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The study reported herein was cond ucted at the LI . S. Army Engineer

Wa terways Experiment Station (WES) during the period March 1974 — May 1974.

It was sponsored by the U. S. Army Eng ineer Distric t , Philadelphia .

Dr. B. H. Johnson , Ma thematical Hydraulics Division , conduc ted the

s tudy and prepar ed this report under the general supervision of Messrs.

H. B. Simmons, Chief of the Hydraulics Laboratory, and M. B. Boyd , Chief

if the Math ematical Hydraulics Division . Mr. J. C. Smith , Ma thema t ical

Hydraulics Division , assis ted in the study. Mr. T. C. Hill , Estuaries

Division , conducted the physical model test , the results of which aided

the ma thematical model stud y.

Direc tor of WES during the conduc t of this study and the preparation

of this repor t was COL G. H. Hilt , CE. Technical Director was Mr. F. R.

Brown .
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OONVER SI1)N FACTORS , U. S. CUSTOMAR Y TO METRIC (si ) UIIJITS OF MEASUR~ 4ENT

U. S. customary units of measurement used in this report can be con-
verted t i c metri c (SI) units as fol l ows:

~~~~l ti p t y  By To Obtain
feet O.3OI~8 me ters
feet per Sec ’ Uet 0. 3O)0~ me ters per second
cubic feet  0.02831685 cubic meters
cubi c.’ feet per second 0.02831685 cubic meters per second
miles (U. S. s ta tu te )  l.t~oe~~t4Il Icilometer s

3
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PAR T I: INTRODUCTION

‘i t- ’ l”,~ 001111 1

1. A sea level canal connecting the Delaware River and the

Chesapeak e Bay (C & D Canal)  was completed in 1927 w ith a channe l width

of 90 ft*and a dep th of 12 ft. In 1935 Congress authorized enlarging

the - ‘ l i a t tt ie 1 I-c.’ a ~ ‘(-i ’t t e t t , h l  by 251i~ f t  wi l th . This work at tn  comp leted in

l 1Pc i c . A fur ther  mod if icat i on , authorized by Congress in I”5J4 , provided

1’c.~i’ a ~5—1 ’ 1 - i c c p , 1 t~,c 0-ft .’wide c.’ h i anne l.  CcnstrUctl1 ?fl was :t .arteit in 1956.

Cc.’mr . e t .i on  was o r ig ina lly  scheduled for 11169 ; however, due to initial

hu 1 1:etary l imitations ~. u n a delay in the completion iol ’ a Itydrographic

afl . 1 e- ’cn .logi ’a L study . the p r e s e n t ly  scheduled comp le t ion  date is 197!t .

At the present time a l  i t’ci1g in ~ has been c.i~ mplet e t e ’X c eI t the enl argement

,of about 1 mile of the canal at its eastern end .

2 .  The hydrographic  and ecological  s tud y has been conducted by the

Chesapeake Biological Laboratory , Univer s i ty o f Maryland ; the Chesapeake

Bay Institute , John Hopk ins University ; and the College of Marine Studies ,

University of De laware.’ Simultaneously, the Waterwa ys Experiment Station ,

(WES) Vicksb urg, Mississ ipp i,conducted physical and mathema t ical model

studies to determine the hy drographic conditions of the canal after com-

ple tion .
2 Re sul ts of these studies have no t to date indi ca ted any

significant adverse effect which would warrant flow control in the canal.

However , it was consider ed advisable to investigate the feasibility of

fl ow control schemes in case such control ever became desirable. The

primary objec tive of a flow control plan would be to re turn ne t flows to

appr ox imately preproject conditions (i.e., 250-ft by 27-ft canal condi tions).

~ A tab l .c of factors for converting U. S. customary units of measurement
to metric (Si) units is presented on page 3.

14
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A second requirement suggested by the ecological studies was that the

vel ocity in the main caii.il should not be allowed to fall below I fps

during the majority of the tidal cycle. This requirement stems from the

fact that during the spawning season, striped bass eggs (which cannot

survive on the bottom) rely upon flow velocities to maintain their sus-

pension in the water column .

3. With the purpose of arriving at a suitable solution for reducing

the  ne t  flow in the canal to values comparable to those encountered with

a 17 - t t  by 250-ft channe l , personnel from the Philadelphia District and

the North Atlantic Division met on 17 January 1974 at WES to discuss

possible methods of solution with WES personnel. At this meeting it was

agreed that the most logical flow control scheme was a navigation lock

and dam in the canal with a snaller bypass canal. ~lo minimize excavation

the bypass canal should be located in the reach between St. Georges Bridge

and Reedy Po in t  Br idge  and to the south of the main canal .  Such a scheme

is i l l u s t r a t e d  in f i g .  1. A b r i e f  discussion on a l t e rna te  flow control

plans and the reasons fo r  se lec t ing  the scheme discussed above is presented

in Appendix A.

I-\u’pose and Scope

.
~+ .  On 12 February 197” the  Mathemat ica l  Hy dra ulics D ivis ion at

WES (MHD) proposed to the Philadel phia D i s t r i c t  a ma themat ica l  model s tudy

of the flow control plan outlined above to determine bypass canal lengths

and cross sections that would be required to reduce the net flow or

maximum velocity in the main canal to preproject conditions. At that

time ,it was noted that the first few tests with the math model would be

based on the assumption that the above flow control plan woul d tio t

I- -I
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significantl y alter t h e  tide curves at Reedy Point and at Courthouse

Point. After a few exploratory computations with the math model , a test

in the physical model would be run to determine the accuracy of the

assumption .

II
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PART I I :  MATHEMAT ICAL MODEL FMPLOYED

5. A computer  program cal led SOC}ThIJ which u t i l i z e s  Stoker ’s

e x p l i c i t  cen te red  f i n i t e  d i f f e r e n c e  scheme to provide numer ica l  s o l u t i o n s

of the d i f f e re n t i a l  equa t ions  govern ing  unstead y f low in open c h a n n e l s

has been developed by the MUD .3 These equat ions , wh ich  are o f t e n  r e f e r r e d

t o  as the  eq uat i o n s  of S t .  Venant , are s t a t ements  of the conserva t ion  of

mass and m o m e n t u m  of the  f low f i e l d  and nay be w r i tt e n  as: *

C c i t t  i n u i t y :  Th 
+ 

1 ~j~~ ) _ ~ =

~ t B ~x B

Momen tu rn :  ~?V 
+ 

v 
-
~~~~~ + 

