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A STUDY GF FLUSHING IN THE DELAWARE MODEL

Introduction

Late in 1951 the Chesapeake Bay Institute was asked to assist the
Oceanographic Division of the Hydrographic Office in 2 study of the flush-
ing problem, using the Delaware River and Bay Model located at the U. S.
Army Engineers Waterways Experiment Station, Vicksburg, Mississippi.
The first test made showed that the dye used as a tracer contaminant was
adsorbed in large quantities by the concrete bottom of the model, the
glass sample bottles, and even by the dust which settled from the air into
the model, Further tests were delayed until February 1952 while the model
was painted with adsorption inhibiting plastic paint.

Eight separate tests were made on the model by introducing a known
volume of dye and tracing the changes in the distribution of the dye by
photometric analysis of samples. Considerable reduction of data was
necessary to compensate for the adsorption and the body of this report
will deal only with the reduced data.

Several appendices have been included. Appendix I deals with the
sampling gear, the method of sampling, and the methods of field analysis.
Tables of obsexved dye concentrations, by station and tidal cycle are
given in Appendix II. Appendix III gives the reduction methods used to
compensate for the adsorption and tables of corrected concentrations by
station and tidal cycle. Appendix IV contains auxiliary data on salinity,

high and low water profiles, and fresh water inflow as well as tables of
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cross-sectional areas, intersectional volumes, and accumulated volumes

for each 5000 foot station,

Description of Flushing Tests

The Delaware Model

The region represented by the Delaware model includes all of the
Delaware Bay and the tidal section of the Delaware River, from the Capes
to Trenton. The model is constructed of zoncrete or a horizontal scale
of 1 to 1000 and a verticel scale of 1 to 100. A chart of the model is
given in Figure 1.

Information about the hydraulic adjustment and verification, and
the salinity verification are presented in various reports of the Water-
ways Experiment Station (Corps of Engineers, U. S. Army 1951(a),
1951(b), and 1952). These reports were sufficiently conclusive to
suggest that valuable information o» flushing in the Delaware River and

Bay could be obtained from the model.

The Flushing Tests

In the following discussion the tests are grouped according to the
point of release. In Tests 1-4, l,and 4 the dye was introduced at Station
52.5 which is located a short distance below Philadelphia. Station 292.5
below Artificial Island, was used as the release point in Tésts 2 and 3.

The dye was released from Station 111 Iocated near Chester, for Tests

5, 6, and 7.

While some treatment is presented of the lateral and vertical distri-

butions, the main discussion here will center on the variation in concentration




along the axis of the estuary, In each case the data represent conditions
at the time of high water slack.

The manner of introducing the dye is discussed in detail in Appendix
1. Briefly, the dye was introduced at high water slack in a cylinder con-
structed sc that the sides could be freed from the bottom and pulled out
of the water, leaving the 2ye suspended momentarily in the water in a
cylindrical shape. Then as the ebb tidal movement started, the dye was
rapidly spread in both a lateral and a longitudinal direction. The diameter
of the cylindrical container was 0.74 ft, equivalent to 740 ft in the proto-
type. The height of dye in the container was adjusted to be even with

the surface of the water in the model at the time of release.

Test 1-A, 1, and 4 - Release Point 52.5

Test 1-A, which was the trial run made in December 1951, and Test
1, which was the first of the series of runs made in February 1552, were
duplicate tests, the dye being released at Station 52.5 under conditions
of mean tide and mean river flow (12,350 sec ft at Trenton). The dye
concentration at release was 1000 ppm, and even though at this location
in the tidal river the water is practically iresh, no density effects
were observed.

Upon release the dye cylinder moved seaward with the ebbing tide
while mixing laterally and longitudinally. After one tidal cycle the dye
had spread longitudinally over nearly one tidal excursion assuming a

nearly normal distribution, and after two tidal cycles it had a nearly




uniform distribution laterally.

It was observed that in pockets in the shore line small eddies
would sometimes trap water containing a high concentration of dye.

After the high concentration of dye had passed, the entrapped dye would
be slowly fed back into the main stream. This phenomenon was observed
both on the ebb and on the flood tide and probably materially assists the
spread of the highly concentrated contaminant. Figure 2 is a schematic
representation of the prccess,

Figures 3a and 3b show the longitudinal distributions of the con-
taminant concentration from 1 to 58 tidal cycles after the dye was released
for Test 1-A. (Test 1 was substantially the same as Test 1-A.) The
solid verticai column shown at Station 52.5 represents the initial dye
volume., After one tidal cycle the contaminant had spread over nearly
one tidal excursion and the distribution approximated the normal curve.
With increasing time the spread ii’lcreased while the peak concentration
moved seaward.

The rate of decrease of the peak concentration seems to be
exponential and Figure 4 shows a semilog plot of peak concentration
against time in tidal cycles for both Test 1-A and Test 1. Two expon-
ential decay rates are evident. For the first two tidal cycles the rate of
decrease is exiremely rapid, falling from 1000 ppm for time zero to less
than 6 ppm after two tidal cycles. For times greater than two tidal cycles,
decay progresses at a much slower rate. It would seem, then, that the

process governing the dispersion of the contaminant during the first two




tidal cycles are fundamentally different from those acting after the
second tidal cycle.

