. A small difference exists between the 
steady state overflow and the inflow rate. This is due to the compressibi
lity effect caused ·by using a small wave speed as represented by Eq. 18 in 
Section II.D. For most of the PCW Model runs, a = 200 fps was used. 

The gate flow hydrograph shown in Fig. S-6, computed for a gate speed 
of 0.1 fpm, indicates some flow instability. Aside from this minor change, 
the transient flow of the system was found to be rather insensitive to the 
speed of gate closure. The stilling chamber used in the model appears ade
quate. 

Head variations at three locations in the system as computed by Runs 
8-1, 8-4, and 8-5 are shown in Figs. 8-7, S-8, and S-9, respectively_ The 
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TABLE S-l. Parameters Used for the Siphon Model 

Run No. Description 

S-l u/s D = 7 ft, Q = 150 cfs, DIs gate closing 1 fpm. 
(Downstream gate size = 6'x6') 

S-2 Same as S-l except DIs gate closing at 0.5 fpm. 

S-3 Same as S-1 except DIs gate closing at 2 fpm. 

S-4 Same as S-1 except DIs gate closing at 4 fpm. 

S-5 Same as S-1 except DIs gate closing at 0.1 fpm. 

S-6 Same as S-2 except u/s D = 25 ft. 

S-7A Q = 150 cfs, initially gate closed, gate opening at 
0.07 fpm. 

S-7B Same as S-7A except gate opening at 1.0 fpm. 

S-8A Inf'low reduced from 150 cfs to 10 cfs instantaneously, 
gate opening at 1.0 fpm. 

S-9 u/s D = 25 ft, DIs D = 15 ft, Q = 150 cfs, gate 
closing at 0.5 fpm. 

S-10A Same as S-9 except DIs D = 25 ft. 

S-10B Same as S-10A except weir length increased from 
18 ft to 36 ft. 

5-11 Q = 150 cfs, gate opened and then closed. 

S-12 Initial flow rate = 150 cfs, inflow 'rate reduced to 
10 cfs at the rate of 36 cfs/min. 
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locations chosen are Station 1 (upstream end), Station 16 (mid-section), 
and Station 33 (downstream end). First, it is interesting to observe that 
approximately 45 minutes is needed for the surge to move from t~e 
downstream end to the upstream end when the downstream gate is closed 
against a steady inflow of 150 cfs. This result is reasonable from con
tinuity considerations. The water depth in the 6 ft riser as well as the 
head in the siphon fluctuate as they rise to the final values. 

A typical surge at the upstream end at the time of complete pressuri
zation is shown in Figs. S-7, 8-8, and 8-9. The magnitude of this surge is 
independent of the downstream gate closure speed and is estimated to be 45 
ft above the steady state head if there is no surge relief at the upstream 
end. This surge is completely damped out by the downstream structure when 
its reflection returns to the downstream end. 

In Run 8-6 the diameter of the upstream structure was increased from 7 
ft to 25 ft, a more realistic size. The resulting hydrographs are shown in 
Fig. S-10. The corresponding piezometric head variations at the three 
locations are shown in Fig. 8-11. About a 50 percent reduction in surge 
pressure and the overflow overshoot were realized. Runs S-9, S-10A, and 
S-10B were carried out to study the effect of the riser size and the weir 
length on the hydraulic transient. The hydraulic transients were relative
ly insensitive to these parameters. 

2. Transients Due to Gate Opening 

The downstream gates are initially closed, and a steady flow of 
150 cfs discharging through the riser is assumed. Then, the downstream 
gates are opened at certain speeds while the inflow rate is kept constant. 
Figure 8-12 shows the inflow, the gate flow, and the overflow in Run 8-7A 
representing a gate speed of 0.07 fpm. This figure shows that the initial 
increase in gate flow is entirely at the expense of reduced overflow. 
After cessation of overflow, the gate flow will continue to rise at ever 
decreasing rates and reach a maximum of about 300 cfs. The gate flow will 
then decrease and eventually approach the steady rate of 150 cfs. The 
changes in water depth at three stations are shown in Fig. S-13. The heads 
decreased very slowly for the first 9 minutes, the time required to stop 
the overflow, then decreased very rapidly as the riser dewatered. 