g ~ + + gn 2V L~L_ =

~x A 2 . d lR 4”3

Since an exp l i c i t  scheme is u t i l i zed , the  s t a b i l i t y  c r i t e r i o n

( +~~~~~ )~~~~ < l  - 
gn 2

I v f A t

must be satisfied by the time and spatial steps, i.e., At and Ax , to

ensure  a stable solution of the difference equations that converges to

the solution of the differential equations. SOCHNJ provides the capabi—

lIt ’ :  L ‘c ielin~ a .~ t - e t t :  c ent  ain ln(  an unlimited nlIIu’er of junctions

an t H annel  S

i c . Data required for the operation of SOC1-~~J are read from cards .

The l’ir’ct data card contains basic information such as the total number

of net points in the system. the total number of junctions and branches.

and the time step employed in the computations . The second data group

contains information at-cut each branch. Such information consists of’ the

* For convenience , s:lm i- o ’ s are listed and defined in the Notation
(Appendix B).

8 
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numht’is ot the I I m t  and last  n et  p o in t s  of each branch , t h e  type of

bound.i rv cond i t  ions prose r [bed at the va r ious  boundar ies , .ind the  s ize

ci the s p a t i a l  s t e p  to be’ employ ed fa r  each b ranch .  The th i r d  data  group

contains information about  the j u n c t i o n s  In the system be ing  modeled such

as the  numbers of the  branches c o m i n g  into  each junction. The next

major  d a t a  g roup  con si s t s  of the tables of geometric data. A table of

top  w i d t h , f l o w  area , (hydraulic radius) 2/ 3 and Manni ng ’s “n” versus

e l e v a t i o n  must  be i n p u t  a t  cac. ’ii n et  p o in t  in the sys tem.  These tables