Figure 5 shows the movement of the peak concentration with time
in tidal cycles by the solid line. The dashed line is the calculated net
downstream water movement based on river inflow. It is to be noted that
the peak concentration moves downstream more slowly than the net down-
stream water movement. This was thc case in every test.

if instead of following the movement of the peak concentration, we
consider the concentration of dye at a fixed point, we get a different
picture. Figure 6 shows the change in concentration with time for sta-
tions above the release point while Figure 7 does the same thing for
stations below the release point, For stations well above the release
point (¢.g. 20 and 30) an increase in concentration occurs during the
first few tidal cycles and is followed by an approximately exponential
decay after the local peak has been passed. For upstream stations
nearer the release point (e.g. 40 and 50) the initial rise occurs during
the first tidal cycle. The decay is very rapid during the first few tidal
cycles becoming approximately exponential as time passes. For stations
downstream from the release point the decay becomes approximately
exponential with the passage of time but the initial increase pricr to the
passage of the peak concentration is not a simple exponential function.

The rate of increase in local concentration as the peak concen-

tration approaches becomes progressively less for stations further from

the releas= point. This can be accounted for by the fact that as the peak
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concentration approaches a given station the size of the peak is decreasing.
So long as the rate of approach of the peak concentration is faster than the
rate of decay of the peak, the local concentration will increcase with time.
For stations well below the release point, the decrease in peak concen-
tration and the increase in spread may combine to produce a rather long
interval just before the passage 5f the peak concentration when the local
concentration will remain nearly constant. In later tests some local
concentrations reached their peaks even before the peak concentration
of the contaminant distribution had passed.

The data are insufficient to show conclusively the form of the
local decrease in concentration with time for the later tidal cycles;
although ¢ther evidence indicates that the local decay curve is not
expouential for large times.

Test 4 was run under the same conditions as Tests 1-A and 1, |
except for river flow, which was set at the relatively low value of 3000
sec ft at Trenton. The general features of the contaminant distribution
curves, 2s shown in Figure 8, were similar to those fcund for Tests 1-A
and 1. However, not only was the rate of downstream movement decreased
due to the decrease in river flow, but the rate of decrease in peak concen-
tration is appreciably less in Test 4 than for Test 1-A or Test 1. Figure 9
shows the change in peak concentration with time for Test 4. The rapid
decrease in concentration during the first tidal cycle is sinuia. .2 (hat
which occurred in the earlier tests. The plct ¢f the logarithm of concen-

tration versus the time in tidal cycies after the second tidal cycle alsc '



appears as a straight line, as in the case of Test 1-A and Test 1. However,
the slope of this line in Test 4 is only one<half the slope of the decay cuxves
for the earlier tests.
The movement of the peak concentration with time for Test 4 is
shown in Figure 10. Again we see that the peak concentration moves at
a slower rate than the calculated net water move2ment, thcugh the differences
are less here than in Tests 1-A and 1.
The local variation of contaminant concentration with time is
shown in Figures 1. and 12 for selected stations above and below the
release point. These figures also reveal the slower rate of decrease in’
the contaminant concentration for this test as compared to Tests 1-A and 1,
The rate of river inflow thus appears to exert a significant in-

fluence upon the rate of decrease in the contaminant concentration.

Tests 2 and 3 - Release Point 292.5

Station 292.5 is well into the estuary with salinities of about 15%.
fcr mean river flow. Test 2 was made with mean tide and mean river
fiow {12,350 sec ft at Trenton) while Test 3 was made with mean tide and
high river flow {31,300 sec ft at Trenton).

Urnfortunately, much of the data from Test 2 is unusable since large
amounts of dye were adsorbed on the sample bottles. In addition, the
density of the dye being less than the density of the water at the release
point the contaminant was seen to "mushroom'" and spread out in the surface
layer during the earlier tidal periods. (In Test 3 the density of the dye

was adjusted to that of the surrounding water and this difficulty was not




repeated.) Only the data for tidal cycles 6, 24, 36, and 42 were usable.

The longitudinal distributions of the contaminant concentration
for various tidal cycles for Test 3 are shown in Figure 13. The distribu-
tions recoverable from the data for Test 2 were similar to those for Test 3.

Figure 14 shows the movement of the peak concentration for Test 2
as well as the computed mean downstream water movement., In Test 2
where the dye "mushroomed" into the surface layers. the downstream
movement of the peak concentration was greater than or equal to the com-
puted net water displacement during the first ten tidal cycles. This would
be expected since the surface layers have an average déwnatream motion
greater than the average for the entire body of water. As vertical mixing
progressed, the motion of the peak concentration decreased.

Figure 15 shows the movement of the peak concentration and com-
puted net water displacement for Test 3. Here again the movement of
the peak concentration is slower than the calculated net water flow. The
difference for this test was the greatest observed.

Figure 16 plots peak concentration against time for Test 3. It
also shows the usable data from Test 2. Although the data from Test 2
show more scatter than the data from Test 3, the rate of decrease in
peak concentration seems to be about the same for both tests. As in
the previous tests the relation seems to occur in two parts, an initial
vapid decrease followed by a slower exponential decay.