In Run S-7B the gate opening speed was increased to 1.0 fpm. The 
resulting hydrographs and head variations are plotted in Figs. S-14 and 
S-15, respectively. At this high rate of speed the gate flow rate reached 
a maximum of 475 cfs. Again, the transient pressure generated was not 
significant. In Run S-8A, simultaneous with the opening of the downstream 
gate at 1 fpm, the inflow was instantaneously reduced from 150 to 10 cfs. 
This resulted in a somewhat smaller gate discharge and more rapid draining 
of the siphon. In Run S-8B, a steady state flow rate of 10 cfs was 
established before the gate opening. The results are not significantly 
different from that of Run S-8A. 

In Run 8-11 the downstream gate was first opened at a constant rate 
until the gate discharge equalled the inflow rate and then the gate was 
closed at the same speed. The flow behaved in a nearly quasi-steady manner, 
and no significant transient pressure was generated. 
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3. Confirmation of the Results with the SCL Model 

Additional runs were made with the more accurate SCL Model and 
the results compared with the results described in the previous two 
sections. 

Run S-13 simulated a filling process in which the downstream gate was 
closed instantaneously when there was initially a steady unobstructed open 
channel flow of 150 cfs. A hydraulic jump was generated at the downstream 
end immediately after the gate closure. This jump moved upstream at an 
average speed of 4.4 fps as the water level in Structure 46 gradually 
increased. About 3 minutes after the gate closure, the downstream end 
first pressurized and the bore had moved 695 ft. One minute later, the 
pressurization interface caught up with the bore. 

Instantaneous hydraulic grade lines showing the advancement of the 
pressurization interface is shown in Fig. S-16. Pressure head variation at 
three selected stations are shown in Fig. S-17. Large amplitude oscilla
tion triggered by the pressurization of the upstream end (complete 
pressurization of the tunnel) is noteworthy. All three stations oscillated 
in phase, but with a decreasing amplitude in a downstream direction for a 
period of about 20 minutes. The inflow and outflow hydrographs are shown in 
Fig. S-18. The predicted outflow hydro graph shows an initial maximum rate 
of about 216 cfs which is 44 percent greater than the constant inflow rate. 
It appears' that the entire volume of water in the siphon system sloshes a 
few cycles immediately following the complete pressurization before the 
flow approaches the steady-state condition. Filling at a slower rate will 
reduce the oscillations. The overflow weir at Structure 243 which was not 
included in this run would also reduce the oscillations. 

A dewatering process was simulated in Run S-14. The simulation began 
with the steady state flow achieved at the end of Run S-13. At t==O, the 
inflow rate was reduced to 10 cfs, and the uppermost gate at structure 46 
opened instantaneously. As the water level in Structure 46 gradually 
dropped, other gates .at Structure 46 were opened one at a time in sequence 
until the water is drained from the system. The backwater effect was 
neglected and YD = 0 was assumed for this run. 

Instantaneous hydraulic gradelines showing the retreating interface 
are plott.ed in Fig. S-19. As the system was drained at approximately 100 
cfs, the interface retreated at a speed approximately equal to 2.8 fps. 
Because the slope of the tunnel was steep and the interface moved slowly, 
the output indicated the existence of a hydraulic jump near the interfa;ce 
although the two shocks were not treated separately. Pressure head 
variations at three stations are plotted in Fig. S-20. The corresponding 
inflow and. outflow hydrographs are shown in Fig. S-21. Note that the 
outflow through the head breaker gates was maintained in the 100-130 cfs 
range for about 70 minutes. The high rate of gate flow near the end of the 
process is unrealistic 'bec~use of the assumption YD = O. 

·c. Response to E~uipmentMalfunction 

As will be described in the next section, the response of the Bridge 
Crossing model to possible malfunctioning of flow control gates at 
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Structure 45 was studied. In that study, the Bridge Model was made inde
pendent of the Siphon Model by assuming free outflow at Structure 243 • 

. This assumption is justifiable for the Bridge Model because the critical 
period ends before the backwater from the Siphon Model begins to affect the 
flow in the Bridge Model. 

Because the critical period for the siphon due to gate malfunction 
coincides with the period when the feedback effect on the Bridge Model is 
greatest, the interaction between the two models cannot be ignored. Rather 
than linking the two models as a single model, which would take additional 
programming efforts, the Bridge Model and the Siphon Model were used itera
tively. The average water surface level at the upstream end computed by 
two previous Siphon Model runs was used as the tailwater level of the new 
Bridge Model run. The outflow from the Bridge Model run is used as the 
inflow hydrograph of the next Siphon Model run. The iteration continues 
until two consecutive runs agree within certain limits. Three iterations 
were needed to achieve satisfactory convergence. 