were obta ined  from a previous math model ing e f f o r t  on the C & D Canal

performed by Boyd . The fifth data group specifies Initi al values of

the eleva t ion and discharge at all  gr id points on the first two time

lines . These are required in order t o  initiate the computations . The

n a t u r e  ci ’ L I e  r:ovc.’ I ’ l l  I :i~~ i ‘quat ions I ouch that the ci ’  i t  ‘e t c  ci t Ltiit . Ui~
c ’c .~ fl~ ~i I. icc  fl~ arc no t. ‘ I I. ~t ‘b&’ I’ lt t i l l ’ !’ L c ’l(’ I I I  period ~ c 

~
‘ t ime . For t h e test.

t~.isos of the s tudy described h e r o i n , three  complete t i d a l  cycles  were

run , wi th  the resul ts  presented taken from the t h i r d  cyc le .  This ensures

t h a t  the resu l t s  are Independent of the I n i t i a l  c o n d i tio n s . The f i n a l

major data group requ i red  by SOCHMJ consists  of the  t ime-dependent

boundary condi t ions  which  must be prescribed at each open boundary .  At

such a boundary ,  e Ievat . .i c u ; . I i  :tc .h l u L r I c~cs , or a rat .ing curve may Ice

prescr ibed as t h e ’  boundary  c o n d i t i o n .

-i ~
-
~
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PART I l l :  APPL ICATION OF SOC1ThIJ TO THE
PROPOSED FLOW CONTROL P LAN

7. A plan view ot the C & D Canal and the proposed flow control

scheme’ is presented In 1 1 g .  1. i n  order to a p p l y  SOCHM.I t o  such a physical

system , one must represent the system by various junctions and the

corresponding branches composing each lu nc t l on . This representation is

I l l u s t r a t e d  in f I g .  2 .  i” t’om f 1g. 2 i t  ca n be seen that  the system is

composed of live ’ branches and two j u n ct i o n s .  The f i r s t  j unction is fixed

at S t .  i;cor ~ en Bridge . wh ereas , the l oca t ion  of the second .lunct ion of

t he  bypass cana l and the main c;ina l varies depending upon the length of

the bypass .  ‘i’)ue br anch es composing the  system are as labeled on f i g .  2.

8.  As p r ev i o u s ly  discussed , the spat ia l  step size for each branch

must ho I n p ut .  ‘The Ax employed for branch I was 2 112  f t  and r emained

the same for  a l l  t e s t s .  Duo to the fac t  that the length of the bypass

can al  was v ar i e d , the s p a t i a l  steps used for the oth er four branches a lso

varied . These’ v a lue s , for  d i f f e r e n t bypass lengths , are presented in

tabl e I a long w i t h  the corr esponding time step u t i l i z e d  for the over a l l

system in each ca se.  Remember that when the spatial  s tep on a branch is

changed , qu i t e  often the t im e  step for the ’  system must a lso  be changed

t o m a i n t a i n  the s t a h l  I l t y  c r i t e r i o n .
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9. As indicated on fig. 2, eleva tions as func tions of time were

prescribed as boundary conditions at Courthouse Point and Reedy Point

Jetty on the Chesapeake and Delaware ends of the C & D Canal. These

elevations are’ the mean t ide curves presented in ref. 2 which provide a

0.2-ft mean head difference (AH) between Courthouse Point and Reedy Point

Jetty. Hereafter in the report these elevations will be referred to as

the mean tide conditions . In addition , tes ts were run using the same

tide curve at Reedy Point Jetty but with the tide curve at Courthouse

Point raised by a constant 0.8 ft. This then results in a head differential

of AH=l.O ft. These boundary elevations will be referred to as the extreme

tide conditions . In addition to the mean and extreme tides used as boundary

conditions , ano ther se t of t ide curves was emp loyed upon completion of

the physical model tests.

10. As previously noted , the assumption was made in the irtitial

test cases that the flow control scheme being modeled would not sifnifi—

can tly alter the tide curves at Courthouse Point and Reedy Point Jetty.

