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ABSTRACT 

This report describes a mixed-flow hydraulic transient model for the 

Culver-Goodman Tunnel of Rochester, New York. The model is based on the one

dimensional unsteady partial differential equations for open channels and 

closed conduits. These differential equations are solved numerically using 

the method of characteristics. Thus, the model is capable of dealing with the 

rapidly changing water hammer pressures and surges in a complex system. Bydro

graphs at 18 dropshafts due to a 5 year storm are used as the inputs. Outflow 

hydrographs, storage, depth or piezometric head, and velocity at 104 stations 

at small time intervals are obtained as output. 
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Hydraulic Transient Analysis for 

the Culver-Goodman Tunnel 

Rochester, New York 

I. INTRODUCTION 

The Culver-Goodman Tunnel is designed to carry the combined sanitary flow 

and the surface runoff from an estimated 5-year storm from its service area. 

The flow is to be discharged into the Cross-Irondequoit Tunnel. Tentative lay

out and sizing of the tunnel were based on an extensive hydrologic and hydraulic 

analysis performed by Lozier Engineering, Inc., in cooperation with Dorsch 

Consult, Ltd. According to their calculations, the maximum discharge at 

station 5000 would be 2,462.2 cfs with no control at the dOliUStream end. This 

maximum discharge might increase considerably if the system is to receive the 

flow from the Norton Street Tunnel (station 1308) and/or from other dralnage 

areas at some future time. 

A question has been raised as to lvhether the Cross-Irondequoit Tunnel can 

carry the maximum flow from the Culver-Goodman Tunnel as indicated by the pre

liminary design. That is, there is a possibility that the outflow from the 

Culver-Goodman Tunnel has to be limited. This would require a flow control 

structure at the downstream end of the Culver-Goodman Tunnel. In regulating the 

outflow, the control struoture must be designed in such a way that (1) no exces

sive hydraulic transient pressure is generated anywhere in the system, (2) none 

of the dropshaft s overflow, and (3) the storage capacity of the tUTIJlel is 

utilized effectively. It is also necessary to find whether off-line storage 

capacity is needed in order to reduce total overf10\v if the outflow rate is 

severely limited. The purpose of the analysis reported herein is to 'develop a 

computer program that is capable of simulating the transient flow characteristics 

of the system under various flow constraints. 

A very complex and accurate mathematical model is needed to accomplish this 

purpose. Not only is the geometry of the system fairly complex; it is also 

necessary to deal with open channel and closed conduit transients Simultaneously. 

The computations must be carried out in sui'ficient detail' so that maximum and 

minirJum transient pressures due to water hanner and surges throughout the syste..n 

are determined. 

A trELYJ.sient mixed-floiv mathematical model based on the method of charac

teristics '-Tas developed. This report describes the model ELl1d some preliminary 

output based on this model. 
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II. DESCRIPTION OF THE :r.-IATHEMATICAL MODEL 

A. Basic Equations ' 

The basic differential equations governing a one-dimensional open channel 

flow are the equation of continuity [lJ*, 

(1) 

and the equation of motion, 

M oV oV ) 
g ox + ot + V ox + g(Sf - So := 0 (2) 

The corresponding equations for a closed conduit flow are the equation of 

continuity [lJ, 
--- .. .-~ .. .- l 

dR V em + a 2 dV at + ox g ox o 

and the equation of motion, 

(4) 

Lateral infl~ws through dropshafts do not appear in these equations, because 

they are regarded as point inflO1,s and will be treated "hen considering drop

shaft boundary conditions. 

The meanings of the symbols used in the above equations are as fol101,s: 

A === cross-sectional area of the flow 

a = speed of pressure waves in closed conduit flow 

g === graVitational acceleration 

B === piezometric head measured from the bottom of the tunnel 

So === slope of the tunnel 

Pf ;= energy' slope which may be computed by means of Manning's equation 

t === time 

T === ividth of vlater surface 

V = flow speed 

x === distance along the tlL~~el 

y = depth of flow 

*Uumber in brackets refer to the List of References on page 16. 
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A number of approaches can be used to solve the differential equations 

listed above. Among these alternative approaches, the implicit method and the 

characteristic method stand out in recent literature as the favorite methods. 