Only one mode of malfunction, uncontrolled gate opening at 1 fpm, 
which is considered to be most critical, has been analyzed. Three runs 
were completed and the results described below. 

1. Flushing Operation 

Run S-15 simulates the occurrence of the gate malfunction at the 
time when the siphon is in the flushing mode of operation. Initially, the 
downstream gate is wide open and 150 cfs is flowing into the pump station. 
The flow in the siphon is supercritical at the depth of 2.84 ft and the 
velocity of 10.24 fps. The downstream end of the siphon is pressurized to 
12.9 ft in order to release 150 cfs. At t = 0, the gate at Structure 45 
opens at the rate of 1 fpm due to malfunction. 

To prevent large flow from going to the pump station, the downstream 
gate is closed in 10 minutes. The closure of the downstream gate causes 
the surge to move upstream. Due to the uncontrolled inflow, the upstream 
end of the siphon pressurizes at t = 5.6 minutes. Thus, an air bubble is 
trapped in the siphon. The air bubble collapses at t = 15 minutes near 
Station 23. An estimated impact pressure head of 780 ft may occur through 
the entire length of the tunnel for several seconds. 

Instantaneous hydraulic gradelines are plotted in Fig. S-22. This 
figure contains a hydraulic grade line at t = 15.418 minutes, which shows 
the evidence of the air bubble collapse. The inflow and outflow 
hydro graphs are plotted in Fig. S-23. Depth or pressure head changes are 
plotted in Fig. S-24. The large amplitude oscillation at Station 16 is due 
to surge, which is not directly related to the air bubble collapse. The 
large transient head due to bubble collapse is not shown in this figure 
because of its short duration. 

2. Empty Siphon 

Run S-16 simulates the case when the gate malfunction occurs at 
the time of empty siphon. Initially, the downstream gate is wide open and 
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only 10 cfs is flowing in the siphon. The gate at Structure 45 opens at 
the rate of 1 fpm at t = O. The downstream gate is kept open during the 
entire simulation period. 

By keeping the downstream gate wide open all of the time, air bubble 
entrapment was prevented. Pressurization surge starts at the upstream end 
at t "" 4.5 minutes and arrives at the downstream end at t = 22 minutes. 
The final steady state condition is reached at about t = 28 minutes. At 
the steady state condition, the inflow rate is 520 cfs, of which 309 cfs 
goes to the pump station and 193 cfs overflows at the downstream end of the 
bridge model. 

Instantaneous hydraulic gradelines are shown in Fig. S-25. Inflow and 
outflow hydrographs are shown in Fig. S-26. Depth or pressure head 
variations are shown in Fig. 27. 

3. Siphon Full 

Run S-17 simulates the case when the gate malfunction occurs at 
the time the siphon is full and the flow is 10 cfs. At t = 0, malfunction 
causes the gate at Structure 45 to open at the rate of 1 fpm. 

The resulting transient in the siphon was very mild and reached an 
equilibrium condition in about 10 minutes. The inflow rate, the flow to 
the treatment plant, and the overflow at equilibrium condition were, 
respectively, 265 cfs, 181 cfs, and 84 cfs. As shown in Fig. S-28, the 
maximum overflow rate was about 125 cfs. Figure S-29 shows that the tran
sient portion of pressure heads are negligibly small. 

4. Recommendations 

When the results of the three malfunction simulation runs and the 
results of all other Siphon Model runs are taken together, the dynamic 
characteristics of the Siphon System become quite apparent. Air bubble 
entrapment is the worst phenomenon that must be avoided. This means a 
pressurization should start at one end and spread to the other end. When 
gate malfunctioning sends large inflow to the siphon, the upstream end of 
the siphon will inevitably pressurize. To avoid air bubble entrapment it 
is necessary that (1) the downstream gate be fully opened if the tunnel is 
not fully pressurized or (2) the tunnel should be kept fully pressurized 
even when it is not in use. Worst condition is created if an attempt is 
made to close the downstream gate when the gate malfunction at Structure 45 
is noted. 
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VI. THE BRIDGE CROSSING MODEL 

A. Description of Model 

The purpose of the Bridge Crossing System is to convey flow from the 
combined sewer in the West Side System across the Genesee River to the 
treatment plant at a controlled rate. A series of gates at Structure 45 
controls the amount of flow released from the West Side System to the 
Bridge Crossing System. The flow is divided into two parts at the fore bay 
before entering the two 6 ft diameter pipes on the bridge. The discharge 
from each pipe first flows through a surge tank before entering Structure 
243. Structure 243 also receives flow from the Seneca-Norton System and 
serves as the intake structure for the Siphon System or a pumping station 
to be used before the completion of the Siphon System. 