Ph ysical model tests were run in the WES model to determine the accuracy

of this assumption . From these tests it was determined that the assump-

tion of no change in the Reedy Point tide curve was essentially correct.

However , an inspec tion of the tide curves at Courthouse Point revealed

that the flow control scheme would cause a forward phase shift of about

30 minutes. Results from the physical model tests leading to the above

conclusions are presented in fig. 3. It should be noted that the physical

model tests were run for the case of a bypass canal with a length of

1.7 miles and a cross section of 15 ft by 150 ft. However , compu ted

12
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eleva tions at Chesapeake City for different bypass lengths revealed

essen tially no difference. Therefore , it was concluded that the ef fec t

on the tide curves at Courthouse Point would be approximatel y the same

for a l l  bypass leng ths and thus onl y one length was tested in the physical

model. The boundary conditions consisting of the 30—minute phase shift

at Cour thouse Po in t will  be re fe r red  to hereaf ter as the sh if ted tide

conditions . Fig. 4 is a plot of the extreme tide curves at Courthouse

Point and Reedy Point Jetty.

11. From an inspection of fig. 2 it can be seen that in addition

to the Delaware and Chesapeake ends of the main canal, two other open

boundaries exist at which boundary conditions must be prescribed . These

two boundaries correspond to both sides of the dam. Although some water

will pass through the navigation lock, the amount will be negligible and

thus the assumption is made tha t there is no discharge at the navigation

lock and darn. Therefore, as indicated on fig. 2, the boundary cond it ions

a t the open boundar ies of bran ches 2 and 4 are tha t the d ischarges are

zero for all times.

l1~
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PAR T IV:  PRESENTATION OF RESULTS

12. In  the p lanning phase of the stud y described herein , the only

criterion that the f low con t ro l  scheme was required to satisf y was that

the net flow for both the mean and extreme tide conditions be reduced to

pre—enlargement conditions, i.e., the 27-ft by 250-ft channel. Values of

net flow versus All for the 27-ft by 250-ft channel are presented in fig. 5.

As w ill be shown from the various test cases, this criterion was extremely

easy to satisfy. However , shortly after the initiation of the study the

Ph iladelphia District imposed a second criterion as the result of corre-

spondence with Dr. Eugene Cronin. In that correspondence, Dr. Cronin

stated , “the eggs of striped bass are semi—buoyant and dependent upon a

minimum velocity of about 1.0 fps to remain in the water column and avoid

loss by ac cumula t ion ~n the bottom . It is clear that striped bass eggs

survive normal tida l slacks in the canal, which are of exceptionally short

duration . However , longer per iods of low velocity are undesirable and

the flow control structure should not cause them in the canal.” Fig . 6

is a plot of velocities of Chesapeake City, taken from ref . 2, for the

27-f t by 250-ft channel. Note that the velocity remains above 1.0 fps

for approx ima tely 70 percent of the tidal cycle. In the attempt to force

the flow control scheme to satisfy both of the above criteria , several

test cases employing different bypass canal lengths and cross sections

were run. These various tests are listed below.