For open channel flood routing problems, there is a tendency to favor the 

implicit method as being computationally more efficient [2, 3, 4J. This is 

due to the fact that the implicit method is numerically more stable and permits 

the use of larger time steps. In other words, for a relatively slowly varying 

transient open channel flow, the implicit method is preferable. However, for 

the rapidly varying transient flow considered herein, the simpler characteristic 

method is preferable, and the implicit method loses its advantage because very 

small time steps are required to determine the maximum and minimum transient 

pressure. Thus, the characteristic method is adopted for reasons of simplicity. 

The characteristic equations representing Eqs. 1-4 for 9pen channel flows 

are, 

.Qx + Q dV + C (Sf - So) = 0 dt - g dt -

and for closed conduit flows, 

dE a dV ( ) -+--+as -S =0 dt - g dt - . f 0 

where C = {iff 

(5) 

(6) 

(8) 

is the speed of the gravity ,v-ave and a is the speed of the pressure wave in a 

closed conduit. 

, 13. System Configuration 

The gBneral layout of the Culver-Goodman Tunnel is shown in Fig. 1. For 

the purpose of numerical analysis, the tunnel is divided into 102 sections of 

roughly 300 it each iJl length. These sections are adjusted, whenever necessary, 

so that 8,11 dropshafts a.l1d j'\IDctions are located at the end points of these 

sections. TN'O fictitious sections have been added at the upstream end of the 

west branch (Goodman Street) so as to take into aCCOULl1t the effect of possible 

future extensions of the tUT'..nel. 
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The tunnel is assumed to have a constant (16 ft) diameter circular section, 

a constant slope (0.001), and a constant Manning's friction coefficient n 

(0.013). For the preliminary computations, all dropshafts are assumed to 

consist of vertical 8 ft diameter pipes. (The diameter of some dropshafts may 

subsequently have to be increased so that they may serve as surge tanks.) In

flow hydrographs at all 18 dropshafts including the one that receives the flow 

from Norton street TupJlel are " given. 

There will be a discharge control and a diversion structure located at the 

downstream end. Initially, the discharge control was assumed to be of a sluice 

gate type, although other types of flOl'l control devices may be considered later. 

For diversion, a weir type structure is assumed. 

C. Fini te Difference Equations 

A fixed grid system charact~ristic method [1] is ado:pted. For given 

~x = 300 ft, the time step ~t has to be chosen so that the following stability 

criteria are met for open channel flows, 

6.t ~ 6. x/ IV ± c I (10) 

and for closed conduit flows, 

I 
~t ~ 6.x/IV ± at (11) 

When mesh sizes are chosen according to the above stability criteria, the 

characteristic lines issuing ~rom a nodal point P will intersect the line 

representing the previous time as shown in Fig. 2. These intersects are denoted 

R and S in Fig. 2. Accordingly, the characteristic differential equations, 

"Eqs. (6) and (8), can be written as: 

for o~en chann~l flows, 

(12) 

(13) 
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and for closed conduit flows, 

(14) 

(IS) 

Subscript P, R, and S represent the points shown in Fig. 2. 

'When the flow at the nodal points A, B, and C are known, then the 

corresponding values at the intersects R and S can be obtained by linear 

interpolations. In principle, a set of unknown (yP' Vp ) or (np, Vp ) can be 

readily obtained by solving Eqs. (12) and (13) or Eqs. (14) and (is), 
respectively. 