Since so much data were lost in Test 2 a conclusive evaluation of

the effects of changed river flow on concentration is not possible. How-
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ever, it seems that the effect at Station 292.5 may not be so great as at
Station 52.5,

Curves showing the local change in contaminant with time in Test 3
at stations above and below the release pocint are given in Figures 17 and

18 respectively.

Tests 5, 6, and 7 - Release Point 111

These three tests were conducted to determine the effects of change
in tidal amplitude on the time change in contamirant concentration. The
dye volume, with a concentration of 1000 ppm, was introduced at high
water slack at Station 111 which is located near Chester, Pennsylvania.
This station is very nearly the upper limit of salt water intrusion for the
conditions of mean river flow under which these tests were run.

Test 5 was conducted under conditions of mean tide, Test 6 under
conditions of spring tide, and Test 7 under conditions of neap tide. Since
the tidal velocities and tidal excursions would vary under these varying
tidal :egimes, it would be expected that the diffusion, and hence the time
change in concentration, would vary among these three tests, As will
be pointed cut below the expected variation was neither clearly established
nor dgfinifely disproved by the data.

The longitudinal distributions of the contaminant at various tidal
cycles for these ghree tests are given in Figures 19, 20, and 21, These
distribution curves are similar te those encountered in previous tests in
that they have the general shape of a normal function, and the change in

peak concentration with time is iarge at first, becoming smaller for
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later tidal cycles.

The downstream movement of the peak co. entration was essen-
tially the same for all three tests, and is shown in Figure 22. As with
all the other tests, the observed movement of the peak is at a slower rate
than the computed downstream water movement.

Figures 23, 24, and 25 are semilog plots of the peak contaminant
concentration versus time for each of the three Tests 5, 6, and 7 respec~
tively., Subsequent to the first two tidal cycles, the semilog plots of peak
concentration versus time could be adequately described by a straight
line for the first five tests. For Tests 5, 6, and 7, however, it appears
that this simple exponential time variatior is inadequate. In Figure 24
the curve from Test 1-A is also entered to show the sharp difference
between the characteristic time change in concentration of the first five
tests as compared to these last three tests.

The locail tiiie variation in concentration at selected stations is
shown for these three tests in Figures 26, 27, 28, 29, 30, and 31.

The plote of pezk concentration versus time do not show a svstematic
difference from test to test which can be readily ascribed to the differ-
ences in tidal regimes. One hypothkesis conceining the effect of tide is
that with higher tidal velocities mixing would be increased and hence
the peak concentration should decrease at a faster rate, at least during
the eariy stages. It is difficult to measure accurately the actual peak
concentration at the first tidal cycle, and also after about 30 tidal cycles.

Some information is obtained by comparing the peak concentrations for

b p———
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the three tests for tidal cycles after the lst and prior to the 30th. In
Table I the peak concentrations for the 3zrcd, 6th, 12th, and 20th tidal

cycles subsequent to release are given for each of the three tests.

Table I

Effects of Tidal Regime

Concentration in ppm for Tests 5, 6, and 7
Tidal Cycle
Tesat 5 Test 6 Test 7
Mean Tide Spring Tide Neap Tide
3 5.45 4,58 5.81
6 3.25 2.83 3.34
iz 2,v9 1.42 1.75
20 1.05 0.76 0.84

The concentrations for all four tidal cycles are lowest for spring
tide conditions when mixing should be at a maximum. The concentrations
for tidal cycles 3 and 6 are highest for the neap tide conditions, as would
be expected, but for tidal cycles 12 and 20 the concentrations are highest
for Test 5, which was run under mean tidal conditions. The tidal mech-
anism for the model failed after cycle 30 during Test 5, and it may be
that a slight malfunctioning occurred prior to the final failure, resulting
in somewhat erronccus results. Ia any case the data presented in Table I,
while not conclusive, do suggest that the decrease in concentration is at
a more rapid rate the greater the tidal velocities, at least during the

early stages of mixing.
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Summary Discussion

The composite information from all eight tests leads to the fcliow-
ing general statements concerning the distribution and rate of change of
distribution of the dye contaminant.

1. Within the first tidal cycle subsequent tc release, the con-
taminant, which was in all cases introduced at high water slack as a
cylindrical volume having a prototype diameter of 740 feet, spread over
a longitudinal distance approximately equal to a tidal excursion ( about
40,000 feet) and laterally from shore to shere.

2, After the first tidal cycle the longitudinal distribution of
the contaminant approximated a normal curve.

3. Lateral and vertical variations in the contaminant concentration
were observed during the early stages of each test. The sampling pro-
cedure did not allow a detailed investigation of the lateral or vertical
variations in concentration, though the pertinent features that were
noted are listed below:

a. During the early stages of mixing, relatively concen-
trated segments of the contaminant volume were observed to become
entrapped by eddies within smail embayments or behind projecting marine
structures. These entrapped contaminant segments would then feed out
contaminant into the main stream aiter the main mixing volume had been
carried out of the immediate area by the tidal currents, It appeared
that this featur:e played a major role in contributing to the horizontal

spread of the contaminant.
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b. At prominent bends in the river the advanced portion of
the contaminant volume was observed to cling closer to that shore having
a more rapid downstream movement of water.

c. In Test 3, whicih was conducted in that part of the estuary
which exhibits a net two-layered flow pattern similar to that described
by Pritchard {1952} for the Chesapeake Bay, the upstream spread of the
contaminant was observed to occur primarily along the bottom., During
the early stages of the tests the vertical distribution for stations above
the release point showed increasing concentration with depth, while those
below the release point in general showed decreasing concentration with
depth. After a few tidal cycles, vertical mixing had destroyed these
general vertical variations in contaminant concentration.