TEST BYPASS LENGTH BYPASS SECTION TIDE CONDITIONS

1 3.0 miles 15’ x 150’ Mean

2 3.0 miles 15’ x 150’ Extreme

16
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TEST BYPASS LENGTH BYPASS SECTION TIDE CONDITIONS

3 1.7 miles 15’ x 150 ’ Extreme

4 1.0 miles 15’ x 150 ’ Extreme

5 0.50 miles 15’ x 150 ’ Extreme

6 0.50 miles 15’ x 150’ Shif ted  Extreme

7 0.50 miles 15’ x 150’ Sh i f t ed  Mean

8 0.50 miles 15’ x 200 ’ Shi f ted  Extreme

9 1.0 miles 18’ x 200 ’ Shif ted  Extreme

13. As ind icated above, nearly all test cases were run with extreme

tide conditions . The reason for using extreme conditions instead of the

mean tide curves is explained below . Fig. 7 contains plots of the

velocity at Chesapeake City for both mean and extreme tide conditions

with no flow control in the canal. Note that the fraction of the tidal

cycle during which the velocity exceeds 1.0 fps is about the same for

both tide conditions. Furthermore, results from the first two test cases

listed above revealed that the maximum velocity computed at Chesapeake

City using the extreme tide conditions was only slightly higher than when

employing the mean conditions. However , a large difference exists between

the net discharges calculated for the two cases. Using the trapezoidal

rule to determine the net volume under the discharge hydrographs over a

tidal cycle and then dividing by the t idal  cycle , the net discharge for

test 1 was found to be 530 cfs , whereas, for test 2 the net discharge was

4635 cfs. From fig. 5, the ne t d.ischarges for the mean (AH=O.2) and the

extreme (tiii~’l.0) tides were approximately 1,000 cfs  and 11,000 cm ,

respectively, in the 27—it by 250-ft channel. The net discharges for

the :35-ft by 450-ft channel with no flow control , for the mean and

j s I
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extreme t ides, were determined to be 5,460 c f s  and 28 ,800 cf s , respec t iv ely.

Since the fraction of the t idal  ~v c l e  du r ing  which the veloci ty  exceeds

1.0 fps and the maximum velocity at Chesapeake City are about the same

for both tide conditions , wher eas , net discharges are an order of magnitude

higher for the extreme tide conditions , the decision was made to use the

extreme tide curves. It should be noted that as a result of the first

two tests it was obvious that the criterion that net discharge should be

reduced to values comparable to those tha t occurred in the 27-ft channel

could easily be sat isfied .

14. Tests 3, 4, and 5 consisted of an attempt to satisfy bo th the

d Ischarge and velocity criteria by reduc ing the bypass canal length while

hold ing the cross section constant, i.e., 15 ft by 150 ft. Reducing the

bypass length resulted in an increase in the net discharge; however , even

with the length reduced to 0.50 mile , the criterion that the net Q be
.

less than 11,000 cfs is still satisfied. The effect on the velocity in

the main canal as a result of reducing the bypass length was to increase J
the maximum value as well as to increase the total time over a tidal cycle

when the velocity is above 1.0 fps. These results are illustrated in fig. 8.

Note that for test 5, i.e., bypass length = 0.50 mile, the net d ischarge

is abou t 10,000 cfs and the velocity at Chesapeake City in the main canal

exceeds 1.0 fps about 0.55 of the tidal cycle. As previously noted , f rom

fig. 6 it can be seen that the velocity exceeds 1.0 fps about 0.70 of the

tidal cycle for the 27-ft by 250-ft main canal.

15. Af ter the tests discussed above were run, the results from the

physical model test indicated that the tide curve at Courthouse Point

should have a forward phase shift of about 30 minutes. The results from

21
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of increasing the width of the channel section from 150 ft to 200 ft.

Once again referring to fIg. 8, it can be seen that this change in the

bypass section results in an increase in the maximum velocity at Chesapeake

City and a corresponding increase in the time over a tidal cycle when

the velocity exceeds 1.0 fps. However, the change also results in an

increase In net discharge which causes it to slightly exceed the imposed

cri ter ion of 11,000 cfs. Perhaps more important is the fact that a change

results in even higher velocities in the bypass canal.

18. From an inspection of fig. 8, it is obvious that trade—offs

are required in attempting to simultaneously sa tisf y the three cri teria

which are now imposed . Increases in bypass channel sections aid in the

satisfaction of the velocity criteria in the main canal but are detrimental

to the ne t discharge and bypass canal velocity criteria. Increases in

bypass canal length are extremely helpful in attempting to satisfy the

net discharge and bypass canal velocity criteria but quite harmful to

the satisfaction of the main canal velocity criterion. Based upon results

from the previous tests, it was decided to run an add itional test to

indicate the type of trade—off required . For test 9 the bypass canal

length  was increased to 1.0 mile and the bypass channel depth was increased

to 18 f t , I .e . ,  an 18-ft by 200-ft  bypass channel cross section was

employed. From fig. 8 it can be seen that the results from this test

came close to satisfying all three criteria. The net discharge is less

than 11,000 cfs. The velocity at Chesapeake City In the main canal remains

above 1.0 fps for about 60 percent of the tidal cycle which compares

favorably with the 70 percent for the case of no flow control in the

I.. — - “I” 
- — - — -



27-ft by 250-ft main canal channel section. In addition , it is seen that

the maximum veloci ty in the middle of the bypass canal is reduced to abou t

6.5 fps which approaches the 6.0-fps criterion imposed . Velocities in the

main canal and in the bypass canal are plo tted in f ig. 11.