It is expected that, during certain time periods, a portion of the tunnel 

maybe filled while the remaining portion will operate as an open channel. Since 

a is much greater than C in general, ~t I has to b~ much less than 6.t. In 

this case, the resulting grid system will be like the one indicated in ~ig. 3. 
This figure indicates a case when the upstream section AC is an open channel 

and the downstream section CB is a closed conduit. For a mixed flow condi

tion like this, a predetermined time step ~t for the open channel flow portion 

must be subdivided into n units of ~t' such that 

. (16) 

Values at the intermediate steps represented by p', C', B', etc., are to be 

. computed before the values at the point P can be computed. That is, for 

every step of computation f?r open channel flows, a set of n intermediate 

. step computations must be performed for the closed conduit portion of the system. 

For the specific case indicated in Fig. 3, the appropriate set of equations 1:;0 

be used for p' are. Eqs. (12) and (IS). The complete set of solutions are 

obtained :by marching forward in time starting from a known initial condition in 

the manner prescribed above. 

D. Determination of Phases 

For a given set of typical inflow hydrographs, the flow in the tunnel 1-Till 

first increase and then decrease as time passes. Thus, at a typical stationt 

the flo,., Hill change from an open chalmel phase to a closed conduit phase and 
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back to an open channel phase. Very little information is available at the 

-present time as to the precise manner in which the phase change will occur. 

Past analytical and experimental vTOrkers have tried to avoid this difficult 

Question by treating closed conduit flow and open channel flm'1 separately. For 

example, Anderson and Dahlin [5J conducted a transient model test of a simple 

dropshaft system for the purpose of verifying a mathematical model being 

developed by Harza Engineering Company. The model consisted a five dropshafts 

attached to a straight tunnel. The upstream end of the tunnel was a dead end 

and the dO\'1nstream end ivas attached to a tailwater level control box. Thus, 

the tunnel was maintained at fllll condition during the transient experiment. 

A nearly rectangular-shaped inflow hydrograph ,vas introduced into one of the 

dropshafts and the resulting surges at the remaining four dropshafts 'vere 

measured. 

One problem related to the phase change concerns the speed of the gravity 

wave as defined by Eq. (9). As the flm'1 depth approaches the tunnel diameter 

in the open channel phase, C as given by Eq. (9) approaches infinity. This 

is physically impossible. In reality, as G approaches a the pressure wave 

should take over as the primary medium for the propagation of disturbances. 

Furthermore, open channel flow with an extremely small air space above the water 

surface is likely to be very unstable because of the difficulty in maintaining 

the required air flow rate. For this reason, a phase ch~Dge during a rising 

period is assumed to-occur at a depth slightly less than D so that the flow 

is regarded as open channel when 

but closed conduit when 

y>D -f (18) 

The value for f at "Thich the actual phase ohange occurs may depend. on such 

factors as the amount of a~r entrainnent and the magnitude of flow disturbances~ 

The value of f == 0.01 ft and 0.05 ft were tried and both appeared to yield 

reasonable results, although the larger value·resulted in a signific&~t saving 

on computer time. 

The phase ohange oriteria stated aoove worked well for the transition from 

the open channel condition to the olosed oonduit oondition. The problem is more 

oomplicated during the falling period ,.,hen the flow phase changes from closed 
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condui t to open channel. Water hammer vTaves characterized by fast rising and 

falling head exist in the close~ conduit portion of the transient flow. These 

water hammer waves are often of sufficient magnitude to temporarily lower the 

head below the diameter of the tunnel;, Depending on the level of the minimum 

head and the amount of entrained air, water hammer may cause column separation 

or cavitation. Clearly, there is a need to distinguish the true open channel 

flow from a temporary drop in head due to a water hammer wave. Since no infor

mation is available in the literature concerning the detailed mechanism of phase 

change from closed conduit to open channel flow, the mathematical model will be 

written under an assumption that I1the transition from closed conduit flow to 

open channel flow requires so much air that it can take place only when the 

station is ventilated. 11 Thus, the stations where a transition from closed 

condi tion to open condition is permitted are the upstream and downstream ends, 

dropshafts, and interfaces. Any interior station within the closed conduit flow 

portion is not allowed to open up even if the computed head drops below D - f • 

In summary, the model assumes that the flow may change from open condition 

to closed condition whenever the computed depth exceeds D - f but not in 

reverse. Flow can first open up only at the end stations and the dropshafts so 

that, as the flow continues to decrease, the open charLDel portion will gradually 

expand by allowing the interface to move in an orderly mar>..ner. 