The Bridge Crossing Model is based on the fully dynamic SCL Model. 
Because the pipe is relatively short a smaller step size Ax = 200 ft is 
chosen so that the dynamic behavior of the system can be studied in detail. 
The Bridge Model System configuration is shown in Fig. BR-l. Although the 
system consists of two identical parts, the flow can be nonsymmetical if 
the gates are not opened symmetrically. Therefore, the model is written in 
such a way that nonsymmetrical as well as symmetical flows can be simu
lated. 

Both the upstream end and the downstream end are treated as three 
reservoir systems with appropriate gate arrangements. The slope of the 
pipe is such that the normal open channel flow will be slightly supercriti
cal at the half full condition. However, supercritical conditions seldom 
occur because of the backwater effect. 

There are three reservoir storage equations describing the upstream 
boundary condition. They are 

(BR-l) 

(BR-2) 

(BR-3) 
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in which As is reservoir areas, y is the depth of water in the reser-s 
voirs, and Q is flow rate. The inflow rate Q1 is either a known func-
tion of timH or calculated for known water depth and gate opening at 
Structure 45. The flow from Reservoirs 1 to 2, Q12' and the flow from 
Reservoirs 1 to 8, Q1B' are related to the depths and the gate openings. 
The overflows Q02 and Qoa are related to the weir heights, weir widths, and 
the water deptlis. The aischarges Q2 and Qa may also be expressed as 
functions of depth only with the help of the respective C- characteristic 
equations. In this way, Eqs. BR-1, BR-2, and BR-3 are reduced to a system 
of three differential equations of three dependent variables which are then 
solved by the Runge-Kutta method. Likewise, the downstream boundary con
dition is treated as a three reservoir problem and also solved by the 
Runge-Kutta method. 

A total of 44 runs as listed in Table BR-1 were made. 

TABLE BR-1. A List of Runs for Bridge Model 

Run No. Description 

BR-1 Small gate opening due to a programming error. 
to Inflow hydrograph given, no outflow. 

BR-5 

BR-6 All gates fully open. Inflow hydrograph given, no 
outflow. 

BR-7 Same as BR-6 except pumping rate of 100 cfs is imposed 
at downstream end when depth exceeds 2 ft. 

BR-a Same as BR-6 except there is an orifice at the downstream 
end. Tailwater increases from 0 to 40 ft in one minute. 

BR-9 Inflow based on depth in Structure 45 assuming constant 
depth at Station 1, no outflow. 

BR-10 QI = o at T = 0, QI = 200 cfs at T = 10 min, Qo = 0 . 

BR-ll Qr = o at T = 0, QI = 800 cfs at T = 5 min, Qo = -500 cfs 
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BR-12 Q = 0 at T = 0 Q = 400 cfs at T =5min., Qo = -300 cfs I· , I o < T < 4 min., Q = -500 cfs, t > 4 min. 
0 

BR-13 . Gates at Station 45 open, depth in Station 45 increased 
from 10 ft to 44 ft in 13 min. 

BR-14 600 cfs inflows introduced instantaneously at both ends. 

BR-15 QI = 2000 cfs instantaneously; Qo = -1000 cfs 
instantaneously. 

BR-16 Initially steady state flow of 150 cfs with water surface 
level at downstream end near the crown of pipe. QI 
increased to 300 cfs in 5 minutes. Q = 150 cfs. 

0 

BR-17 Same as BR-16 except QI increased to 600 cfs 
instantaneously. 

BR-18 Bridge system initially empty, water depth in Station 45 
equal to 42 ft, gates at Station 45 opened at 4 ft/min. 

BR-19 Same as BR-18 except gate speed reduced to 1-1/2 ft/min. 