19. No additional tests for the purpose of satisfying the three

criteria were run. However , one additional test for the case of keeping

the bypass canal but removing the dam in the main canal was run. This

run was made to de termine the influence of only the bypass canal on flow

in the main canal. If the dam was a gated structure , such a run would

approximate the case when all gates as well as the navigation lock were

open. Naturally there would be a local resistance to the flow which is

neglected in this application . The results from this run indicated that

the bypass canal alone causes essentially no effect on the net discharge

or velocities in the main canal. With such a gated struc ture, essentially

normal flow conditions could be maintained in the main canal until flow

control was needed .

27
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PART V: SUMMARY AND CONCLUSIONS

20. The project described herein was a mathematical model study

to determine the feasibility of employing a flow control scheme In the

C & D Canal to reduce the net flow to pre—enlargement values while main-

taining velocities in the main canal above 1.0 fps over mos t of the tidal

cycle . The flow control plan tested consisted of a navigation lock and

dam in the main canal and a smaller bypass canal for the passage of

pleasure craft.

21. The mathematical model employed was one previously developed

by the MI-ID of the WES and allows for the modeling of a system containing

an unlimited number of junctions and branches. The system modeled herein

was composed of two junctions and five branches. The model was app lied

to several test cases in which different bypass canal lengths and cross

sections were employed . For the first several tests, the ex treme tide

curves which presently occur at Courthouse Point and Reedy Point Jetty

were applied . However, a test case in the physical model revealed that

the flow control scheme would result in about a 30—minute forward phase

shift at Courthouse Point. All further tests were then run using a

shifted tide curve at the Chesapeake end of the canal.

22. The initial tests revealed that the net flow in the main canal

decreased rapidly with bypass canal length as did the fraction of the

tidal cycle during which velocities at Chesapeake City remained above

1.0 fps. In addition, the maximum velocity of the middle of the bypass

canal also decreased rather quickly with the bypass length. The effect

of employing the shifted tide conditions was to increase the maximum
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veloi’~ t ies at Chesapeake City and at the middle of the bypass canal.

However , the net f low through the main canal decreased, in addition the

shifted tide appeared to result in a slight decrease of the fraction of

the  tidal cycle during which the velocity at Chesapeake City remained

above 1.0 fps. The effect of increasing the bypass channel section was

to cause an increase in the maximum velocities at Chesapeake City and in

the bypass canal , as well as an increase in the net flow and the fraction

of the tidal cycle during which the velocity in the main canal remains

above 1.0 fps.

23. Based upon these results it was obvious that a trade—off

be tween bypass canal leng th and cross section was required in order to

sat isfy the velocity and nt:t flow criteria which had been imposed . A

final run employing a bypass channel section of 18 ft by 200 ft and a

length of 1.0 mile resulted in the three criteria almost being simulta-

neously satisfied. Further trade—off could have been made; however, It

was felt that for the purpose of demonstrating the feasibility of such a

flow control scheme these results were sufficient. Further refinement of

the plan would of course be required if construction of such a plan became

desirable.

24. It can be concluded that a flow control scheme consisting of

a nav igation lock and dam in the main canal and a smaller bypass canal

can be made to satisfy the three criteria imposed , namely:

a. Net flow should be reduced to pre—enlargement values.

b. Velocities in the main canal should remain above 1.0 fps

over most of the tidal cycle.

c. Velocities in the bypass canal should probably not exceed

about 6.0 fps .
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Table 1

SPATIAL AND TIME STEPS EMPLOYED

bypas
I c r i ~ t
______ 

I~rans,’h Spatial Steps, ft ~~~~sec1 2 3 4 5

3.0 2112 1594 2640 2112 2640 44.712

1.7 21I2 1056 2244 1056 2112 22.356

1.0 2112 528 1320 528 2112 14.904

0.50 2112 264 660 264 1936 7.452
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APPENDIX A