E. :Boundary Conditions 

1. Upstream End 

Two types of upstream boundaries, an open end that extends ' 

indefinitely far upstream, and a closed end with a dropshaft attach

ment are considered. In either case, the inflow Q is known. 

For an open end, 

Q = AV (19) 

is given. In addition to Eq. (19) there is available a negative 

characteristic equat.;i-on, Eq. (13) or Eq. (15), depending on ,\'hether 

the flol\' is open or closed. 

For a closed end vIi th dropshaft the treatment is similar to 

that of the dropshaft boundary condition explained later. 
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2. Downstream End 

3. 

During the initial stage of the analysis only a sluice gate 

type control structure is assumed. The downstream end of the circular 

tunnel is assumed to be connected to a rectangular outlet through-a 

smooth transition. The sluice gate opening is characterized by its 

width B and height b. Various cases, depending on whether the 

flow is open or closed and whether the gate is controlling or not, 

have to be considered. 

A positive characteristic equation is first selected according to 

whether the flow is open or closed. Next a flow rate equation is 

s~lected depending on whether 

1-' - + y.c.1b 2g -2 (20) 

or (21) 

When Eq. (20) is applicable, then the gate is not controlling and the 

flow at the exit is critical. In this case the governing equation is 
"' .: 

(22) 

where Cd = 3. 089. When Eq. -(21) is satisfied, then the gate is 

controlling ~~_ the flow,rate ~_quati~:m is [6J 

'. V2 1/2 
(It:=Cd bB("2+ Y) 

. g 

Dropshaft 

When the water depth at a dropshaft station is less than. D - ( , 

then the dropshaft is not actively participating in the transient flow. 

Conversely, if the flow depth is greater than D - (, then the drop

shaft will act as a surge ta-rik. Figure 4(a) represents iheformer case 

and Fig. 4(b) is a typical sketch of the latter case. Lateral inflow 

Q is treated as a point input. 
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For open channel flow as shown in Fig. 4(a), the station is 

represented by two substations separated by a negligibly small 

distance. The depths at these substations are assumed equal but the 

velocities are necessarily different to accommodate the lateral inflow. 

The three unknowns, YP' VlP , and V2P are obtained by solving 

Eqs. (12), (13), and the equation of continuity, 

(24) 

There are four alternate flow conditions possible when ~he drop

shaft is acting as a surge tank. Figure 4(b) indicates one of these 

when neighboring sections are both closed. (The others involve 

different combinations of open and closed sections.) The four 

unknmms, fl:p, VIP' V2P ' and V3p are obtained by solving Eqs. (14), 

(15), the equation of continuity, 
D2 -

V3p + 7 (VIP - V2P) = 0 (25) 

_and _th~ stor_age eqU8:tion,_. 

2(~ + ~) _ V3c + V3P , 
---=---=-2---=--- 2 = (Hp - HC) / Ll t 

7Td 
(26) 

Similar- equatlons' are used for the -other ihree -flcn" condltfons except 

that an appropriate set of characteristic equations must be selected 

for each condition. 

-4. Junction 

For the purpose of simplification the dropshaft located at a 

junction is shifted downstream by one station. The junction station 

is represented by three substations associated with each of the three 

branches of the tunnel system. There are four unknowns, yp' VlP , 

V2P ' and V3P to be solved using three characteristic equations and 

a continuity relationship. The maip problem here is to select an 

appropriate set of characteristic equations compatible with the flow 

conditions in the adjacent sections. Eight possible combinations must 

be conside~ed here. 