4, The change in peak concentration is characterized by a very
rapid rate of decrease during the first tidal cycle followed by a less
rapid rate of decrcase. In the first five tests, namely 1-A, 1, 2, 3, and 4,
the variation in peak concentration subsequent to the first tidal cycle
can be represented by a simple function of time. In Tests 5, 6, and 7,
however, the variation of peak concentration subsequent to the first tidal
cycle cannot be adeqgnuately represented by a simple exponential rate. The
reason for the difference between these groups of fests is not at present
evident.

5. The downstream movement of the peak concentration is sig-
nificantly slower than the calculated velocity of the mean downstream

wz2ter movement,

m——
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Theoretical Considerations

A Dvinlie

A Prelim inary Analysis of the Characteristic Features of the Flushing
Study in the Delaware Model

The semilog plots of peak comcentrztion versus time in tidal cycles
for Tests 1-A, 1, 2, 3, and 4 (Figures 4, 9, and 16) are all of the form

shown in the following diagram:

Since this is a semilog plot the straight lines indicated by (A) and (B)

may be expressed formally using the slope-intercept form of the straight

line as

log }PL = =bjt + log a;

and log S " = -bgt + log ag respectively

where =b;, -bs are slopes and log a;, log a, are the intercepts. Since
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log A = B implies eB = A, we may write:
_ =bit N ot :
;'PA' = ase for the initial period
_ =b,t ' .
and )f'e = ace f for the final period

If we sum these two equations

}PL + E,e_% = aie"bit + age byt

we may use the result as an approximation to ;P as indicated by the

full line since to the left of the transition zone (C) the contribution of

(B) to (A) is negligible and conversely, Within the transition zone, (C),

(A), and (B) will both contribute and the sharp corner will be rounded off.
Therefore, formally at least, peak concentration as a function of

time may be written

(1) ;? = aie°bit + a.fe.bift

As pointed out above, a peculiarity of this function is that for
values of t outside of the neighborhood of t = 1 only one of the terms
makes a major contribution to the value of ;,e . Thus during the first
tidal cycle subsequent to release, the very rapid rate of decrease charac-

terized by the first term of equation (1) predominates, and we have

(2) 3,9 = a.e-bjt
¥ 1

After the second tidal cycle, this first term becomes unimportant,

(first tidal cycle only)

and the change in peak concentration is characterized by the final rate

of decrease given by
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(after the second tidal cycle)

(3) })? ) afe-bft

The variations in peak concentration for Tests 5, 6, and 7, sub-
sequent to the second tidal cycle, do not appear to be adequately des-
cribed by the exponential expression (3). For all tests, however, it

appcsars that the expression

18

(4) P b!

2%
= -

holds. Here b'and n are constants. The form of the solution of this
differential equation depends on the value of n. For the apecial case

of n = -1, the solution of {4) is

(5) In ;/f = a'+ b't or 5? = e

which, when b' is identified with -b, is seen to be the expression which

satisfied the observed concentration-time variations for Tests 1l-A, 1, 2,

3, and 4,

For all n other than n = -1, the formal solution of (4) is

ad
; =bt+ a 5 b =b!' (n+l)

l':

-
o
—~

Designating (n + 1) by -m, this expression becomes

(7) >ﬂ:m= bt + a

By solviag for t, (7) can be expressed as

(8) t = (1/b) ‘}%m +C ; G =-a/b

-
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or In(t-c)= -m lnz -1lnb

Thus a plot of lnz versus 1ln (t-c) should produce a straight
line, of slope m. It is possible to obtain an approximate value of the
constant ¢ graphically from a plot of data which is suspected of showing
a functional variation given by (8). This has been done for Tests 5, 6,
and 7, and the resulting log-log plots of the concentration versus the sum
of the time plus the constant c are given in Figures 32, 33, and 34. 1t is
seen that the relationship is reasonably linear, and the equations for

the three sets of data are:

=0.637
Test 5 5

-0.914
Test 6 P 0.0513 t 4 0.0765

0.0341 t + 0,225

0.740
Test 7 ; = 0,0506 t + 0.114
f

Since in equation (7) n = -m <1, n varies between -1.63 and -1.92
for Tests 5, 6, and 7, while for the five previous tests we found n = =1,
For the present we will confine ourselves to a discussion of the

characteristic features of the decay expression

(9a) ; = aeabt
f

which can be éxpressed as

{9b) In ;1’ = a' - bt 3 a'=1lna

S
A plot of In }? against time would result in a straight line of

slope ~b ., The decay of radioactive material is represented by a function
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of this type, and borrowing from the nomenclature of the nuclear field we

may consider a characteristic time related to the rate of flushing of a con-

taminant which we will call the 'flushing half-life.' The flushing half-life
is defined as the time interval required to reduce a given concentration

to a concentration one-half as great. It should be noticed that if the rate
of change of concentration is given by equation (9), then the half-life is

a characteristic parameter independent of time or concentration; that is,

if ;'?\ represents the concentration at time t,, the same interval of

time Atl/2 is required to reduce the concentration to 1/2 ( ;? ), as is
s

required to reduce the concentration from 1/2 (; ), to 1/4 (;4,‘ }, or
\
from 1/4 (E? ), to 1/8 (5 ).
\ '?\
The half-life is readily obtained from the slope b, since

b
(10) Lty 5T 1 (1/2)