BR-20 Same as BR-18 except gate speed reduced to 1/2 ft/min. 

BR-21 Bridge system initially empty, gates at Station 45 fully 
open, depth at Station 45 increases as computed by 
West Side Model. Gates at Station 45 closes at 1/2 ft/min 
when depth exceeds 10 ft. 

BR-22 Same as BR-21 except, Q = 
0 

150 cfs. 

BR-23 Same as BR-21 except gates closed at 1/2 ft/min when 
overflow starts. 
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BR-24 Same as BR-23 except gate speed is 1 ft/min. 

BR-25 Same as BR-24 except an isolation gate for one pipe 
is only 1/4 open. 

BR-26 Combination of different gate speed and different 
to waterhammer speed. 

BR-44 

B. Modeling Results 

1. Hydraulic Performance at Normal Operating Conditions 

The modeling results indicate that the hydraulic performance of 
the proposed bridge system should be satisfactory· under normal operating 
conditions. The desired steady flow rates can be established without 
creating excessive surges and waterhammer. 

In Run BR-6, the Bridge System was assumed to be initially empty and 
all isolation gates fully opened. A controlled inflow hydrograph, 
increasing linearly from 0 to 200 cfs in 10 minutes, was applied at the 
upstream end, while the downstream end was closed. Figure BR-2 shows the 
variation of the depths in the three upstream reservoirs. Similar plots 
for the three downstream reservoirs are shown in Fig. BR-3. They indicate 
a gradual rise of the water depth up to the level of the overflow weir. 
The computed piezometric head within the pipes also behaves similarly, i.e. 
no significant surges. The inflow and overflow hydrographs are shown in 
Fig. BR-4. 

The conditions for Run BR-7 are the same as those of Run BR-6 except 
that a constant pumping rate of 100 cfs was applied at the downstream end. 
As shown in Figs. BR-5 and BR-6, pumping at the downstream end slows down 
the filling process and delays pressurization. 

Run BR-8 simulates the case when the siphon system is also in opera
tion. The flow out of Structure 243 into the siphon system is represented 
by an orifice. To simulate the effect of a surge likely to be produced in 
the Siphon System, the tailwater level at the orifice was assumed to 
increase from 0 to 40 ft in one minute starting at T = 20 min. The depth 
variations at the upstream reservoirs and downstream reservoirs are shown 
in Fig. BR-7 and Fig. BR-8, respectively. Again, no significant transient 
pressure was generated. 

The runs described above assume that the gates at Structure 45 are all 
initially closed. These gates are opened at a controlled rate to release 
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the stored water. The next five runs to be described consider the case 
when the gates are normally left open but closed when necessary. Run BR-21 
assumes that the bridge system is initially empty and the design storm 
occurs at t=O. The water depth in Structure 45 will then increase with 
time as computed by the West Side System Model., To prevent excess amounts 
of overflow, the gates start to close at the rate 0.5 fpm when the water 
depth at Structure 45 exceeds 10 ft. There is no flow out of the Bridge 
System to the treatment plant. The resulting depth variation at the 
upstream reservoirs is shown in Fig. BR-9. The corresponding plots for the 
downstream reservoirs are given in Fig. BR-10. This run produced an 
overflow hydrograph as shown in Fig. BR-11, Curve 1. The condition for Run 
BR-22 is similar to that of Run BR-21 except that a flow of 150 cfs to the 
treatment plant is assumed to exist. The computed overflow is shown in 
Fig. BR-ll, Curve 2. Run BR-23 is similar to Run BR-21 except that the 
gates start to close at the rate of 0.5 fpm when overflow is first 
detected. The corresponding overflow hydrograph is shown in Fig. BR-ll, 
Curve 3. Run B-23 is similar to Run BR-22 except that the gate speed is 
increased to 1 fps. The resulting reduced overflow hydrograph is plotted 
in Fig. BR-ll, Curve 4.. All the above four runs produced negligible 
amounts of transient pressure. 

A nonsymmetrical gate opening condition was simulated by Run BR-25. 
The isolation gates on one line, between Reservoirs 1 and 8 and between 
Reservoirs 13 and 14, were set at 1/4 opening while the other isolation 
gates were set fully open. Other conditions are the same as those of Run 
BR-24. The resulting depth variations are shown in Figs. BR-12 and BR-13. 
Figure BR-12 indicates a slight lag in the depth in Reservoir 8 due to a 
smaller gate opening. On the other hand, Fig. BR-14 indicates no phase 
difference between the two downstream reservoirs. Again, this run produced 
no significant transient pressure. 