(, 

- 10 -

III. NUMERICAL RESULTS 

.A. Input Data 

1. Inflow HydrogTaph 

2. 

3· 

All inflow hydrogTaphs including that of the Norton Dropshaft 

given at 5 minute intervals were used. Intermediate values were 

calculated by linear interpolation as needed. A constant amount of 

base flow, 14.15 cfs in each branch and 28.30 cfs downstream of the 

junction, was assumed before the start of the storm runoff. This was 

to avoid the computational difficulty that might arise due to zero 

flow. 

Downstream Control 

T\'lo sluice gates, one 4 ft wide and one 8 ft wide, are assum~d to 

'exist at the downstream end. Initially the 4 ft gate is assumed to be 

fully open but the 8 ft gate is closed. When the discharge exceeds 

1.50 cfs then the 4 ft gate ''lould be closed and the 8 ft gate would open 

fully. The maximum opening of both gates is assumed to be 16 ft. 

Pressure Wave Speed 

It is well 'known that the speed of a pressure wave is very sensitive 

to the free air con~ent of the water [IJ. It takes the maximum value of 

4,.500 fps for pure water and decreases rapidly as the 'free air content 

increases. For example, the \'lave speed is 2,000 fps at 0.1 percent 

concentration by volume and 1,000 fps at 0.45 peroent concentration. It 

is expected that the air concentration in the system will be rather high 

due to the high rate of air entrainment in dropshafts. However, there 

are no data that can be used to even estimate the amount of air concen- , 

tration that may exist in the system. 

Lacking the data on air concentration, the value of a = 1,000 fps 

was chosen for a complete computational run. This is followed by a' 

partial run using a;;:: 2,000 fps for the purpose of sensitivity analysis. 

]3. Outflow Rydrograph and Storage 

The variation of disch::rr.'ge at the downstream end and the total volume of 

''later stored in'the system ere plotted as functions of time in Fig. 5. This 
.-::' 
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figure indicates that the discharge initially increases very slowly, reaching 

150 cfs at t = 87.38 minutes. At this instant, the 4 ft sluice gate is 

suddenly closed and the 8 ft gate is open. The result is a jump in discharge 

as can be observed in the graph. Discharge increases very rapidly thereafter 

and reaches the maximum value of 2,415 cfs at t:::: 112.50 minutes. :Before the 

disoharge reaches its maximum value, however, the tunnel at a station midway 

between the Norton Dropshaft and the sluice gate first becomes filled at 

t = 110.07 minutes. The flow thus becomes of a mixed type and water hammer 

waves and surges begin to appear. This mixed flow regime lasts until 

t :::: 166 minutes and, thereafter, the flow returns to an open channel flow for 

the falling part of the hydrograph. 

Clearly the rising and the falling parts of the hydrograph are charac

terized by an open channel flow, whereas for a relatively constant discharge 

a mixed-flo,,, regime prevails. There is a sharp peak discharge at 

t = 112.50 minutes, which roughly coincides with the time of maximum inflow 

at the Norton Dropshaft. This is accompanied by many surges, as indicated more 

clearly in Fig. 6. In this figure~ the discharge hydrograph for an 8-minute 

period is plotted using a larger time scale. It shows a pulsating ~ischarge 

of amplitude equal to 300 cfs and period equal to 1/2 minute. 'Several minutes 

after the peak, the discharge settles down to a nearly constant value of approxi

mately 1,700 cfs for the rest of the mixed flow phase. 

The curve in Fig. 5 showing the variation of total wate~ stored in the 

system is very smooth. It rises rapidly after t:::: 90 minutes to the maximum 

value of 5.65 million cubic ft at t:::: 132 minutes. From,there on the storage 

drops gradually, even though the discharge remains fairly constant during the 

mixed-flow phase. The maximum storage attained is approximately equal to 

94 percent of the system's storage capacity. Perhaps , with some adjustment's, 

'lOa percent of the storage capacity may be utilized and the maximum outflow can be 

reduced to the neighborhood of 2,000 cfs .'fi thout overflo."ing the system. 