The flushing half;life is a convenient parameter for discussing
certain features of the flushing tests, In Table II the half-life for the
various tests and for the various characteristic portions of each test is
given. It is seen that the half-life characteristic of the rate of concen-
tration decrease during the first tidal cycle is only of the order of 1/100
of the half-life associated with the rate of concentration decrease sub-
sequent to the second tidal cycle. Also we note that the half-life for
Test 4, which was run under low river conditions, is two times the

corresponding half-life for Tests 1-A and !, which were rurn under con-
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ditions of mean river flow, other conditions being the same for the three

tests.

Table 1J

| Half-life in tidal cycles
| Test For first After second
| tidal cycle tidal cycle
i

l1-A and 1 0.16 10.6
|
|

2 and 3 0.11 13.5

4 0.15 24.4

5% 0.16 11.1

%

6 0.15 10.8

. 9T 7* I 0.16 9.8

13 *Tests 5, 6, and 7 are included here for comparison, even
though the peak concentration could not be adequately described
by a simple exponential function of time. The calculations

] given are based on the concentration change from the fourth

i to the fortieth tidal cycles, neglecting the departure from the

exponential fcrm between these points.

Some Theoretical Considerations Suggested by the Model Study of Flushing

It can be shown (Pritchard, 1952, unpublished notes) that the one-
dimensional expression for the time rate of change of mean concentration

in a channel of varying cross section may be expressed as

(13) :)}/a{'- = -v‘éé + "\' Q_ §AK BZ}

Z X A XCTE

where x is the coordinate axis along the axis of the channel, v the mean
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velocity in the i-direction, _é_ the cross sectional ar=a, and K the

>

- dorizontal eddy diffusivity. If it is assumed that the contaminant dis-

tribution approximates the normal curve, then it can also be shown that

(14) K = - gl%’ﬁ{%

5

where Ef is the peak concentration of the contaminant.

In Tests 1=-A, 1; 2, 3, and 4 it was found that
1n 3? = a-bt equation (4)

Therefore, for these tests,

(15) K; = b o

and the eddy diffusivity K varies as the square of the standard spread

of the contaminant distribution.

In Tests 5, 6, and 7, however, it was found that
-m ) ‘
;f’ = a+bt equation (7)
for which the diffusivity would be given by

(2=m)

16 K = % - b M
(16) x —% where B = o l—mmp)

A is the mean cross sectional area >f the segment of the estuary occupied
by the contaminant volume, and M is the total weight of the contaminant.
From equation (16) it can be sezn that, for these tests, the diffusivity

varies inversely as the mth power of the cross sectiorzl area and

- P —ON
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directly as the (2-m)th power of the standard spread of the contaminant
distribution.
In Tests 5, 6, and 7 m had an approximate range from 0.5 to

1.0 showing extremes for the diffusivity of

/3 .S
(17a) K; = ?s Q- and

(17b) Kj % g

Stommel (1949) has suggested that if L represents a scale factor

characterizing the size of the area within which eddy diffusion is being
investigated, then the eddy diffusivity is approximately proportional to
the 4/3 power of L. This concept was developed for diffusion in an area
unrestricted by lateral boundaries and would hence seem inapplicable to
this study. It is interesting. therefore, to note that the mean exponent of
O~ fcr Tests 5, 6, and 7 is approximately equal to the 4/3 power
suggested by Stommel.

That the movement of peak concentration was in all cases slower
than the calculated net water movement calls for comment. Pritchard
(1952, unpublished notes) has shown that, if the distribution of the con-
taminant approximates a normal curve, then the position of the peak

concentration is given approximately by

gt A AQ“FL}
S Dt_iﬁfiﬂ;‘i\, 3 T iy

m is the position of the prak concentration when the origin x = 0 is set

at the position of the peak concentratior at time t = 0, _D*is the net
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t
movement due to the velocity of the water, i.e. D'l'.= f/dt where v
: o
is the mean water velocity. The subscript '"o" indicates the value of
the parameter at time zero. The meanings of the other symbols are as
previously explained.

In this study the factor in braces in the second term of the right-
hand number of equation (18) was alwavs positive and therefore m < Dt
is to be expected.

The development of a suitable theoretical description of other
aspects of these flushing tests is in progress. However, in view of the

unexplained difference between the characteristic rates of decay for the |

first five tests and for the last three tests, further experiments with the

ey

model would be desirable.

Suggestions Regarding Flushing in the Prototype

The question now arises as to the extent to which the results ob-

tained from the model might be applied to the prototype. In this regard

we may consider certain features of the model verification.