2. Performance Under Malfunction Conditions 

In the previous section, the Bridge System has been described as a 
very stable and nondynamic system under various normal operating con
ditions. This is because there are three reservoirs at each end of the 
relatively short pipes. The pressurization wave was found to start at the 
downstream end and move gradually to the upstream end where the surge is 
relieved by the reservoirs. 

A possible way in which a large pressure may be generated in the 
system is by entrapment of an air pocket in the pipe due to simultaneous 
pressurization at both ends. Runs BR-10 to BR-17 were made for the purpose 
of studying the conditions under which air bubble entrapment may occur. 
Only Run BR-15 which assumes 2000 cfs inflow at Reservoir 1 and 1000 cfs at 
Reservoir 14 produced a bubble. The bubble collapsed at T = 0.55 minutes 
and produced an 885 ft head. A more realistic scenario is given in Run 
BR-16 which starts with a steady-state flow condition of 150 cfs and a 
backwater effect causing the depth at the downstream end to be nearly 
equal to the pipe diameter. The inflow at the ups tream end is then 
increased to 300 cfs in 5 minutes. No air bubble or severe transient 
occurred. In Run BR-17, the initial condition was equal to that ·of Run 
BR-16 but the inf low was increas ed from 150 cf s to 600 cf s in 5 minu tes. 
Again, no air bubble was produced. 
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Finally, a series of runs (BR-18, 19, and 27 to 44) was carried out 
to simulate the system's response to a malfunction of the gate control at 
Structure 45. Initially, the Bridge System was assumed empty and the West 
Side tunnel full. The two gates at the lowest level would then open at 
certain speeds due to an equipment maulfunction. The rate of increase of 
the inflow to the Bridge System would increase with the gate speed. The 
Bridge System was found to pressurize in three different ways, depending on 
the gate speed. When the gate opening speed is greater than 2.5 fpm, the 
upstream end will pressurize first, and the pressurization will spread in 
the downstream direction. For a gate speed less than 0.75 fpm, the 
downstream end will pressurize first and the wave will move in the upstream 
direction. For an intermediate speed range of 0.75 fpm to 2.25 fpm, 
pressurization will occur at both ends, and a bubble is then formed in the 
pipe. Thus, a much larger transient head is generated by the intermediate 
gate speed. 

Figure BR-14 shows some hydraulic grade lines generated by Run BR-18 
using a gate speed of 5 fpm. The pressurization wave moving downstream can 
be observed. A pressurization wave moving upstream, as computed by Run 
BR-33 using a gate speed of 0.5 fpm, is shown in Fig. BR-15. It should be 
noted that the hydraulic gradeline containing the maximum head occurred at 
T = 4.73, which is about 3 seconds before the occurrence of the hydraulic 
grade line containing negative head shown in Fig. BR-15. Run BR-31 is a 
typical run with intermediate gate speed causing pressurization from both 
ends and air bubble entrapment. Some representative hydraulic gradelines 
before and after air bubble entrapment are shown in Fig. BR-16. 

In order to determine the maximum design head for the Bridge System, 
the computed maximum head for those runs using a = 1000 cfs are plotted 
against the gate speed in Fig. BR-18. A group of data points representing 
air bubble entrapment stands out from the rest of the data as the highest 
head generating case. 

A typical gate speed was selected from each of the three different 
pressurization groups, and the model was run using the waterhammer wave 
speeds, a, of 2000 fps and 3000 fps. The results are shown in Fig. BR-18 
as a plot of maximum head against the pressure wave speed, a. Clearly, the 
maximum head increases linearly with a. This means that speed a is an 
important factor in the design of the Bridge System. The value of a is 
very sensitive to air content of the water and also related to the flexibi
lity of the pipe. It can range from 4700 fps for the case of pure water in 
a' rigid pipe to 400 fps for water with an air content of 1 percent by 
volume. 

It should be noted that the model neglects the cushioning effect of 
air when the bubble collapses. This means the model somewhat over estimates 
the maximum head generated by the air entrapment case. For this reason a 
maximum positive design head ranging from 300 ft to 350 ft and a negative 
design head of -30 ft may be reasonable. 
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