C • Depth or Read 

During the rising phase of the hydrograph the flow depth increases gradually 

from its base value of 1 ft upstream of the junction and of 1.307 ft downstream 

of the junction. This gradual change in the flow depth continues until 

t :::: 110.07 minutes, the instant '-Then the tunnel is first filled near the dmro.

stream end. The hydraulic grade line on the Goodman street 'I'llnnel at this instant 
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is shown in Fig. 7 as curve 1. This curve clearly indicates that the 'flow is 

restricted at two locations, the junction and the end sluice gate. Particularly 

significant is the existence of a back water curve due to the restriction at the 

junction, which would be filled first if the inflow from Norton Dropshaft was 

excluded. 

The existence of water hammer waves greatly complicates the hydraulic grade

line during the mixed-flow phase. It changes radically from instant to instant. 

Curve 2 in Fig. 7 is the hydraulic gradeline at the instant when the maximum 

head of 103 ft occurred at the junction when a = 2,000 fps was used. That the 

dropshafts serve to moderate the transient pressure head can be seen from this 

curve. Curve ,3 is a straight level line shown for reference purposes. 

Generally speaking, there are severe ,,,ater hammer pressure fluctuations at 

locations where the closed conduit flow condition exists. However, the head 

fluctuations at dropshafts are significantly reduced due to the surge tank 

effect. Figure 8 is the time record of the piezometric head at the Norton Drop-
.--

shaft, where the solid line is for a = 1,000 fps and the dotted line is for 

a = 2,000 fps. Although there are some minor fluctuations, the water surface 

level is fairly stable at about 16 ft during the ,,,hole mixed-flow phase. In 

comparison, Fig. 9 shows greater head fluctuation at the junction. Since water 

hammer is a very rapid phenomenon, its effect is not fully and accurately shown 

in this plot using a small time scale. To show more completely the effect of 

water hammer, a small portion of the head r e cor d ' a t the junction is expanded 

and plotted in Fig. 10 (a = 1,000 fps) and Fig. 11 (a = 2,000 fps). Comparison 

of these two figures clearly shows that both the frequency and the amplitude of 

water hammer waves are about doubled when the wave speed is doubled. 

It ,is also interesting to note that there are two types of oscillations, 

damped simple harmonic oscillations during the initial period and damped 

composite harmonic oscillations in the later period. This change from a simple 

harmonic oscillation to a composite harmonic oscillation is due to the fact that 

the number of sections upstream of the junction having a closed conduit flow' 

condition increased by one at t = 4 seconds. 

The maximum ''later hammer pressure in this system occurs a short distance 

upstream of the r·iaster Street pump station. Figures 12 and 13 are the plots of 

the \.,rater hammer 'Have at a station 600 it upstream of the Haster Street pump 

station for a = 1,000 fps and a = 2,000 fps, respectively. Again, both the 
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amplitude and· frequency are roughly doubled when the wave speed is doubled • 

The large negative pressures indicated in these figures are_unrealistic but 

significant. In the real case a large negative pressure would cause column 

separation (or caVitation) which is ·not treated in this model. Column separation 

is very damaging and should be avoided if possible. To show the moderating 

effect of a dropshaft, the head at the Master street pump (station 5100) station 

is plotted as a dotted line in Fig. 13. Contrast between the two plots in this 

figure is striking. The severe water hammer wave nearby has praotioal1y no effect 

on the head at the dropshaft. 