The model was constructed according to Froude scaling. The model
velocity structure and sait distribution which would result from Froude
scaling alone would not be comparable to the prototype, since the Reynolds
scale would be far from satisfied. Tn order to increase the turbulence,
the model was artificially roughenred. The extent of this artificial rough-
ening wis empirically determined by roughening untii the velocity distri-

buticn and the tidal heights matched those known to exist in the prototype.

o i > —eN
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It was then found that the salinity distribution in the model satisfactorily
matched that found in the prototype under various river flow regimes.

This salinity verification implies that the artificial roughening of
the modcl succesafully scaled those eddies in the turbulent regime which
are imporiant in maintaining the salt distributions. There is strong indi-
cation, however, that the scale of the turbulent eddy system which is
involved in any particular mixing process depends on the size of the con-
taminant volume being mixed. Therefore, the eddies which would be
involved in the mixing of a highly concentrated contaminant spread over
only a small area may not be properly scaled in the model, even though
the eddies important in maintaining the salt distribution are properly
scaled from the prototype to the model.

On the basis of the above reasoning, the following preliminary con-
clusions regarding the application of the results of the model studies on

flushing to prototype conditions are presented.

1. It is doubtful that the extremely rapid rate of concentration
decreases observed during the first tidal cycle in the model studies
actually represent in magnitude the corresponding initial rate of mixing
which would occur in the prototype. Immediately after introduction of
the dye, large gradients exist and molecular diffusion would be’ of some
inmiportance in the model, though less so in the prototype since there can
be no scaling of this phenomenen from the prototype to the model. Like-

wise, as discussed above, the eddy scale important to the mixing of the
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restricted contaminant velume during ttis early phase may not be properly
scaled in the model.

Undoubtedly, the rate of concentration decrease during the early
phase of mixing in the prototype will be substantially greater than at
later stages, since the initial contaminant volume may spread laterally
as well 23 longitudinally (which is the case in the model also). However,
the rapid decrease in concentration in the model during the first tidal
cycle is substantially greater than would be expected as a resuit of the
coupling of the lateral sprcad with the lengitudinal wixing. This is a
feature which may allow prototype verification, since it is possible that
tracer material which could be followed for one or two tidal cycles might
be safely added to the natural estuary.

2. The rate of concentration change observed in the model sub-
sequent to the second tidal cycle is probably applicable to the prototype.
By this time the contaminant had spread from shore to shore laterally
and over approximately a tidal excursion longitudinally. The eddy regime
contributing to the mixing would be of about the same order cf magnitude
as that which is important to the maintenance of the salt digiribution, and
hence probably properly scaled from protctype to model.

The flushing half-lives given in Table il fcr the period subsequent
to the second tidal cycle after dye introduction are therefore probably
representative of the expected rates of fiushing in the prototype for con-

taminant distributions whick are spread over appreximately a tidal excursion,

3. The suggestion that the eddy diffusivity varies with at least the

= ey e

K. 1
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first power, and possibly the second power, of the standard spread of the
contaminant distribution throws some doubt on the application of techniques
for computing flushing characteristics of an estuary which are based on
the salinity distribution, or conversely, on the observed or computed
distribution of fresh water. Though these techniques may adequately
describe the fresh water-salt water distribution, they may not describe

the concentration change of a contaminant which is introduced into the
estuary with an initial distribution considerably different from the existing

fresh water or salt water distribution.
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(1v)

Figure 2. Schematic representation of dye entrappment by shorc features.
Concentration is indicated bty intensity of shading. As peak concentration of
main dys volume moves downstream on the ebkb tide, a portion of the dye
spreads into shore indenture A, as in diagram (i). This portion of the dye

is entrapped by the indenture as the rmain dye volume moves on downstream,
as shown in diagram {ii}. In diagram (iii) the entrapped dye feeds out into

the main channel, this contributing to the longitudinal spread. The main dye
volume is shown in this diagrarm to have spread into a second shore indenture.

In diagram (iv) the phenomena is shown repeated for a second indenture B on
the flooding tide.
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APPENDIX I

Description of the Dye Release Gear, the Water Sampling Equipment,
the Method of Sampling, and the Determination of Dye Concentration

Dye Release Gear

The gear used to .elease the methylene blue used in these experi-
ments is shown in Figure A-I-1, It consists of an open brass cylinder
held firmly against a rabber lined bage by means of a two inch wide bar
and two outrigged rouds. The rods were screwed into threaded holes in
projections of the bottom piece, and pulled down on the two inch bar
which was placed across the top of the cylinder. The bottom of the
cylinder was thus drawn tightly down on the rubber sheet which was
bonded te the base and leakage from the container was prevented.

At the appropriate release point a recess was made in the bottom

of the model of just the correct size and shape to hold the bottom piece

of the container. The depth of the water at the release point was accurately

measured at high water, and the height of dye in the container was made
to agree with this depth of water,

During the flooding tide just pricr to the release time the dye
container was introduced into the model, the bottom piece resting in
the recession. The rods were unscrewed from the bottom and withdrawn,
while one man held his foot securely on the rod across the top of the
container, bearing down with sufficient force to prevent leakage of dye
from the bottom of the container. At precisely high water slack cf the

tidal period chosen for release, the cylinder, now no longer secured to

—m i o . ea
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the bottom piece, was lifted quickly but carefully upward from the modei,
leaving the bottom piece remaining in the recess in the model bottom,

and the cylindrical dve volume suspended in the water of the model. Since
the recess had been made to just fit the bottom piece of the container,

the bottom of the model with the bottem piece in place was without any

indentation or protrusion resulting irom the release of the dye.