POSSIBLE J’LOW CONTROL PLANS

1. Introduction. During earlier phases of the Chesapeake and

Delaware Canal project , several flow control plans were considered as

possibilities in the event that flow control should ever become necessary)’

Further analysis of these p lans , taking into account the objectives of

the flow control plan and the operational aspects of the various plans,

has sh’-wn most of these plans to be impractical. As discussed in this

repor t, the primary objec tive of the flow control plan is to return net

flows to approximately preproject conditions (250’ x 27’ channel conditions),

A more recen t requiremen t of the flow con trol plan is to main tain canal

veloc ities above 1 1 ps the majority of the time during the striped bass

spawning season. The ‘ ious plans which have been considered can be

grouped in the following categories:

Navigation Lock and Dam

Navigation Lock and Dam with Bypass Canal

Control Structures

Restricted Waterway Section

These various plans will be briefly discussed in the following paragraphs

to document the rationale for selection of the plan involving a navigation

lock and dam and a bypass canal as the most practical plan.

2. Navigation Lock and Dam. This plan would provide a 110—ft

by 1200—ft lock through which all canal traffic would have to be locked.

The remaining portion of the dam could include control gates to provide

a capability for flow control. It is conceivable that a single partial

gate opening (as opposed to continuous adjustment) could be identified

Al
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tha t would return net  t low through the cana l to  a p p r ox i m a t e ly  p r epro jec t

e end i t  tons and main La in canal  VL ’ lee i t ies  above 1 fps  dur ing  the m a j o r i t y

of the t i d a l  c y c l e .  However , t h is p lan would have a very serious effect

in t h a t  i t  would significantly s low canal  t r a f f i c  since a l l  t r a f f i c

would have to  be passed through the  lock.  Dur ing  per iods  of the year

when f l o w  con t ro l mi ght  not be needed , the lock and o ther  cont ro l  gates

could be opened to a l l o w  e s s e n t i a l l y  uncon t ro l l ed  f low;  never theless,

t r a t  t i c  would ho s i g n i ti c a nt l y  slowed because of u n i d i r e c t i on a l  t r a f f i c

through the structure and the care needed to  pass sa fe ly  th rough  the

[ 1 0 — f t — w i d e  l ock .

3. Navigation Lock and~,Dam~~~,thj~~2~ ss Canal. This plan would

provide a 110—ft  by 1200—f t  lock in t he  main  ~‘anal  for  use by d e e p- d ra ft

ve sse l s  but would prov ide an u n c o n t r ol l e d  bypass cana l of smaller d imensions

f o r  use by s m a l ler  d r a f t  v e s s e l s,  i t  has been es t ima ted  t h a t  a h ig h

per ce n t ago ot  the canal t raf I Ic ~‘ou Id be passed through a I 2—f N deep

bypass c a n a l .  Th e d i m e n s i o n s  and l eng th  of the bypass cana l would be

designed to r e t u r n  net  I low c o n d i t io n s  t o  approx ima te ly  prepro ject

c on d i t i o n s  and t o  m a i n t a i n  main canal  ve loc i t ies  above 1 fps  dur ing  most

of the tidal cycle. Thus , t h i s  p lan o f f e r s  several advantages  over the

previous plan . First , it results in less interference wi t h  navigation

since only the deep-draft vessels would be required to lock through the

structure . Second , during period s ot ’ the year when f l ow con trol is

desir ed , closure of the lock and dam will result in the desired net flow

and main cana l velocities (i.e., no gate opening adjustments required).

During periods of the year when f l ow control might not be needed , opening

the lock and control gates in the dam would result in essentially uncon-

trol led flow in the 450-ft x 35-ft canal. During these times shallow-

A 2
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draf t vessels could use either the bypass canal or the open lock while

deep draft vessels would navigate through the open 110—ft-wide lock.