D. Flow Velocity 

The flow is suboritioal and the velocity profile is continuous except at the 

droFshafts and the junction. There are step changes in velooity at the drop

shafts and the junction as exemplified by Fig. 14, showing the velocity profile 

in the system at t = 78.241 minutes. At this early stage, the difference in 

discharge between two branches is large enough to cause baokflow at the Goodman 

.Street Tunnel near the junction. This baokflow starts at t = 63.822 minutes 

and lasts for about 25 minutes. Though it is possible that the flow immediately 

upstream of a dropshaft may take a negative value, the base flow assumed for this 

computation run was large enough to prevent this from happening. 

IV. CONCLUSIONS AND RECOMMENDATIONS 

A transient mathematical model capable of simulating water hammer waves and 

surges as well as gradually varied mixed-phase flows is now operational. This 

mathematical model is a powerful tool to aid in the design of the Culver-Goodman 

sewer system or any other similar storm sewer system. 

A complete run of detailed computations waS carried out and is reported 

herein. For this computation, the outlet. condition was assumed to be that of an 

8 ft wide E1uice gate fully open when the discharge exceed.s 150 cfs. Following 

is a list of significant conclusions that can be derived from this study: 

1. The outflow hydrograph consists of a rising phase, a consta...'I1t or 

holding phase, and a falling phase. The flolO{ is an open ohannel type 

during the rising and the falling phase but it is oharacterized as 

mixed-flow during the oonsta...'I1t phase. The maximum disoharge is 

2,415 cfs. 
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2. 94 percent of the total storage capacity is utilized. A better gate 

design may possibly increase the maximum storage to 100 percent of 

capacity and reduce the maximum discharge to near 2,000 cfs without 

overflow occurring in the system. Further reduction of the maximum 

discharge would require off-line storage or an overflow structure. 

3. A dropshaft is a very effective device for reducing water hammer 

pressure and surges • Additional dropshafts or surge tanks might be 

required to reduce "later hammer waves at critical locations. 

4. Water hammer pressure is greatest a short distance upstream of the 

Master Street pump station. The computation indicates the possibility 

of column separation occurring there. With the assumed system con

figuration wherein the dropshaft at the junction was shifted 300 ft 

downstream, water hammer pressure at the junction is also rather 

severe. This severe pressure fluctuation may be reduced when the 

dropshaft is placed at the junction. 

;;. The magnitude and frequency of the water hammer waves are roughly 

proportional to the pressure wave speed "a. 11 Since the pressure wave 

speed is very sensitive to the amount of free air entrained in the 

water, there is no way to determine "a" accurately at this time. 

6. Surges in the dropshafts are relatively unaffected by the values of 

"a" chosen. 

7. There is a possibility that backflow may occur at the junction or at 

one of the dropshafts, depending on the inflow hydr 0 graphs. and the 

base flow assumed. Although the present model indicates backflow may 

occur at the Goodman Street TUILnel, a different input hydrograph may 

cause backflow at the Culver street TunneL 

The following recommendations are made, based on this study. 

L Additional computational runs using different downstream gate designs 

should be carried out to seek improved efficiency of the design. 

2. A computation should also be carried out usiD-E a different inflow 

quantity coming from the upstream end of the Goodma..n street TlmneL 

This "muld give information on the effect of future expccl'lsion. 
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3. If a maximum outflow of less than 2,000 cfs is required, then the 

effect of an overflow structure and/or off-line storage should be 

~ examined. 

4. It may be desirable to add one or two surge tanks to the system to 

reduce the water hammer pressure at critical locations. Some other 

devices such as a flexible bag may also be considered. 

5. Since the mathematical model is based on some likely but unproven 

assumptions, a transient model test should be carried out to verify the 

mathematical model. The manner in which the flow phase changes when 

head changes and the speed of pressure waves in the system are the two 

most critical uncertainties. Both are closely related to the air 

entrainment condition at the dropshafts. Another uncertainty of 

considerable importance is the amount of energy loss at different 

locations for different flow conditions. 

6. From the viewpoint of reducing water hammer pressure, it is advantageous 

to keep the air concentration at a relatively high level. 

7 . . The present mathematical model could be modified and used for other 

similar proposed systems. 
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