Sampling Equipment

Since the model has a vertical scale of 1 to 100, 0.01 foot of depth
in the model corresponds toc 1 foot of depth in the prototype. The sampling
equipment, therefore, had to be made relatively small so as not to iﬁter~-
fere with the flow.

The basic unit of the sampling gear was a thin glass tube, bent at a
right angle near the end and drawn to an elongated point. The glass tubing
was connected by plastic tubing to a 50 ml syringe. The assembly could
be operated by hand as a single unit, or grouped together with other simi=
lar assemblies to give a muitiple depth sampler. Irn any case the glass
tubing was taped to a metal »od so that the metal rod projected at least a
slight amount below the lowest glass tip.

In the single unit hand samplers, the gléss tube was taped to the
metal rod so that the bent tip was about 0.2 ft from the bottom of the
rod corresponding to a prototipe distance above the bottom of 20 ft. In
this manner the rod could be placed with its end on the bottom at the

desired samplin osition ir. mid charnel arcd the sample wouid be drawn
P P
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from about middepth, since the channel up to Philadelphia is maintained
at the prototype depth of 40 feet.

The multi-depth sampling gear is shown in Figure A-I-2. The
glass tubes were taped to a metal rod so that the bent tips occurred at
appropriate intervals -- usually surface, middepth, and bottom. The
rod was part of a tripod assembly usually employed in measuring the sur-
face elevation of the water in the model, and the sampling assembly was
thus supported in position by the tripod. The plastic tubes leading from
the three glass tubes were connected to threc 50 ml syringes secured to a
wooden rack. The pistons for the syringes were all clamped to a wooden
bar, which in turn was connected to a cable leading over a puiley at the
top of the wooden rack. This cable was attached to a bar éecured to
three household rattraps.

A spring latch held the three rattraps, which were connected in the
open or ''set'' position. In this position the cable was just taut with the
pistons in the syringe all the way in. When the latch was released, the
spring on the rattraps would pull down on the cable, and, hence, up on
ihe syringes and the sample would be drawn,

In Test 1-A, use was made of a motor driven multi-sampler which
took eleven simultaneous samples, drawing the sample evenly over the
7-1/2 minute tidal period of the model. This mechanism was not employed
after the first test, since there was some difficulty in fitting the resuits

from these samples with the samples taken at high water slack.
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Sampling Procedure

Before introduction of the dye, the rattrap samplers were set up
at appropriate stations above and below the release point, Other locations
were chosen where single hand-drawn samples were to be obtained. On
selected high water slack periods, subsequent to the release, samples
were collected at the designated positions.

Since the tide in the Delaware is partially progressive, a particular
phase of the tide occurs downstream first and can be followed up the Bay and
the River. Small strips of paper were strewn on the surface of the model,
and the time of high water slack determined at each particular station by
noting "he time whern these floats stopped moving upstream. Thus, the
sampling was not simultaneous at all stations, but related to the tidal
stage, the first samples being taken at the downstream edge of the spread
of the dye, and the last samples for any particular tidal cycle at the
upstream end of the spread. With several individuals participating in
the sampling, it was quite possible to keep pace with the progressing
tidal phase as it moved upstream.

The samples were transferred from the syringes into wide mouth
quart jars. As will be pointed out in a later appendix, this was far
from the most satisfactory procedure. The jars were then assembled

for analysis.

Determination of the Dye Concentration

The concentration of dye was determired photometrically using both

a Beckman model DU spectrophotometer and a Coleman spectrophotometer.
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At the beginning of each run a sample was taken from the dye veclume to be
introduced, and appropriate volumetric diiutions were made from this
sample. The Beers-law calibration curve of adsorption versus concen-
tration was then obtained for each instrument, using the diluted samples.

Samples of water from the model were also drawn prior to the dye
introduction to serve as blanks in the calibration.

The ground around the model is quite dusty, and even though the
model is well washed down between tests, there occurs in the model water
some suspended material which appeared to interfere with the determina=-
tion of low concentrations. The procedure employed in eliminating this
difficulty is essentially the procedure described by Carritt and Carpenter
(1951) in their paper on corrections for turbidity interference in chloro-
phyll analysis.

The procedure depends upon the contrast between the extinction
curve due to the dye and the extinction curve resulting from the turbidity.
This difference is shown in Figure A-I-3. The broken line A represents
schematically the extinction curve for the dye in distilled water. This
curve is characterized by a sharp maximum in the extinction at a wave
length of 665 m/p . The dashed line B is representative of the
typical extinction curve resulting from turbidity. This curve shows a
steady decrease with wave length, with no characteristic adsorption peak.