4. Control Structures. Several types of control structures

were considered incl ud ing plans involving a ver tical lif t gate, a

hor izon tal sl iding ga te, a controlled weir section with 200—ft-wide

inflatable fabric barrier , and inf la table fabr ic barriers across the

e n t i r e  channel .  Each of these plans would involve comple te blockage of

the canal when the s t ruc tu re  was closed and essentially uncontrolled

flow at other times. The structure must be in the open position to pass

any type of vessel. Therefore, during periods when flow con trol is

des ired , it would be necessary to open and close the structure at frequent

intervals. Estimates of operation time for opening the structure range

from about 20 minutes for  the vertical lift gate to about 1 hour for

the fabridam .

5. Several aspects of these plans make it unlikely that effective

flow control would be possible. Flow in the canal is controlled by very

long peciod (tidal) waves and net flow is usually the difference between

large mass flux in each direction. A few simple calculations will be

used to show the order of magnitude of the change in the flow situation

required to reduce the net eastward flow by about 4000 cfs. To accomplish

this, the volume of eastward flow would have to be reduced as shown

below .

Volume reduc tion ~ 4000 x 12.42 x 60 x 60 179,000,000 ft.3

For mean tide conditions, the uncontrolled eastward flow varies from 0 to

about 60,000 cfs and back to 0 over about 6.5 hours. Hopothetically , to

reduce the net eastward flow by the desired amount would require the blockage

A3
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ot  eastward t low fo r  abou t  0.8 hour at the peak discharge rate or pro—

p o r t  i o na t e ly  longer  at  lesser d i sch a r g e  ra tes .  The point  being made is

tha t a m a j or  change in the flow situation is required to reduce the net

f low to  preproject values, i t  is a l so  obvious  tha t  dur ing  any closure a

head d i t t e r c u t i a l  wi l l deve l o p  across  the structure resulting in an

abnorm a l f low situat ion when the s t r u c t u re  is reopened.  This e ff e c t

would have to  he compensated for in any operational p lan.

~~. To f u r t h e r  c o m pl i c a t e  an operational plan involving i n t e rmi t t en t

s t r uc t u r e  c l o s u r e , th L f l o w  s i t u a t i o n  in the  cana l is ex t remely  variable

I ron tidal ~‘v~’!c to  t i d a l  cyc le .  The re fo re , unless c o n t r o l l i n g  tides at

t h e  can - i l  e x t r e m i t i e s  wer e  be ing  moni tored  and used for extensive real-

tim e calculations , intermittent barrier closures would be completel y

inefr ect ive . Even if an elaborate monitoring and control system were

provided , ship traffic would interfere with barrier use at opportune

t imes and further complicate effective flow control.

7. Reduced_Waterwa~~ Section. This plan would involve the use of

groins or deflection dikes to induce greater head losses during eastward

flow. To effect an appreciable reduction in net flow, the system of

groins would have to extend over an extensive length of canal. This

would result in a restricted canal width over much of the C & D Canal,

thus greatly reduc ing the benefits of the canal enlargement project.

8. Conclusions. Consideration of the various plans discussed

above led to the decision that the most practical plan was the plan

involving a lock and dam in the main canal with a bypass canal of smaller

dimensions . This plan provides the desired flow control without the

flee—I for operation of a control structure. Approximate preproject net
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I I ow &‘oud I t I ens are ret ’s iih i i  shed t h rough t he add I t  I otm I ri’s Is t anc e

Losses Induced by t he byp ass  cana l . The p1 an w i l l  r e su l t  In some tie 1ev

I or dcep — dr a vesse l a us tug t lie cana l hut It I $ h e l l  eyed I hat such

del av Won Ed be less I han I or any other plan which provides cit ec I lye

1 low c o n t r o l .
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APPENDIX I-

NOTAT ION

A Cross—sectional flow area

B Effective width of water surface

g Acceleration due to gravity

h Water—surface elevation above mean sea level

ii Manning ’s resistance coefficient

q Lateral inflow per unit distance along the channel

R Hydraulic radius

t Time

V Mean flow velocity

x Distance along the channel

~ t Time incremen t

~ix Distance increment

Rate of change with respect to time

Rate of change with respec t to distance

Bl
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