The addition of these two curves gives curve _2, drawn as a cOn-
tinuous line. The typical extincticn curve for the dye is moved up and

modified somewhat by the turbidity,
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Normally the extinction E, at the characteristic wave length ’A
is taken as proportional to the concentration. However, if the sample is
somewhat turbid, the resulting extinction E_ ' would indicate a larger dye

concentration than actually existed. If twe points, E‘a and E, are taken

on the dye extinction curve well away from the peak extinction at wave

lengths >\a and >\ respectively, and EC is the linear interpolation
c

between E_ and E_ at wave length A then the distance E to E 1is
4 b L c m

also proportional to the concentration, However, the distance Em- EC is

approximately equal to the distance E'm - E' on the combined extinction
C

curve for .oth dye and turbidity.
The procedure czlls for running a calibration curve of the difference,

Ern - EC versus concentration. To do this, measurements are made of the

extinction readings at the three wave lengths A . A, and A
s m

7>

From the extinctions Ea and Eb the correction E can be obtained since
c

N A

m - a

b) ~ 15 - N

-

E

¢ =E - (E,-E

The difference E,, - E_ is then taken as proportional to the concentration.
The unknown samples are analyzed in the same manner, and hence the

influence of the turbidity is essentially eliminated.

e d s ah
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2" wide bar

: -7 2

D E‘-:,’ ] [ A 2t

threaded holes ‘threaded holes
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rubber sheet bonded
to bottom piece Figure A-I-1

Schematic drawing of dye release gear
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a 7\rn ?\b

wave length

'7\

Figure A-1-3. Effect of turbidity (curve B) on
the extinction of dye. The curve for the dye in
distilled water is éﬁ , and in water of turbidity
given by curve B the combined extinction curve
is given by C . The distance (E,~ E_) is, how-
ever, approximately equal to {E\,,- E!), and
may also be expressed as a function of dye
concentration.



APPENDIX 11

Visual Observations of the Spread of the Dye.
Tables of Observed Dye Concentrations,

For Tesis 3 through 7 the location of the visible limits of the dye
was noted and charts were made during the tests. Notes were aiso made
cf any interesting features that were observed. These charts are presented
in this appendix,

It was found that the limits of the dye conceniraiiou as deterimned
visually corresponded to an average concentration of less than 0.1 ppm.
This corresponds to more than a ter thousand fold dilution of the initial
concentration.

This appendix also contains tables of the observed dye concentratiorns.

o m i  _am
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TEST 3

High water, cycle 6
Low water, cycle 6

Low water, cycle 12
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TEST 3

High water, cycle 3

Low water, cycle 3




TEST 4

/Z-_

MEAN TIDE //:ﬂ

LOW FLOW 7l

e ;st 30 ~
2Lws 12,20~

i 4 LWS 12~

On release there was a sug-
gestion of density effect.

By cycle 3 the dye appeared
uniformly distribuied with
depth.

) LWS 30 ~
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TEST 5

MEAN TIDE
MEAN FLOW

RELEASE AT CHESTER.

LWS |~
GOMPLETE g
DYE BODY %>

J LWS 12 ~

; DYE APPROACHES AS
A DOUBLE PRONG

~ WS 20~
/

e ,\/"“‘

M+000

LA AHWS 3 ~
HWS 20 do 2 AT TP

e 21T
&\-st rCOMPLETE
DYE BODY

Satisfactory dye rclcase with
no visible density eficcts.
Chester and opposite docks
clear of dye and cast showo
remains clear near releese
point on the first low watc s
sutscguent to release.

‘7"“330*"‘

>
s O
ol

Lw
OUES‘TIO‘MS LE
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TEST 6

SPRING TIDE
MEAN FLOW
490 FT OF DYE

==

RELEASED AT 11000 ;/
\/‘——-r'*q'q-\r A

// /”j%ju/w;s .8

HWS )

DYE B8ODY
Lws |

Satisfactory dye relecase with no
density efiect. Gn first {lood
subsequent to release dye hung
along north shore tetween sta-
tions 125 and 140. Evy elLL on the
third tidal cycle Christina River
had taken in much dye and was
releasing the dye into the main-
stream ahead of the main dye Lody.

HWS 30,40, 50

; WERE NOT VISIBLE SUT
APPEARED TO PASS
OWNSTREANM FROM
s N

HIS POINT.

LWS 20,30, 80 ~ \\>
NOT VISIBLE,BUT ) 3
BEYOND THIS POINT (‘a D
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TEST 7

_w('W'
90 4

Dye release perfect. On first
tidal cycle Chester shores clear
from release point to station 120.
Trail of dilute dye was strung out
from release point downstream as
some dye was trapped under bot-
tom portion of release gear.

LWS 30, 40,80 ~ o HWS 30.40.304»/
PROBABLY BEYOND THIS PRCSADBLY BEYOND THIS
POINT & NOT VISIBLE. : POINT & NOT VISIBLE.
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TEST 1-A
I
. Station Depth Conc. Station Depth (onc.
(ppm} (ppm)
30 M .084 -10 M . 006
TIDAL
CYCIE 52.5 ) 5.82 13 S .023
1 M 6.38 M .033
B 5.92 B .016
30 M .071
13 S .006 52.5 S 469
M 037 M ATk
B .075 B L56
TIDAL 30 M .300 TIDAL 75 M 1.64
CYCLE CYCIE
2 52.5 S k. o5 8 100 M 171(2)
M 4.10
B .21 127w S 1.53
M 1.28
75 M 1.22 B 1.11
1207* S 1.37
10 £t 1.65
-10 M .006 20 ft 1.58
30 £t 1.52
52.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>